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Gábor Kökény, Laurent Calvier and Georg Hansmann
PPARγ and TGFβ—Major Regulators of Metabolism, Inflammation, and Fibrosis in the Lungs
and Kidneys
Reprinted from: Int. J. Mol. Sci. 2021, 22, 10431, doi:10.3390/ijms221910431 . . . . . . . . . . . . . 205

Hannah Crossland, Dumitru Constantin-Teodosiu and Paul L. Greenhaff
The Regulatory Roles of PPARs in Skeletal Muscle Fuel Metabolism and Inflammation: Impact
of PPAR Agonism on Muscle in Chronic Disease, Contraction and Sepsis
Reprinted from: Int. J. Mol. Sci. 2021, 22, 9775, doi:10.3390/ijms22189775 . . . . . . . . . . . . . . 221

Brigitte Sibille, Isabelle Mothe-Satney, Gwenaëlle Le Menn, Doriane Lepouse, Sébastien
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Agustina Cano-Martı́nez, Rocı́o Bautista-Pérez, Vicente Castrejón-Téllez, Elizabeth
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Preface to ”PPARs as Key Mediators of Metabolic and
Inflammatory Regulation”

Mounting evidence suggests a bidirectional relationship between metabolism and inflammation.

Molecular crosstalk between these processes occurs at different levels with the participation of nuclear

receptors, including peroxisome proliferator-activated receptors (PPARs). There are three PPAR

isotypes, α, β/δ, and γ, which modulate metabolic and inflammatory pathways, making them key

for the control of cellular, organ, and systemic processes. PPAR activity is governed by fatty acids

and fatty acid derivatives, and by drugs used in clinics (glitazones and fibrates). The study of PPAR

action, also modulated by post-translational modifications, has enabled extraordinary advances in

the understanding of the multifaceted roles of these receptors in metabolism, energy homeostasis,

and inflammation both in health and disease. This Special Issue of IJMS includes a broad range

of basic and translational articles, both original research reports and reviews, focused on the latest

developments in the regulation of metabolic and/or inflammatory processes by PPARs in all organs

and the microbiomes of different vertebrate species.

Manuel Vázquez-Carrera and Walter Wahli

Editors
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PPARs as Key Mediators in the Regulation of Metabolism
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Nuclear receptors (NRs) form a large family of ligand-dependent transcription factors
that control the expression of a multitude of genes involved in diverse, vital biological
processes. Three of these receptors, the peroxisome proliferator-activated receptors (PPARs),
were discovered in the 1990s [1,2] and play key roles in the regulation of cellular differ-
entiation, embryonic development, cellular and whole-body metabolism, inflammation,
and tumorigenesis in higher organisms. PPARs are activated not only by fatty acids and
their derivatives, some of which also signal through membrane receptors, but also by many
plant- and marine-derived natural ligands [3]. Furthermore, drugs that target PPARs, such
as fibrates and thiazolidinediones, have been developed to treat metabolic diseases. The
‘classic’ molecular mode of action of PPARs in the control of physiological and metabolic
processes is via their direct binding, as PPAR:retinoid X receptor (RXR) heterodimers, to
peroxisome proliferator response elements (PPREs) in the regulatory regions of target genes
(Figure 1). The activity of PPARs can also be modulated by posttranslational modifications
and their transcriptional regulatory capacity may present a circadian pattern, depending
on their expression and the availability of ligands [3].

Inflammation plays a key role in the progression of metabolic diseases, which has
led to numerous studies on the functions of PPARs in the regulation of immune cells and
the resolution of inflammation. In fact, all three PPAR isotypes (PPARα, PPARβ/δ, and
PPARγ) demonstrate anti-inflammatory capacities. Multiple direct and indirect mech-
anisms promote the anti-inflammatory effects of PPARs [4]. A much-used mechanism
is transrepression, relying on protein–protein interactions, involving different immune
cell types (B cells, T cells, macrophages, and dendritic cells). Briefly, the most frequently
observed transrepression mechanism is the repression of NF-κB activity through protein–
protein interactions between PPARs and the p65 subunit of NF-κB (Figure 1). Other
mechanisms are the upregulation by PPAR of IκB, the tethering of the PPARs to activator
protein 1 (AP-1), nuclear factor of activated T cells (NFAT), and signal transducers and
activators of transcription (STATs), as well as the stabilization of corepressor complexes
by ligand-activated PPARs on the promoter of inflammatory genes, which results in their
downregulation [4].

At present, there is strong evidence for bidirectional relationships between metabolic
and inflammatory processes, with crosstalk between them occurring at different levels,
involving all three PPAR isotypes (α, β/δ, and γ) that modulate both metabolic and
inflammatory pathways. The strong interest for the multifaceted roles of these receptors in
health and disease has led to extraordinary advances in the understanding of metabolism,
energy homeostasis, and inflammation. The aim of this Special Issue on “PPARs as Key

Int. J. Mol. Sci. 2022, 23, 5025. https://doi.org/10.3390/ijms23095025 https://www.mdpi.com/journal/ijms
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Mediators of Metabolic and Inflammatory Regulation” was to assemble a broad range of
basic and translational original and review articles on the latest discoveries in the regulation
of metabolic and/or inflammatory processes by PPARs, in the whole organism of different
vertebrate species. Below, we provide a general summary of the topics and data presented
in the Special Issue. The scheme in Figure 1 indicates the reference numbers of the articles
in the Special Issue, which are grouped according to the topic of their content.

Figure 1. Modes of action of PPARs in transcription transactivation and transrepression (only one
of the several mechanisms of transrepression is shown). A non-exhaustive list of the target organs
subjected to PPAR-mediated metabolic and inflammatory regulation is shown. The reference numbers
(in blue and in parentheses) refer to the articles quoted in this Special Issue (see References); in the
figure, they are listed and grouped according to the topic addressed in the corresponding articles.
PPRE: peroxisome proliferator hormone response element. p65 subunit of NF-κB. RXR: retinoid
X receptor.

The development of synthetic PPAR ligands and new PPAR binding assays that
may help to establish alternative therapeutics with reduced side effects for metabolic
and inflammatory diseases has been a promising recurrent activity over the last 25 years.
The structural basis of ligand binding to the ligand-binding pocket of PPARs has been
explored in much depth to help clarify the molecular mode of action of natural and syn-
thetic ligands, not least through the perspective of drug development. Docking studies by
Perez Diaz et al. [5], using computational chemistry methods, revealed that an agonist and
antagonist can bind simultaneously to the large ligand-binding pocket of PPARβ/δ without
affecting the specificity of one another for the binding domain. Agonist binding followed
by simultaneous antagonist binding switches the PPARβ/δ mode of action from induction
to repression, as shown by studying the effects of LPS-induced inflammation in the pul-
monary artery. In a different approach, Yoshikawa et al. [6] developed coumarin-based
PPARγ fluorescence probes for competitive binding assays. Compounds incorporating
7-diethylamino (7-Et2N) coumarin are not difficult to synthesize and can be used in PPARγ
binding assays. Such compounds can also be applied in live-cell imaging. Of note, the
reported coumarin conjugation strategy could be used to synthesize probes for other nu-
clear receptors. Honda et al. [7] investigated the PPAR α/βδ/γ selectivity of the clinically
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approved bezafibrate, fenofibric acid, and pemafibrate, using a cellular transactivation
assay, a coactivator recruitment assay, and a thermostability assay. Furthermore, cocrys-
tal structures of the PPARβδ/γ-ligand-binding domains (LBD) and the three fibrates are
presented. The results of this study underscore both the differences in the PPAR dual/pan
agonistic characteristics of the investigated fibrates and their potential for NAFLD therapy.
They also show a way for improved fine-tuning of PPAR isotype selectivity.

The PPARα isotype was first characterized as a member of the receptor family mediat-
ing the peroxisome proliferation effect of clofibrate in the rodent liver, hence, its name [1].
It was then found to stimulate peroxisomal and mitochondrial fatty acid β-oxidation path-
ways (reviewed in [8]). The expression pattern of PPARα in different species and tissues
and its functions are discussed by Thari-Joutey et al. [9], who also underscored the impor-
tant modulation of PPARα activity and function by micronutrients and the possible dietary
relevance of these effects. Along a similar line, Hassan et al. [10] summarized the potential
of polyunsaturated fatty acids, vitamins, dietary amino acids, and phytochemicals to acti-
vate or repress PPARs, describing different mechanisms by which these natural molecules
modulate PPARs and how they contribute to prevent metabolic disorders. Special attention
is given to transition dairy cows, with insights on how the activity of PPARs could be
modulated by nutrigenomic interventions to improve energy homeostasis in dairy animals.

The PPARα isotype is implicated in several metabolic regulations in different organs.
In the era of precision medicine, there is a need for highly selective agonists to address
treatment gaps, such as the correction of atherogenic dyslipidemia that remains an un-
met clinical demand [11]. Using the specific PPARα modulator (SPPARMα) pemafibrate
(K-877), which selectively and potently activates PPARα, Lee et al. [12] found that, in
addition to stimulating liver function that results in elevated serum levels of fibroblast
growth factor 21 (FGF21), a neuroprotective hormone in the eye, PPARα also protects
against retinal impairment induced by unilateral common carotid artery occlusion. These
observations indicate a possibility of using pemafibrate therapy to improve retinal dysfunc-
tion in cardiovascular diseases. Since the first observations in 1996 linking PPARα to the
control of inflammation [13], the anti-inflammatory role of this receptor has been very well
documented. In their review, Grabacka et al. [14] discussed the interplay of PPARα with
different pathways in inflammation, transcription, pattern-recognition receptor signaling,
and the endocannabinoid system.

There are several inflammatory skin conditions, such as dermatitis and psoriasis,
with the latter being an autoimmune disease. In their study of human psoriatic skin,
Sobolev et al. [15] found that PPARγ was downregulated in psoriatic lesions and its expres-
sion could be normalized by laser treatment. In this skin condition, PPARγ downregulates
the expression of genes promoting the development of psoriatic lesions. The PPARβ/δ
isotype also regulates inflammatory pathways, keratinocyte proliferation and differenti-
ation, as well as the oxidative stress response. Its involvement in psoriasis and atopic
dermatitis, which is less known, is the focus of the review by Blunder et al. [16], which
also debates the relevance of targeting PPARβ/δ to alleviate skin inflammation. One of the
major cytokines that drives inflammation is the multifunctional transforming growth factor
(TGF)β, which also promotes fibrosis. PPARγ dampens these two processes, highlighting
crosstalk between TGFβ and PPARγ, which has been implicated in pulmonary arterial
hypertension and kidney failure, in which similar, but also different, mechanisms are
involved [17]. The therapeutic potential of the PPARγ agonist pioglitazone against these
two conditions is discussed.

PPARs have critical roles in the main functions and homeostasis of metabolic organs,
such as the muscle, adipose tissue, and liver. Crossland et al. [18] provided an overview,
focusing on the effects of PPARβ/δ agonists on the ability of skeletal muscle to contract
to generate force and in the regulation of the necessary metabolic support, highlighting
observations from in vivo/ex vivo animal models and human volunteers. They also focus
on the potential role of PPARγ in reducing muscle inflammation and the metabolic disorders
caused by sepsis. Interestingly, synthetic ligands of PPARβ/δ can enhance performance in
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athletes and are included as S4.5 Metabolic Modulators in the World Anti-Doping Agency’s
(WADA) Prohibited List. Sibille et al. [19] investigated whether a specific signature in blood
T cells could identify the ingestion of the prohibited PPARβ/δ agonist GW0742. PPARβ/δ
activation by GW0742 has been shown to stimulate fatty acid oxidation (FAO) in mouse
and human T cells, with increased Treg polarization of human primary T cells. Interestingly,
PPARβ/δ activation increases FAO in mouse blood T cells too, but this effect is obscured
by training, indicating that this signature cannot be used to control doping.

Adipose tissue is a key organ for maintaining healthy energy homeostasis and its dys-
function is often associated with pro-inflammatory, hyperlipidemic, and insulin-resistant
environments that promote type 2 diabetes and metabolic syndrome. Sun et al. [20] sum-
marized the roles of the three PPAR isotypes in the metabolic processes and differentiation
of white, beige, and brown adipocytes and how they contribute to maintaining metabolic
homeostasis in fat.

Non-alcoholic fatty liver disease (NAFLD) is a major health issue all around the world
and is often associated with type 2 diabetes and obesity. Initial steatosis, identified by lipid
accumulation in hepatocytes, can progress to non-alcoholic steatohepatitis (NASH), which
is characterized by inflammation and various levels of fibrosis and is associated with an
increased risk of cirrhosis and hepatocellular carcinoma. PPARs regulate many processes
that are impaired in NAFLD, such as lipid and glucose metabolism, as well as inflammation.
Therefore, PPARs have emerged as attractive clinical targets for NAFLD [21].

In their review, Monroy-Ramirez et al. [22] provided updated information on the criti-
cal roles of PPARs in the mechanisms involved in the genesis of several liver diseases and
how these receptors could be engaged in therapeutic scenarios. Using a mouse model of
metabolic syndrome with an altered expression of PPARα and γ, Cano-Martinez et al. [23]
studied the mechanisms underlying the beneficial effects of the polyphenols resveratrol
(RSV) and quercetin (QRC) on inflammation in damaged livers. They found a downreg-
ulation in the expression of the purinergic receptor P2Y2, neutrophil elastase (NE), and
toll-like receptor 4 (TLR4). The repression of these pathways decreased apoptosis and hep-
atic fibrosis. In the cluster of conditions belonging to metabolic syndrome, type 2 diabetes
is a condition with an unmet need for additional treatment options to better control the
disease in many patients. PPARβ/δ shows promise, with most of its antidiabetic effects
mediated through the activation of AMP-activated protein kinase (AMPK). The review
from Aguilar-Recarte et al. [24] outlines the most recent findings on the PPARβ/δ-AMPK
antidiabetic pathway, consisting of the upregulation of glucose uptake, fatty acid oxidation,
and autophagy, as well as muscle remodeling and the inhibition of endoplasmic reticulum
stress and inflammation. Understanding the mechanisms underlying the activation of the
PPARβ/δ-AMPK pathway may result in the development of new therapies to prevent and
treat the disease and insulin resistance. Along a similar line of thought, Lange et al. [25]
provided a general overview of current PPAR-targeting treatments of NAFLD and NASH
in patients with type 2 diabetes. This important knowledge on treatments was gained
from both clinical trials and observational studies. Lange et al. also considered treatment
outcomes on obesity, dyslipidemia, and cardiovascular disease that are often associated
with NAFLD/NASH and discussed agonists currently in clinical trials. Finally, sexually
dimorphic effects of PPAR-targeting interventions are addressed. There is indeed mounting
evidence for sexual dimorphism in NAFLD, with men being more affected than women.
Shiffrin et al. [26] studied sexual dimorphism in different mouse models, including those
with PPARγ deletion. They found a clear sexual dimorphism in lipodystrophic fat-specific
Pparg-null mice. The mutant females developed macro- and microvesicular hepatosteatosis,
which was lost in gonadectomized mutant mice. In all the tested models, hepatosteatosis
strongly impacted sex-biased gene expression in the liver.

Currently, increasing attention is being given to the PPAR epigenetic landscape, as
presented by Porcuna et al. [27]. This landscape comprises epigenetic effectors, PPAR
regulators, and PPAR-regulated factors, including epigenetic enzymes, DNA methyltrans-
ferases, histone modifiers, and non-coding RNAs. The focus of the review of Porcuna et al.
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is on PPARα- and PPARγ-related epigenetic regulation in obesity, diabetes, immune disor-
ders, and cancers. The possible therapeutic use of PPAR-controlled epigenetic modulation
is also discussed.

Gold [28] summarized the roles of PPARγ in depression, the second largest cause of
disability worldwide, according to the World Health Organization. Genetic predisposition
alongside recurrent social and other stressors reduce neuronal resilience that can result
in the development of depression. In this condition, extreme endoplasmic reticulum
stress responses, glutamate toxicity, parainflammation, brain-derived neurotrophic factor
(BDNF) function, and the down-regulation of central and peripheral insulin signaling are
enhanced. As detailed in the review, the PPARγ system can modulate and dampen all
these pathological mechanisms. It is proposed that PPARγ agonists may have significant
antidepressant effects, which remain to be explored further.

PPARs are involved in mycobacterial and viral infections. Grabacka et al. [14] sum-
marized PPARα-specific immunomodulatory functions during infections by parasites,
bacteria, and viruses, as well as the modulation of processes associated with innate im-
munity. Tanigawa et al. [29] discussed the advancement in understanding PPARs in
host–mycobacteria crosstalk via their impact on the host-dependent mechanisms of lipid
metabolism, anti-inflammatory processes, and autophagy during infection. PPARγ is acti-
vated in macrophages infected with Mycobacterium leprae or Mycobacterium tuberculosis
and regulates some genes involved in the uptake and accumulation of lipids and in cellular
metabolism. Mycobacteria use the triacylglycerol (TAG) and cholesterol derived from the
host as nutrients and support for evading the host immune system. Layrolle et al. [30]
provided an update of the little-known role of PPARγ in viral infections of the brain
parenchyma. Viruses can overcome the defensive pathways of host cells to replicate and
spread. In these processes, PPARγ becomes a critical target. There is strong evidence
for its involvement in brain or neural cells infected by human immunodeficiency virus 1
(HIV-1), the Zika virus, and cytomegalovirus. In fact, PPARγ is a double-edged sword
with respect to the triad of neurogenesis, viral replication, and inflammation. In an in-
fected adult brain, PPARγ is beneficial against inflammation, oxidative stress, and viral
replication. In this context, PPARγ agonists are considered to be candidate drugs in the
treatment of HIV-1-induced brain inflammation to improve neurocognitive outcomes. On
the contrary, PPARγ activation is deleterious in neurogenesis in a developing brain, as
observed in human cytomegalovirus infections and possibly in Zika viral infections as
well. Notably, the activation of PPARγ during an infection of developing brains by human
cytomegalovirus promotes viral replication.

In conclusion, the amazing pleiotropy of the three PPAR isotypes, with such diverse
effects on different processes and organs, is highlighted once more herein. Future PPAR
research, which is needed more than ever, will undoubtedly uncover many other roles of
these ligand-activated transcription factors in all vital metabolic and physiological path-
ways. Further exploration of the vast ensemble of natural ligands, many probably still to
be identified, is also needed, which will uncover more about how PPARs contribute to
the adaptation of organisms to their environment, in terms of nutrition, toxic substances,
infectious agents, and strong temperature fluctuations, just to mention a few of the envi-
ronmental agents and factors. The use of potent specific synthetic ligands interacting with
one or more PPAR isotypes simultaneously offers a very broad avenue for advances in
precision medicine.
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Abstract: Peroxisome proliferator activated receptor beta/delta (PPARβ/δ) is a nuclear receptor
ubiquitously expressed in cells, whose signaling controls inflammation. There are large discrepancies
in understanding the complex role of PPARβ/δ in disease, having both anti- and pro-effects on
inflammation. After ligand activation, PPARβ/δ regulates genes by two different mechanisms;
induction and transrepression, the effects of which are difficult to differentiate directly. We studied
the PPARβ/δ-regulation of lipopolysaccharide (LPS) induced inflammation (indicated by release
of nitrite and IL-6) of rat pulmonary artery, using different combinations of agonists (GW0742 or
L−165402) and antagonists (GSK3787 or GSK0660). LPS induced release of NO and IL-6 is not
significantly reduced by incubation with PPARβ/δ ligands (either agonist or antagonist), however,
co-incubation with an agonist and antagonist significantly reduces LPS-induced nitrite production
and Nos2 mRNA expression. In contrast, incubation with LPS and PPARβ/δ agonists leads to a
significant increase in Pdk−4 and Angptl−4 mRNA expression, which is significantly decreased in the
presence of PPARβ/δ antagonists. Docking using computational chemistry methods indicates that
PPARβ/δ agonists form polar bonds with His287, His413 and Tyr437, while antagonists are more
promiscuous about which amino acids they bind to, although they are very prone to bind Thr252 and
Asn307. Dual binding in the PPARβ/δ binding pocket indicates the ligands retain similar binding
energies, which suggests that co-incubation with both agonist and antagonist does not prevent the
specific binding of each other to the large PPARβ/δ binding pocket. To our knowledge, this is the
first time that the possibility of binding two ligands simultaneously into the PPARβ/δ binding pocket
has been explored. Agonist binding followed by antagonist simultaneously switches the PPARβ/δ
mode of action from induction to transrepression, which is linked with an increase in Nos2 mRNA
expression and nitrite production.

Keywords: nuclear receptor; gene transcription; inflammation; molecular docking; PPARβ/δ;
inflammation; lung; pulmonary artery; GW0742; GSK3787; docking; lipopolysaccharide (LPS)

1. Introduction

PPARβ/δ are ligand dependent transcription factors that belong to the nuclear re-
ceptor family [1]. They are ubiquitously expressed in all cells tested [2] and control
key biological functions such as inflammation, metabolism, cell proliferation and migra-
tion [3–5]. Consequently, agonists and antagonists for PPARβ/δ have been studied as
potential therapies for a wide range of diseases and conditions. However, they have failed
to lead to a marketed drug which may be linked to a fundamental lack of understanding
of the complexity by which PPARβ/δ controls cell function through gene induction and
transrepression.

In vivo studies (mice, rats and rhesus monkeys) indicate that PPARβ/δ agonists in-
duce several favorable pharmacological effects: reduced weight gain, increased metabolism
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in the skeletal muscle and cardiovascular function, suppression of atherogenic inflamma-
tion as well as improvement of the blood lipid profile, all of which are common abnor-
malities in patients with metabolic syndrome [3,6,7]. These encouraging results led to the
first clinical trials on humans. Glaxo Smith Kline (GSK) developed the agonist GW501516
(Endurobol), a promising compound that completed proof-of-concept clinical trials suc-
cessfully for dyslipidaemia [8] and hypocholesteraemia [9]. Further studies revealed a
potential link with tumor development [10,11], and any further clinical trial with GW501516
was suspended.

Nevertheless, the interest in PPARβ/δ continued, and in the last few years several
compounds targeting PPARβ/δ were developed and entered clinical trials. The Phase II
clinical trial on the PPARβ/δ agonist MBX−8025 for treatment of non-alcoholic steatohep-
atitis and primary sclerosing cholangitis was terminated early when patients developed
early signs of liver damage [12]. This leads to questions on how ligands are binding to the
receptor to induce different cellular outcomes.

PPARβ/δ can be activated by numerous endogenous ligands such as eicosanoids,
fatty acid, metabolites derived from arachidonic acid and linoleic acid [13–15] as well as
exogenous synthetic ligands like GW0742, L−165041, MBX−8025 and GW501516; whereas
PPARβ/δ can also be inhibited by two synthetic antagonists GSK3787 (irreversible) and
GSK0660 (competitive). There is a great deal of complexity in the manner by which agonists
and antagonists control PPARβ/δ signaling, and the resulting changes in gene expression
controls the functional outcome of the cell.

The PPARβ/δ endogenous and exogenous ligands control cellular function through
changes in very small concentration range. Added to this, in any cell or tissue, the activity
of PPARβ/δ may also depend on its promoter activity and relative expression, as well
as presence and activity of co-repressor and co-activator proteins. It has been shown
that GW0742 is capable of behaving as an agonist activating the transcription pathway at
lower concentrations (nM) and antagonist inhibiting this effect at higher concentrations
(µM) [16]. In the same line, a study in a model of systemic inflammation in mice showed
that higher doses of GW0742 (0.3 mg/kg) triggered a pro-inflammatory response, whereas
a lower concentration (0.03 mg/kg) showed an anti-inflammatory trend, although without
a significant difference [17]. It was suggested that the large variation in results may be
due to the binding of more than one ligand in the large PPARβ/δ ligand binding domain,
which requires further investigation.

After ligand activation, PPARβ/δ regulates genes by two different mechanisms, in-
duction and transrepression. In the induction mode, PPARβ/δ forms a complex with the
retinoid X receptor (RXR) and together, as a heterodimer, binds the promoter of the target
genes (PPRE). In the absence of ligand, co-repressor proteins and histone deacetylases
(HDACs) are bound to the heterodimer which tightens the chromatin and prevent it from
binding to the PPRE sites [18]. The presence of ligand induces a conformational change of
PPARβ/δ which promotes the binding of co-activators, releases the co-repressor proteins,
induces histone acetylation and methylation and finally allows the transcription of the
target genes [19,20].

In the transrepression mode PPARβ/δ regulates gene expression in a PPRE-independent
manner through the regulation (mostly suppression) of other transcription factors, includ-
ing nuclear factor-κB (NF-κB) [21], activator protein 1 (AP−1) [22] and B cell lymphoma 6
(Bcl6) [23]. There are great discrepancies in the literature about the effect of the ligand-
activation of PPARβ/δ in the cell, and both pro- and anti- effects in inflammation [24,25],
cell proliferation [26,27] and migration [28,29] have been reported.

In order to isolate the transrepression mode of PPARβ/δ, a novel approach was taken
in this project. Tissues were co-incubated with both agonist; this will alter the conforma-
tional shape of PPARβ/δ and bind to co-activators and place the PPARβ/δ predominantly
into gene induction mode. In theory, addition of an antagonist will then prevent PPRE
binding and induction of genes, revealing the effects of PPARβ/δ transrepression.
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Studies have generally focussed on the effects of agonists and antagonists separately,
and often results in conflicting theories of how PPARβ/δ controls gene expression. Here
we show for the first time that co-incubation of agonists and antagonists to PPARβ/δ leads
to a significant decrease in LPS-induced inflammation in rat pulmonary artery compared
to single applications of each drug type. The mechanism of action may be explained by
the binding studies indicated by docking studies of the agonists and antagonists with
PPARβ/δ, which confirms that agonist and antagonist co-binding can occur.

2. Results
2.1. PPARβ/δ Expression and Basal NO Production Over Time in Pulmonary Artery

Expression of PPARβ/δ was confirmed by ELISA and calculated to 0.04 pg/mL/µg
protein. Rat lung pulmonary arteries were incubated with LPS for different periods of
time (8 h, 20 h and 24 h) in order to ascertain the minimum time required to significantly
increase NO production. LPS induced a significant increase in NO at 24 h in all tissues
tested (Figure A1), subsequently the 24 h incubation time period was used.

2.2. PPARβ/δ Regulation of LPS-Induced Inflammation

Pulmonary arteries exposed to LPS for 24 h significantly increased production of
NO and IL-6, markers of innate inflammation (Figure 1). Incubation of either PPARβ/δ
agonists (GW0742 or L−165041), or antagonist (GSK3787 or GSK0660) had no effect on
nitrite production (a measure of NO release) (Figure 1A,B) or IL-6 release (Figure 1C,D). In
contrast, co-incubation with a mixture of both GW0742 (agonist) plus GSK3787 (irreversible
antagonist) (Figure 1A,C) or L−165041 (agonist) plus GSK0660 (competitive antagonist)
(Figure 1B,D) led to a significant decrease in NO and IL-6 production.

Production of nitrite is a measure of NO release from cells and tissues; the iNOS
specific inhibitor 1400W was used to indicate the proportion of NO originating from
iNOS as opposed to eNOS or iNOS. In all experiments, nitrite production following LPS
incubation was significantly decreased by incubation with 1400W (Figure 1A,B).

2.3. Marker Genes for PPARβ/δ Induction and Transrepression in Pulmonary Artery

In pulmonary artery incubated in LPS, GW0742 significantly increases the transcrip-
tion of Pdk−4 mRNA by 7-fold (Figure 2A) and Angptl−4 mRNA by 3-fold (Figure 2B),
which is inhibited by the irreversible antagonist GSK3787. The expression of Nos2 mRNA,
the gene that encodes for iNOS, is significantly increased by LPS, and its expression is
significantly inhibited by co-incubation with GW0742 and GSK3787 (Figure 2C).
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Figure 1. Nitrite (a marker for NO release) and IL−6 production by pulmonary artery. Rat pulmonary artery rings were
treated with two combinations of PPARβ/δ agonist-antagonist and iNOS inhibitor 1400W: (A–C) 100 nM GW0742—1
µM GSK3787—100 µM 1400W (B–D) 1 µM L−165041—1 µM GSK0660—100 µM 1400W. NO and IL−6 production was
measured after 24 h and normalized with LPS: (A) the average of NO production in lipopolysaccharide (LPS) incubated
tissues was used for the normalization of the data and the number of samples per treatment is written at the top of the
bar; (B) each experiment was normalized with its own LPS treatment (n = 9); (C) the average of IL−6 production with LPS
treatment was used for the normalization of the data and the number of samples per treatment is written at the top of the bar;
(D) each experiment was normalized with its own LPS treatment (n = 9). Data passed the D’Agostino–Pearson normality
test; significant difference between treatments was analyzed by one-way ANOVA followed by Bonferroni post-hoc test and
the data are presented as mean ± SD. *** = p < 0.001 compared with vehicle; ff = p < 0.01, fff = p < 0.001 compared with LPS;
# = p < 0.05, ### = p < 0.001 compared with LPS + GW0742.

2.4. Computational Chemistry: PPARβ/δ Docking Analysis
2.4.1. Docking of One PPARβ/δ Ligand

The PPARβ/δ-LBD crystal structure 3TKM has an X-ray resolution of 1.95 Å and was
co-crystallized with GW0742, the same agonist that was used during the development of
this project, therefore this structure was chosen for our docking experiments.

The two PPARβ/δ agonists GW0742 and L−165041 as well as the two antagonists
GSK3787 and GSK0660 were docked into the crystal structure of the LBD of PPARβ/δ. The
best eight hits were analyzed by Pymol to identify the residues that form polar interactions
with each of the different poses of the ligands (Table 1).

2.4.2. Docking of GW0742

The most stable orientation of GW0742 within the PPARβ/δ binding pocket predicted
by Autodock Vina (green) was compared to the real GW0742 present in the crystal structure
(pink) (Figure 3A). The more detailed image (Figure 3B) clearly shows that the residues that
form polar interactions with GW0742 are His247, His413 and Tyr437 (Pymol), whereas the
2D image created by Ligplot+ showing how the head of GW0742 forms the polar bindings
and the tail is surrounded by the hydrophobic amino acids (Figure 3C).
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CtΔΔ method and normalized against β-actin as an endogenous control. The data are presented 
as mean ± standard deviation; the data was not normally distributed (D’Agostino–Pearson 
normality test). Significant difference by the Krustal–Wallis test with Dunns post hoc test is 
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Figure 2. (A) PDK−4, (B) AngPtl4 and (C) iNOS mRNA expression in pulmonary arteries following incubation with LPS
and PPARβ/δ ligands. The expression of different mRNA was measured following 24 h incubation with treatments: vehicle
(0.01% DMSO); 1 µg/mL LPS; 1 µg/mL LPS + 100 nM GW0742; 1 µg/mL LPS + 1 µM GSK3787; and 1 µg/mL LPS +
100 nM GW0742 + 1 µM GSK3787 (n = 4–5). Relative quantitation was calculated with the comparative Ct∆∆ method and
normalized against β-actin as an endogenous control. The data are presented as mean ± standard deviation; the data was
not normally distributed (D’Agostino–Pearson normality test). Significant difference by the Krustal–Wallis test with Dunns
post hoc test is indicated by * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 compared with Vehicle; f = p < 0.05, ff = p < 0.01
compared to LPS; ## = p < 0.01 and ### = p < 0.001 compared to LPS + GW0742.

Table 1. Best eight docking hits of four ligands into PPARβ/δ (PBD: 3TKM).

Best Fit

Agonists Antagonists

GW0742 L-165041 GSK3787 GSK0660

Affinity
(Kcal/mol)

Aa with
Polar

Interactions
Affinity

(Kcal/mol)
Aa with

Polar
Interactions

Affinity
(Kcal/mol)

Aa with
Polar

Interactions
Affinity

(Kcal/mol)
Aa with

Polar
Interactions

1 −11.1
His287
His413
Tyr437

−8.7
His287
His413
Tyr437

−9.1 Thr252
Asn307 −8.6

Arg248
Thr252
Ala306
Asn307

2 −10.8
Thr253
His287
His413
Tyr437

−8
Met192
Thr252

Thr256 Ile290
Ala306

−8.9 Thr252 −8.3
Arg248
Thr252
Ala306

3 −9.9 Thr253
His413 −7.6

Thr252
Arg258
Glu259

−8.6 Thr252 −8.1 Thr256
Asn307

4 −9.6 Thr256 −7.5
Thr252
Thr253
Ala306

−8.5 Thr256 −8.1 Asn307

5 −9.3 No bonds −7.5
Trp228
Thr252

Thr256 Ile290
−8.4 No bonds −7.9

Thr256
Ala306
Asn307

6 −8.8 Thr253 −7.1
Thr252
Thr256
Ala306

−8.3 Thr252
Thr253 −7.6 Asn307

7 −8.7 Thr252 −6.9 Tyr284
Arg361 −8.3 Thr252 −7.5 Ala306

Asn307

8 −8.4 Arg258 −6.8 Glu255
Asn307 −8.2 Met192 −7.4 Thr256

Asn307
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Figure 3. Analysis of GW0742 docked into PPARβ/δ (PBD:3TKM). (A) Representation of the most 
stable GW0742 docking conformation (green) compared to the GW0742 of the crystal structure 
(pink). (B) 3D detail of the amino acids forming polar bindings with GW0742 calculated by Pymol. 
Colour coding of atoms: red O, blue N, mustard S, white F, pink C of GW0742 from the crystal 
structure, green C of GW0742 docked into the crystal structure, cyan C from PPARβ/δ. (C) 
Schematic 2D representation of the interaction between PPARβ/δ LBD and GW0742 calculated 
using Ligplot+. The green dashed lines indicate polar interactions and the red spoked arcs indicate 
hydrophobic interactions. Colour coding of atoms: red O, blue N, yellow S, green F, black C. 

2.4.3. Docking of GSK3787 
GSK3787 binds in a slightly different place than GW0742, although there is some 

overlapping of the binding sites (Figure 4A). Also, the amino acids involved in the polar 
interaction of GSK3787 predicted by Pymol, Thr252 and Asn307, are different to those of 
the agonists (Figure 4B) as well as the residues that interact with the hydrophobic tail of 
GSK3787 (Figure 4C). 

Figure 3. Analysis of GW0742 docked into PPARβ/δ (PBD:3TKM). (A) Representation of the most
stable GW0742 docking conformation (green) compared to the GW0742 of the crystal structure (pink).
(B) 3D detail of the amino acids forming polar bindings with GW0742 calculated by Pymol. Colour
coding of atoms: red O, blue N, mustard S, white F, pink C of GW0742 from the crystal structure,
green C of GW0742 docked into the crystal structure, cyan C from PPARβ/δ. (C) Schematic 2D
representation of the interaction between PPARβ/δ LBD and GW0742 calculated using Ligplot+.
The green dashed lines indicate polar interactions and the red spoked arcs indicate hydrophobic
interactions. Colour coding of atoms: red O, blue N, yellow S, green F, black C.

2.4.3. Docking of GSK3787

GSK3787 binds in a slightly different place than GW0742, although there is some
overlapping of the binding sites (Figure 4A). Also, the amino acids involved in the polar
interaction of GSK3787 predicted by Pymol, Thr252 and Asn307, are different to those of
the agonists (Figure 4B) as well as the residues that interact with the hydrophobic tail of
GSK3787 (Figure 4C).
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Figure 4. Analysis of GSK3787 docked into PPARβ/δ (PBD:3TKM). (A) Representation of the most 
stable GSK3787 docking conformation (yellow) compared to the GW0742 of the crystal structure 
(pink). (B) 3D detail of the amino acids forming polar bindings with GSK3787 calculated by 
Pymol. Color coding of atoms: red O, blue N, mustard S, white F, pink C of GW0742 from the 
crystal structure, yellow C of GSK3787 docked into the crystal structure, cyan C from PPARβ/δ. 
(C) Schematic 2D representation of the interaction between PPARβ/δ LBD and GSK3787 calculated 
using Ligplot+. The green dashed lines indicate polar interactions and the red spoked arcs indicate 
hydrophobic interactions. Colour coding of atoms: red O, blue N, yellow S, green F, black C. 

2.4.4. Docking of L−165042 
The most stable L−165041 orientation predicted by Autodock Vina binds in the same 

physical place as GW0742 (Figure 5A) and the same three amino acids (His287, His413, 
Tyr437) form polar interactions with the head of L−165041 (Figure 5B). The tail of L−165041 
also forms hydrophobic interactions with a number of residues in common with GW0742, 
such as Val245, Arg248, Cys249, Thr253, Phe291, Leu294, Val305, Val312, Met417, Leu433 
(Figure 5C). 

Figure 4. Analysis of GSK3787 docked into PPARβ/δ (PBD:3TKM). (A) Representation of the most
stable GSK3787 docking conformation (yellow) compared to the GW0742 of the crystal structure
(pink). (B) 3D detail of the amino acids forming polar bindings with GSK3787 calculated by Pymol.
Color coding of atoms: red O, blue N, mustard S, white F, pink C of GW0742 from the crystal structure,
yellow C of GSK3787 docked into the crystal structure, cyan C from PPARβ/δ. (C) Schematic 2D
representation of the interaction between PPARβ/δ LBD and GSK3787 calculated using Ligplot+.
The green dashed lines indicate polar interactions and the red spoked arcs indicate hydrophobic
interactions. Colour coding of atoms: red O, blue N, yellow S, green F, black C.

2.4.4. Docking of L−165042

The most stable L−165041 orientation predicted by Autodock Vina binds in the same
physical place as GW0742 (Figure 5A) and the same three amino acids (His287, His413, Tyr437)
form polar interactions with the head of L−165041 (Figure 5B). The tail of L−165041 also forms
hydrophobic interactions with a number of residues in common with GW0742, such as Val245,
Arg248, Cys249, Thr253, Phe291, Leu294, Val305, Val312, Met417, Leu433 (Figure 5C).
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Figure 5. Analysis of L−165042 docked into PPARβ/δ (PBD:3TKM). (A) Representation of the most 
stable L−165041 docking conformation (cyan sticks) compared to the GW0742 of the crystal 
structure (pink). (B) 3D detail of the amino acids forming polar bindings with L−165041 calculated 
by Pymol. Color coding of atoms: red O, Blue N, mustard S, white F, pink C of GW0742 from the 
crystal structure, cyan sticks C of L−165041 docked into the crystal structure, cyan lines C from 
PPARβ/δ. (C) Schematic 2D representation of the interaction between PPARβ/δ LBD and -
L−165041 calculated using Ligplot+. The green dashed lines indicate polar interactions and the red 
spoked arcs indicate hydrophobic interactions. Colour coding of atoms: red O, blue N, yellow S, 
green F, black C. 

2.4.5. Docking of GSK0660 
GSK0660 binds very close but not in the same binding site as GW0742 (Figure 6A). 

The amino acids involved in the polar bindings with GSK0660, Thr252, Asn307, Arg248 
and Ala306, are again different to those for the agonists, although two of them are 
common with GSK3787 (Figure 6B). Ligplot+ predicts slightly different polar binding 
profile (Figure 6C), probably because these two software’s use different algorithms for 
binding prediction, although still show hydrophobic interactions common with GSK3787, 
such as Trp228, Val305 and Ala306. 

Figure 5. Analysis of L−165042 docked into PPARβ/δ (PBD:3TKM). (A) Representation of the most
stable L−165041 docking conformation (cyan sticks) compared to the GW0742 of the crystal structure
(pink). (B) 3D detail of the amino acids forming polar bindings with L−165041 calculated by Pymol.
Color coding of atoms: red O, Blue N, mustard S, white F, pink C of GW0742 from the crystal
structure, cyan sticks C of L−165041 docked into the crystal structure, cyan lines C from PPARβ/δ.
(C) Schematic 2D representation of the interaction between PPARβ/δ LBD and -L−165041 calculated
using Ligplot+. The green dashed lines indicate polar interactions and the red spoked arcs indicate
hydrophobic interactions. Colour coding of atoms: red O, blue N, yellow S, green F, black C.

2.4.5. Docking of GSK0660

GSK0660 binds very close but not in the same binding site as GW0742 (Figure 6A). The
amino acids involved in the polar bindings with GSK0660, Thr252, Asn307, Arg248 and
Ala306, are again different to those for the agonists, although two of them are common with
GSK3787 (Figure 6B). Ligplot+ predicts slightly different polar binding profile (Figure 6C),
probably because these two software’s use different algorithms for binding prediction,
although still show hydrophobic interactions common with GSK3787, such as Trp228,
Val305 and Ala306.
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stable GSK0660 docking conformation (grey) compared to the GW0742 of the crystal structure 
(pink). (B) 3D detail of the amino acids forming polar bindings with GSK0660 calculated by 
Pymol. Color coding of atoms: red O, Blue N, mustard S, white F, pink C of GW0742 from the 
crystal structure, grey C of GSK0660 docked into the crystal structure, cyan C from PPARβ/δ. (C) 
Schematic 2D representation of the interaction between PPARβ/δ LBD and GSK0660 calculated 
using Ligplot+. The green dashed lines indicate polar interactions and the red spoked arcs indicate 
hydrophobic interactions. Colour coding of atoms: red O, blue N, yellow S, green F, black C. 

2.4.6. Docking of Two PPARβ/δ Ligands Simultaneously 
In order to investigate the docking of two ligands simultaneously, the first ligand 

was bound in the most stable orientation first. The best hit from previous docking was 
assigned Ligand 1, and then a second molecule was docked, assigned Ligand 2. The aim 
was to mimic the conditions of the experiments performed in this study and predict what 
could have happened at the molecular level. When the tissues were treated with only one 
ligand there is only one option for two ligands to bind, but when two different ligands are 
present at the same time either of them can bind first into the binding pocket. All these 
ligand-binding possibilities were considered and summarized in Table 2. A further 
analysis on Pymol was completed for each option. 

Figure 6. Analysis of GSK0660 docked into PPARβ/δ (PBD:3TKM). (A) Representation of the most
stable GSK0660 docking conformation (grey) compared to the GW0742 of the crystal structure (pink).
(B) 3D detail of the amino acids forming polar bindings with GSK0660 calculated by Pymol. Color
coding of atoms: red O, Blue N, mustard S, white F, pink C of GW0742 from the crystal structure,
grey C of GSK0660 docked into the crystal structure, cyan C from PPARβ/δ. (C) Schematic 2D
representation of the interaction between PPARβ/δ LBD and GSK0660 calculated using Ligplot+.
The green dashed lines indicate polar interactions and the red spoked arcs indicate hydrophobic
interactions. Colour coding of atoms: red O, blue N, yellow S, green F, black C.

2.4.6. Docking of Two PPARβ/δ Ligands Simultaneously

In order to investigate the docking of two ligands simultaneously, the first ligand
was bound in the most stable orientation first. The best hit from previous docking was
assigned Ligand 1, and then a second molecule was docked, assigned Ligand 2. The aim
was to mimic the conditions of the experiments performed in this study and predict what
could have happened at the molecular level. When the tissues were treated with only one
ligand there is only one option for two ligands to bind, but when two different ligands are
present at the same time either of them can bind first into the binding pocket. All these
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ligand-binding possibilities were considered and summarized in Table 2. A further analysis
on Pymol was completed for each option.

Table 2. Docking prediction of binding affinities and amino acids forming polar interactions with the PPARβ/δ ligands
bound into the LBD.

Ligand 1 Ligand 2

Molecule Affinity
(Kcal/mol)

Amino Acid with Polar
Interactions Molecule Affinity

(Kcal/mol)
Amino Acid with Polar

Interactions

GW0742 −11.1 His287 His413 Tyr437 GW0742 −8.5 Arg258

GSK3787 −7.7 Trp228 Thr252

GSK3787 −9.1 Thr252 Asn307
GW0742 −8.1 Trp228 Lys229

GSK3787 −7.4 Thr253 His413

L−165041 −8.7 His287 His413 Tyr437
L-165041 −8.3 Met192 Cys251 Thr252 Thr256

Ile290 Ala306

GSK0660 −6.5 Arg198 Asn339

GSK0660 −8.6 Arg248 Thr252 Ala306 Asn307
L-165041 −8.1 Thr253 His413

GSK0660 −8.9 Thr252 Thr253

2.4.7. Analysis of GW0742 and GSK3787 Docked into GW0742-Bound PPARβ/δ

Once GW0742 is bound in the most stable orientation within the PPARβ/δ-LBD,
GW0742 and GSK3787 can still bind at favorable energies (−8.5 kcal/mol and −7.7 kcal/mol
respectively), although at very different binding sites to the most stable one and forming
polar interactions with different residues, as shown in Figure 7.

2.4.8. Analysis of GW0742 and GSK3787 Docked into GSK3787-Bound PPARβ/δ

GW0742 and GSK3787 can also bind into the binding pocket after GSK3787 at fa-
vorable energies (−8.1 kcal/mol and −7.4 kcal/mol respectively). The binding site is
also different to the most stable ones (Figure 8), but interestingly the binding site is also
different to the previous one, when GW0742 is bound first into the binding pocket instead
of GSK3787 (Table 2).

2.4.9. Analysis of L−165041 and GSK0660 Docked into L−165041-Bound PPARβ/δ

When L−165041 is bound to the ligand binding pocket first, a second molecule of
L−165041 or GSK0660 can bind with favorable energies (−8.3 kcal/mol and −6.5 kcal/mol
respectably) and again, forming polar interactions with different residues. The most
interesting finding is that GSK0660, although still in the PPARβ/δ-LBD, has the potential
to bind outside the binding pocket (Table 2).

2.4.10. Analysis of L−165041 and GSK0660 Docked into GSK0660-Bound PPARβ/δ

L−165041 and GSK0660 can also bind within the binding pocket at favorable energies
(−8.1 kcal/mol and −8.9 kcal/mol respectively) after GSK0660 is bound in the most stable
orientation (Table 2), but again the binding site is different to previously when L−165041
was bound first.
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2.4.7. Analysis of GW0742 and GSK3787 Docked into GW0742-Bound PPARβ/δ 
Once GW0742 is bound in the most stable orientation within the PPARβ/δ-LBD, 

GW0742 and GSK3787 can still bind at favorable energies (−8.5 kcal/mol and −7.7 kcal/mol 
respectively), although at very different binding sites to the most stable one and forming 
polar interactions with different residues, as shown in Figure 7. 

 

Figure 7. Analysis of GW0742 and GSK3787 docked into PPARβ/δ + GW0742. A second molecule of GW0742 (A,B) or
GSK3787 (C,D) was docked into the LBD of PPARβ/δ containing one molecule of GW0742. (A) Representation of how two
GW0742 molecules bind into the PPARβ/δ binding pocket at same time. (B) Detail of the amino acids interacting with the
second molecule of GW0742. (C) Representation of how one molecule of GW0742 first and then one molecule of GSK3787
bind into the PPARβ/δ binding pocket at same time. (D) Detail of the amino acids interacting with the second molecule of
GSK3787. Colour coding of atoms: red O, blue N, mustard S, white F, cyan C, PPARβ/δ and GW0742 that binds first within
the binding pocket, green C of GW0742 that binds second into the binding pocket, yellow C of GSK3787 that binds second
into the binding pocket.
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bind into the PPARβ/δ binding pocket at same time. (D) Detail of the amino acids interacting with the second molecule of 
GSK3787. Colour coding of atoms: red O, blue N, mustard S, white F, cyan C, PPARβ/δ and GW0742 that binds first within 
the binding pocket, green C of GW0742 that binds second into the binding pocket, yellow C of GSK3787 that binds second 
into the binding pocket. 
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Figure 8. Analysis of GW0742 and GSK3787 docked into PPARβ/δ + GSK3787. A second molecule of GW0742 (A,B) or 
GSK3787 (C,D) was docked into the LBD of PPARβ/δ containing one molecule of GSK3787. (A) Representation of how 
one molecule of GSK3787 first and then one molecule of GW0742 bind into the PPARβ/δ binding pocket at same time. (B) 
Detail of the amino acids interacting with the second molecule of GW0742. (C) Representation of how two molecules of 
GSK3787 bind into the PPARβ/δ binding pocket at same time. (D) Detail of the amino acids interacting with the second 
molecule of GSK3787. Colour coding of atoms: red O, blue N, mustard S, white F, grey C PPARβ/δ and GSK3787 that 

Figure 8. Analysis of GW0742 and GSK3787 docked into PPARβ/δ + GSK3787. A second molecule of GW0742 (A,B) or
GSK3787 (C,D) was docked into the LBD of PPARβ/δ containing one molecule of GSK3787. (A) Representation of how
one molecule of GSK3787 first and then one molecule of GW0742 bind into the PPARβ/δ binding pocket at same time.
(B) Detail of the amino acids interacting with the second molecule of GW0742. (C) Representation of how two molecules of
GSK3787 bind into the PPARβ/δ binding pocket at same time. (D) Detail of the amino acids interacting with the second
molecule of GSK3787. Colour coding of atoms: red O, blue N, mustard S, white F, grey C PPARβ/δ and GSK3787 that binds
first within the binding pocket, green C of GW0742 that binds second into the binding pocket, yellow C of GSK3787 that
binds second into the binding pocket.

3. Discussion

The study confirms previous studies that PPARβ/δ is expressed in pulmonary arter-
ies [30]. Here we show for the first time that dual incubation of PPARβ/δ ligands (agonist
plus antagonist) decreases LPS-induced NO and IL-6 release from pulmonary arteries
compared to single incubation with either agonist or antagonist alone. This result was
repeatable with two combinations of agonists and antagonists. Docking studies using
computational chemistry methods indicates that multiple binding of both types of ligand
is possible and retain similar binding profiles as when binding alone.

Other in vivo studies in whole mouse have indicated that GW0742 treatment atten-
uates inflammation, which is significantly reduced by GSK0660 [31–33]. These in vivo
studies differ from our ex vivo studies in isolated tissues, as they are not affected by the
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immune system infiltration of the alveolar cavity. In our ex-vivo pulmonary artery LPS
model, PPARβ/δ was shown to regulate NO and IL-6 release only under certain conditions,
which required further investigation.

Marker genes were selected to represent the induction mode of action of PPARβ/δ.
Khozoie [34] and Adhikary [35] performed a genome wide analysis of genes regulated by
PPARβ/δ in mouse keratinocytes and human myofibroblasts respectively. Khozoie [34]
cross-linked the two lists of genes regulated by PPARβ/δ and created a new list of 103 genes
regulated by PPARβ/δ in both human and mouse models. There is a high possibility that
these genes are regulated by PPARβ/δ in rats as well, therefore this list was used to select
the PPARβ/δ induction marker genes Angptl−4 and Pdk−4. Here in this study, qRT-PCR
of pulmonary artery showed that the activation of PPARβ/δ with GW0742 increases the
transcription of Pdk−4 and Angptl−4 mRNA indicating that agonist activation of PPARβ/δ
triggers induction, which was inhibited by co-incubation with GSK3787.

It has been shown in several studies that Nos2 mRNA is regulated by PPARβ/δ [33,36,37],
although it has not been described whether this regulation is via induction or transrepression.
This study indicates that the significant increase in LPS induced Nos2 mRNA expression is not
altered by the presence of either GW0742 or GSK3787 which indicates that direct induction
of genes is not the predominant mode of control PPARβ/δ has on Nos2 mRNA expression.
However, Nos2 mRNA expression is significantly reduced when co-incubated with both agonist
and antagonist. With the activation of the receptor followed by inactivation by antagonist, any
reduction in expression and activity of iNOS must be due to transrepression of PPARβ/δ on
other nuclear receptors.

It has been suggested that the large ligand binding pocket of PPARβ/δ can accommo-
date more than one ligand, resulting in unusual PPAR:ligand stoichiometries that could
trigger inactive receptor conformations [16], a possibility that we further investigated using
in silico methods. Firstly, the two PPARβ/δ agonists (GW0742 and L−165042) and two
antagonists (GSK3787 and GSK0660) were docked into the PPARβ/δ binding site. It was
found that the agonists and antagonists have a different binding profile within the binding
pocket: the same three amino acids His287, His413 and Tyr437 form polar interactions with
the two agonists tested, but they do not bind the antagonists. Whereas the amino acids
Thr252 and Asn307 are more prone to bind the antagonists GSK3787 and GSK0660.

This finding agrees with previous results were GW0742 was docked to another
PPARβ/δ crystal structure (PDB: 3GZ9) using another docking software (Glide), and
the same three amino acids bound to GW0742 [38]. Furthermore, several studies co-
crystallized PPARβ/δ with different agonists both synthetic, such as iloprost [39], the
fibrate GW2433 [40], or GW501516 [41] and natural PPARβ/δ agonists such as with eicos-
apentaenoic acid (EPA) [40], and in all cases the agonists showed polar bindings with the
same three amino acids His287, His413 and Tyr437.

It is worth mentioning another study where the authors selected 5 compounds that
potentially bound PPARβ/δ and performed a luciferase transactivation assay to biologi-
cally test if these compounds activate PPARβ/δ. They further analyzed two of them by
docking and molecular dynamics (MD) simulation, one compound that activated PPARβ/δ
(Compound 1) and another one that did not activate PPARβ/δ (Compound 2). The docking
and MD simulation results for the Compound 1 showed an interaction with His287, His413
and Tyr437, and the results for Compound 2 showed an interaction with Thr252 [42]. This
suggests the possibility that the different binding profile between agonists and antagonists
can provoke a different 3D conformational change that might explain why PPARβ/δ binds
to co-repressors instead of co-activators and vice versa.

Our findings clearly indicate that a ligand that shows a high binding affinity and is
predicted to form polar bonds with His287, His413 and Tyr437 will most likely behave as
agonist. On the other hand, if one ligand shows high binding affinity but it is predicted
to bind other residues such as Thr252 and Asn307 it is more likely that it will behave
as antagonist.

21



Int. J. Mol. Sci. 2021, 22, 3158

Co-incubation of pulmonary artery with two types of ligands led to unexpected results,
raising the question on whether the agonist or antagonist retained the potential to bind
PPARβ/δ in the expected manner. Incubation with only one agonist GW0742 allows two
possibilities: the binding of one or two molecules into the ligand-binding domain (LBD). If
a second molecule of GW0742 binds to PPARβ/δ, this molecule is predicted to bind not
too far from the most stable binding site and with the same binding affinity and residue
interaction (Arg258) than the 8th best position predicted for the first molecule. Similarly,
when the irreversible antagonist GSK3787 is present, a second molecule of GSK3787 is
predicted to bind also not far away from its most stable binding site and with favorable
binding affinity. In addition, it is predicted that GSK3787 will still form polar bonds with
Thr252, an amino acid that is predicted to bind GSK3787 in five out of eight most stable
poses predicted by docking.

When investigating dual occupancy of the PPARβ/δ LBD with both agonist (GW0742)
and antagonist (GSK3787) all the options mentioned above still apply but two more options
are available: GW0742 binds first and GSK3787 after or GSK3787 binds first and GW0742
after. When GW0742 binds first, GSK3787 can still bind very close to its most stable binding
site with a very favorable binding affinity, and what is more, still binds the residue Thr252.
If GSK3787 binds first, GW0742 is predicted to bind very far away from the most stable
binding site, at the entrance of the binding pocket, and as a consequence it will have a
very different binding profile forming polar bonds with Trp228 and Lys229, two residues
that did not show any interaction with ligands before. This suggests that if the PPARβ/δ
receptor is inhibited by GSK3787, the agonist cannot reverse this inhibition. Similar analysis
can be done with the other pair of agonist and antagonist L−165041 and GSK0660.

Taking into account the docking scores and molecular poses of the ligands, all pos-
sibilities described above have very favorable energies for it to happen. That opens a
whole new scenario of possibilities that could dramatically change the 3D conformation of
PPARβ/δ in ways that have not been thought of before, resulting in the binding of different
co-regulators, which ultimately could change the PPARβ/δ response from induction to
transrepression or vice versa.

To our knowledge, this is the first time that the possibility of binding two ligands
simultaneously into the PPARβ/δ binding pocket has been explored. The results suggest
that this possibility is very likely to happen with very favorable affinity energies, and it
is worth considering when designing and interpreting experiments where PPARβ/δ is
ligand-activated and high concentrations of ligands are used. In regards to the conditions
set in our study, docking indicates that the co-incubation with both agonist and antagonist
does not prevent the specific binding of each other to the large PPARβ/δ binding pocket.

4. Conclusions

In summary, this is a multidisciplinary approach of the study of PPARβ/δ that pro-
vides novel information about its functioning at molecular level. In the model used here,
the simultaneous co-incubation of pulmonary with both agonist and antagonist potentially
opens a window to understand the alternative transrepression PPARβ/δ mode of action
as compared to the induction mode of action. Here we show for the first time that there
is a characteristic PPARβ/δ-ligand binding profile for agonists and antagonists even in
combination; PPARβ/δ agonists form polar bonds with His287, His413 and Tyr437, while
antagonists are more promiscuous about which amino acids they bind to, although they are
very prone to bind Thr252 and Asn307. In dual predictive docking studies, all the options
studied seem feasible with favorable binding energies, suggesting the need for caution
when designing and interpreting the results of experiments using PPARβ/δ ligands.

5. Materials and Methods
5.1. Reagents

The PPARβ/δ ligands GW0742, GSK3787, L−165042 and GSK0660 as well as 1400W,
LPS O55:B5, sulfanilamide and naphthylethylenediamine dihydrochloride were purchased
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from Sigma (Gillingham, Dorset, UK). Sodium nitrate, orthophosphoric acid and DMSO
were purchased from Fisher Scientific (Loughborough, UK). Primers from Applied Biosys-
tem (Foster City, CA, USA): β-actin (Rn00667869_m1), Pdk−4 (Rn00585577_m1), Angptl−4
(Rn015228817_m1), Nos2 (Rn00561646_m1).

5.2. Animals

Male Wistar rats (350–450 g) were sourced from Charles River (Harlow, UK) and
housed in pairs in standard cages (Tecniplast 2000P) with sawdust (Datesand grade 7 sub-
strate) and shredded paper wool bedding with water and food (5LF2 10% protein LabDiet)
in the Biological Services Unit at the University of Hertfordshire. The housing environment
was maintained at a constant temperature of 22 ± 2 ◦C, under a 12 h light/dark cycle
(lights on: 07:00 to 19:00 h). All testing was conducted under the light phase of the animals’
light/dark cycle, and care was taken to randomize treatment sequences to control for
possible order effects.

All experiments involving protected animals were carried out in accordance with the
University of Hertfordshire animal welfare ethical guidelines and the Animals (Scientific
Procedures) Act 1986 and European directive 2010/63/EU. Rats were euthanized according
to schedule 1 procedure by CO2 asphyxiation followed by cervical dislocation. Lungs were
removed and immediately placed in physiological saline solution (PSS) buffer (118 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.17 mM MgSO4, 1 mM KH2PO4, 5.5 mM, glucose,
25 mM NaHCO3 and 0.03 mM Na2EDTA). Following dissection, tissues were incubated in
1% v/v penicillin/streptomycin in DMEM (no serum) under 5% v/v CO2 at 37 ◦C in the
required treatment (detailed in Table 3) for up to 24 h. Whole arteries can be incubated
in serum free media for 4 days without significant loss of contraction and differentiation
status or death [43]. After incubation, the culture medium was removed and stored at
−20 ◦C until Greiss assay or IL−6 ELISA analysis. The tissues were stored at −80 ◦C until
needed for mRNA extraction for qRT-PCR.

Table 3. Treatments of tissues with two different combination types of agonists and antagonists:
1 µg/mL LPS; 100 nM GW0742; 10 µM L−165041; 10 µM GSK3782; 10 µM GSK0880; 10 µM 1400 W.

Combination 1 Combination 2

Vehicle 0.01% DMSO 0.01% DMSO
LPS LPS 1 µg/mL LPS 1 µg/mL
LPS + agonist LPS + GW0742 LPS + L-165041
LPS + antagonist LPS + GSK3787 LPS + GSK0660
LPS + agonist + antagonist LPS + GW0742 + GSK3787 LPS + L-165041 + GSK0660
LPS + 1400 W LPS + 1400 W LPS + 1400 W

5.3. Quantification of PPARβ/δ Expression in Lung Tissues by Enzyme-Linked Immunosorbent
Assay (ELISA)

The expression of PPARβ/δ in pulmonary artery from naïve rats was measured
using rat PPARβ/δ ELISA kit (Abbkine; Wuhan, China) according to the manufacturer’s
instructions. Briefly, the dissected tissues were homogenized with liquid N2 using a mortar
and a pestle, and the proteins were extracted in ice-cold phosphate buffered saline (PBS)
with proteinase inhibitor cocktail in a ratio 9 mL PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4) per g tissue. The samples were then sonicated 3 × 30 s
and centrifuged for 5 min at 5000 g. The supernatant was collected, and the protein
concentration was quantified by BCA assay. Then, 50 µL of standards and samples were
added in duplicate to the plate containing pre-coated anti-PPARβ/δ and incubated 45 min
at 37 ◦C. The wells were washed and incubated with 50 µL of the horseradish peroxidase
(HRP)-conjugated detection antibody for another 30 min at 37 ◦C. The wells were washed
again and incubated in the dark with the chromogen solution for 15 min at 37 ◦C. Finally,
the reaction was stopped by adding 50 µL of Stop solution and the plate was immediately

23



Int. J. Mol. Sci. 2021, 22, 3158

measured in a microplate reader. The concentrations of PPARβ/δ were determined by
comparison of OD450 to a standard curve (0–8 ng/mL).

5.4. Quantification of Nitric Oxide Released by Lung Tissues by the Griess Assay

An aliquot of the culture medium (50 µL) thawed on ice was mixed with an equal
volume of Griess reagent (mixture of equal volumes Griess reagent 1 and Griess reagent 2
containing sulfanilamide 1% w/v + orthophosphoric acid 5% v/v and naphthylethylene-
diamine dihydrochloride 0.5% w/v respectively). The concentration was determined by
comparison of the OD540 to a standard curve of solutions of sodium nitrite (0–1 mM).

5.5. Quantification of IL−6 Released by Pulmonary Artery by ELISA

The release of IL−6 by pulmonary arteries to the culture medium was measured
using Rat IL−6 DuoSet ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. Briefly, all samples and standards were conducted in duplicate
to a microtiter plate containing the capture antibody. After two hours of incubation the
wells were washed and incubated with the detection antibody for another two hours. The
wells were washed again and incubated in the dark with Streptavidin-HRP for 20 min. The
wells were washed once more and incubated in the dark with substrate solution. After
20 min the stop solution was added and immediately measured in a microplate reader. The
readings at 540 nm were subtracted from the readings at 450 nm and the concentrations of
samples were determined by comparison with the standard curve (0–8 ng/mL).

5.6. Quantitative Real Time-Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from tissues using RNeasy Fibrous Tissue Mini Kit (Qiagen,
Hilden, Germany). The tissues were first pulverized in a pestle with liquid N2 and the
RNA was then extracted following the manufacturer’s instruction and stored at −80 ◦C
until use. The quality and concentration of the RNA was measured using Nanodrop
(SimpliNano, GE Healthcare Life Science; Chalfont St Giles, Buckinghamshire, UK) at
a wavelength of 260 nm. Further to that, the degradation of RNA was checked in a 1%
w/v agarose gel, and the DNA contamination of the RNA was checked by PCR. To do
that, genomic DNA was also extracted from the tissues using PureLink Genomic DNA
mini kit from Invitrogen following the manufacturer’s instructions and used as a positive
control of the PCR, and two primers for the housekeeping gene β-actin were designed
(forward CTGGTCGTACCACTGGCATT, reverse AATGCCTGGGTACATGGTGG). The
termociclator Mastercycler Nexus gradient (Eppendorf, Hamburg, Germany) was set with
the following PCR protocol: 95 ◦C for 10 min, 40 cycles of 95 ◦C for 30 s, 56 ◦C for 30 s and
72 ◦C for 30 s, 72 ◦C for 10 min and hold at 4 ◦C.

cDNA was obtained by reverse transcription (RT) using iScript cDNA synthesis kit
(Bio-Rad) following the manufacturer’s instructions. The RT was performed using a
thermociclator Stratagene Mx3005P (Agilent Technologies, Santa Clara, CA, USA) with the
following steps: 5 min at 25 ◦C, 20 min at 46 ◦C, 5 min at 95 ◦C, and hold at 4 ◦C.

qRT-PCR was performed to analyze mRNA expression using a Taqman System. Briefly,
10 µL of reaction mix containing the primers and cDNA was incubated in a 96 well-plate
following the cycle conditions: 95 ◦C for 10 min, 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min.

5.7. Docking

The ability of drugs to bind into protein active sites was investigated using AutoDock/Vina
with Pymol and Ligplot+ as a graphical user interface. For the docking simulations, the
PPARβ/δ crystal structure 3TKM was selected for having one of the highest resolutions
(1.95 Å). The PDB file was downloaded from the Protein Data Bank. Water molecules, ligands
and other hetero atoms were removed from the protein structure, and the addition of hydrogen
atoms to the protein was performed using AutoDock Tools version 1.5.6. The grid was set
manually to cover the active site. The file was saved as a pdbqt file.
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The ligand molecule structures were drawn in ChemSketch, the energy was minimized
and saved in PDB format, and converted into a pdbqt file with AutoDock Tools version
1.5.6 (ADT/AutoDockTools—AutoDock (scripps.edu) (accessed on 23 February 2021)).

Molecular docking was performed with the software AutoDock Vina and all param-
eters set as default. Results with minor calculated free energy variations were analyzed
using Pymol version 1.7.4 and LigPlot+ version1.4.5 softwares.

For the docking of two molecules, the 3TKM PDB file without hetero atoms was
combined with the best docking result of each ligand in one single PDB file, one PDB
file per ligand. These files were opened in Autodock Tools, H2 were added, the grid was
set manually and saved in a new pdbqt file. This file was used for the docking with the
second molecule.

5.8. Statistical Analysis

Statistical comparisons were performed on GraphPad Prism 5.0 software using one-
way ANOVA with Bonferroni’s post hoc analysis for NO and IL−6 detection assays, and
for qRT-PCR. The values are expressed as observed mean ± SEM. Data was normalized
previously to the statistical analysis. In short, data from NO and IL−6 detection assays
was normalized against the group treatment LPS and expressed as % change. The relative
quantification of genes analyzed by qRT-PCR was calculated with the comparative Ct∆∆
method, β-actin was used as endogenous control and data was normalized against the
control group as a fold change.

Values of p < 0.05 were considered statistically significant. When the level of prob-
ability (p) is less than 0.05 (*), less than 0.01 (**) or less than 0.001 (***), the effect of the
difference was regarded as significance.
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Appendix A

The NO produced by pulmonary artery was measured after 8 h, 20 h and 24 h of
incubation (Figure A1).

25



Int. J. Mol. Sci. 2021, 22, 3158

Int. J. Mol. Sci. 2021, 22, 3158 17 of 19 
 

 

Values of p < 0.05 were considered statistically significant. When the level of 
probability (p) is less than 0.05 (*), less than 0.01 (**) or less than 0.001 (***), the effect of 
the difference was regarded as significance. 

Author Contributions: Conceptualization, N.P.D. and L.S.M.; methodology, N.P.D., V.H. and 
L.A.L.; validation and formal analysis, N.P.D.; investigation, N.P.D. and L.S.M.; resources, L.A.L. 
and V.H.; data curation, N.P.D.; writing—original draft preparation, N.P.D. and L.S.M.; writing—
review and editing, L.S.M. and N.P.D.; visualization, L.S.M.; supervision, L.S.M., L.A.L. and V.H.; 
project administration, L.A.L.; funding acquisition, N.P.D., L.S.M. and L.A.L. All authors have 
read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: All experiments involving protected animals were 
approved on 19 October 2016 by the University of Hertfordshire animal welfare ethical review body 
and conducted in accordance with the guidelines established by the Animals (Scientific Procedures) 
Act, 1986 and European directive 2010/63/EU (Establishment license PEL7003708). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are openly available in the repository: 
LM University of Brighton. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 

The NO produced by pulmonary artery was measured after 8 h, 20 h and 24 h of incubation (Figure A1). 

 
Figure A1. Nitrite (a marker for NO release) production by pulmonary artery over time. Rat 
pulmonary artery rings were treated with different combinations of 1 μg/mL LPS (to induce innate 
inflammation), 100 nM GW0742 (PPARβ/δ agonist), 1 μM GSK3787(PPARβ/δ antagonist), and the 
NO production was measured at 8 h, 20 h and 24 h of incubation (n = 3). The data are presented as 
mean ± standard deviation; the data was not normally distributed (D’Agostino–Pearson normality 
test). Significant difference by the Krustal-Wallis test with Dunns post hoc test is indicated by * = p 
< 0.05 compared with vehicle of same time point. 

References 
1. Issemann, I.; Green, S. Activation of a member of the steroid hormone receptor superfamily by peroxisome proliferators. Nature 

1990, 347, 645–650. 

Veh
icl

e 8
 h

Veh
icl

e 2
0 h

Veh
icl

e 2
4 h

LPS 8
 h

LPS 2
0 h

LPS 2
4 h

LPS +
 G

W
 8 

h

LPS +
 G

W
 20

 h

LPS +
 G

W
 24

 h

LPS +
 G

SK
 8 

h

LPS +
 G

SK
 20

 h

LPS +
 G

SK
 24

 h

LPS +
 G

W
 + 

GSK 8 
h

LPS +
 G

W
 + 

GSK
 20

 h

LPS +
 G

W
 + 

GSK 24
 h

0

10

20

30

40

*
* *

N
itr

ite
 (μ

M
/m

g)

Figure A1. Nitrite (a marker for NO release) production by pulmonary artery over time. Rat
pulmonary artery rings were treated with different combinations of 1 µg/mL LPS (to induce innate
inflammation), 100 nM GW0742 (PPARβ/δ agonist), 1 µM GSK3787(PPARβ/δ antagonist), and the
NO production was measured at 8 h, 20 h and 24 h of incubation (n = 3). The data are presented as
mean ± standard deviation; the data was not normally distributed (D’Agostino–Pearson normality
test). Significant difference by the Krustal-Wallis test with Dunns post hoc test is indicated by
* = p < 0.05 compared with vehicle of same time point.
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Abstract: Peroxisome proliferator-activated receptor γ (PPARγ) is a molecular target of metabolic
syndrome and inflammatory disease. PPARγ is an important nuclear receptor and numerous PPARγ
ligands were developed to date; thus, efficient assay methods are important. Here, we investigated
the incorporation of 7-diethylamino coumarin into the PPARγ agonist rosiglitazone and used the com-
pound in a binding assay for PPARγ. PPARγ-ligand-incorporated 7-methoxycoumarin, 1, showed
weak fluorescence intensity in a previous report. We synthesized PPARγ-ligand-incorporating
coumarin, 2, in this report, and it enhanced the fluorescence intensity. The PPARγ ligand 2 main-
tained the rosiglitazone activity. The obtained partial agonist 6 appeared to act through a novel
mechanism. The fluorescence intensity of 2 and 6 increased by binding to the ligand binding domain
(LBD) of PPARγ and the affinity of reported PPARγ ligands were evaluated using the probe.

Keywords: PPARγ ligand; coumarin; fluorescent ligand; screening; crystal structure

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear receptor su-
perfamily and are categorized into three subtypes—PPARα, β/δ, and γ [1–3]. PPARγ is an
important target molecule for the inflammatory disease and metabolic syndrome. PPARγ
agonists were developed as antidiabetic drugs, such as rosiglitazone and pioglitazone [4]
but cause adverse effects, such as heart failure, edema, and increased risk of myocardial
infarction [2]. PPARγ ligands were thus developed using various strategies and include
partial PPARγ agonists [5], selective PPARγ modulators, PPAR α/γ dual agonists, oxidized
fatty acid agonists, antagonists, and covalent ligands [6–12] (Figure 1).

Figure 1. Structures of PPARγ agonists rosiglitazone and 4-HDHA, partial agonist nTZDpa,
PPAR α/γ dual agonist farglitazar, dual and partial agonist LT175, and dual covalent and par-
tial agonist 17-oxoDHA.
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PPARγ was identified as a novel target of the nonsteroidal anti-inflammatory drugs
(NSAIDs) action by direct binding. Like PPAR agonists, NSAIDs are believed to be fatty
acid analogues and can suppress the expression of proinflammatory genes via PPARγ
activation [13]. A PPARγ ligand inhibited monocyte elaboration of inflammatory cytokines
and chemokine expression, and prevented microglial activation [14,15]. A fatty acid-based
agonist, 4-HDHA, alleviates the symptoms of DSS-induced colitis [16]. Thus, PPARγ is a
possible target molecule for anti-inflammatory as well as metabolic syndrome. The ligand
binding cavity of PPARγ is versatile [17,18], allowing the design of a large number of
unique compounds.

Nuclear receptor ligands, including PPARγ ligands, are often evaluated by investigat-
ing their gene transcription activity [19]. This assay is useful in identifying agonists with
strong efficacy, but this is likely to overlook antagonists and partial agonists because of
its weak efficacy. Therefore, the binding assay is important for exploring novel ligands.
Conventional PPAR binding assays often use competition with a radioligand [20] and
such assays provide superior sensitivity, but they are costly, are possible health hazards,
and require laborious experimental procedures and special facilities. Fluorescent probes
overcome these drawbacks [21]. A fluorescent probe for a PPAR α/γ fluorescent polariza-
tion (FP) binding assay, based on the large molecule fluorescein was developed [22,23]. In
contrast, coumarins are small, and have a solvatochromic fluorescence property that in-
creases fluorescence intensity in hydrophobic environments and decreases it in hydrophilic
environments [24]. Compounds containing coumarin were developed to detect ligand
binding to target proteins [25].

The coumarin skeleton is used in various fields [26–28] and many synthetic strategies
were reported [29–35], including C–C bond formation reactions that require advanced
knowledge and techniques for probe synthesis. In contrast, we recently reported strategies
for constructing a coumarin skeleton on a target protein (TCC probe) using small molecules
(coumarin precursors) [36,37]. The advantages of using a coumarin precursor in organic
synthesis include incorporation of the coumarin skeleton into the ligand in the final step of
synthesis in one step, and this incorporation is facile if the precursor of the ligand has a
nucleophilic functional group.

We previously demonstrated the usefulness of precursors by synthesizing com-
pound 1, whose structure incorporates 7-methoxy (7-MeO) coumarin into the rosiglitazone
(Scheme 1) [36]. However, the fluorescence property of compound 1 is poor.

Here, we synthesized a rosiglitazone-based fluorescence probe using a coumarin
precursor. PPARγ binding assay shows that the probe binds to rosiglitazone. We utilized
the properties of solvatochromic fluorophores instead of FP to facilitate the evaluation of
the ligands.

Scheme 1. Synthesis of 7-methoxy coumarin-incorporated rosiglitazone.

2. Results
2.1. Design and Synthesis of a Coumarin-Based PPARγ Ligand

We previously synthesized the rosiglitazone-based model compound 1, in which
the terminal pyridine was replaced by the coumarin skeleton, using a coumarin pre-
cursor (Scheme 1). Coumarin in compound 1 was poor in fluorescence property. We,
thus, designed compound 2, which contained a 7-diethylamino (7-Et2N) coumarin unit
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(Figure 2). The coumarin-substituted electron-donating groups at position 7 showed strong
fluorescence [38] and thus we expected the designed probe 2 to be sufficiently fluorescent
to be useful for PPARγ binding assays. The precursor used was the TBS-protected form 3,
because the Et2N moiety destabilized the precursor. Since the Et2N and TBS groups were
electron-donating, the reactivity (electro-deficiency) of the alkynone moiety was weak [39].
We, thus, used precursor 3 (Scheme 2) in which CH2CF3 provided an electron-withdrawing
group at the ester group of the 7-Et2N coumarin precursor (Scheme 2). When we used Et3N
as a base and solvent, no desired product 2 was isolated and unexpectedly, we obtained
compound 5, which was conjugated to an Et2N group (Scheme 2; Table 1, entry 1). We,
therefore, changed the synthesis conditions from those used to synthesize 7-MeO coumarin
incorporating rosiglitazone 1. The use of DMF and Et3N as a solvent, gave the desired 2 in
14% yield and 5 was increased to 51% yield. Interestingly, ethylation at the thiazolidine-
dione (TZD) occurred to give 6 (14%) (entry 2). Yamaguchi et al. reported the conjugate
addition of an ynone-containing azulene with a tertiary amine [40]. We considered that
products 5 and 6 resulted from a similar mechanism (Schemes S1 and S2) and thus we
reduced the amount of Et3N. When 3.0 equiv. Et3N in DMF was used, 2 was afforded in
moderate yield (57%) (entry 3).

Figure 2. Structure of PPARγ ligand incorporated 7-diethylamino (7-Et2N) coumarin.

Scheme 2. Synthesis of PPARγ ligand.

Table 1. Investigation of PPARγ ligand synthesis conditions.

Entry Solvent Base Temperature (◦C)
Yield (%)

2 5 6

1 Et3N - 100 - 40 -
2 DMF: Et3N = 1:1 - 100 14 51 14
3 DMF Et3N (3.0 equiv.) 60 57 11 -
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2.2. Transcriptional Activity

The transcriptional activities of compound 1 [36], 2, and 6 were compared for PPARγ
activity, using the dual luciferase assay in Cos-7 cells (Figure 3, Table 2). Compounds 1 and
2 had activities comparable to rosiglitazone, showing that the incorporation of coumarin
did not reduce ligand agonistic activity, regardless of if it was 7-MeO coumarin or 7-Et2N
coumarin. This result suggests that incorporation of a coumarin unit into a ligand maintains
biological activity because of its small structure. In contrast, compound 6 showed partial
agonistic activity.

Figure 3. Transcriptional activity of synthetic compounds 1, 2, and 6 evaluated in Cos-7
cells using a dual luciferase assay with a GAL4-PPARγ chimera expression plasmid (pSG5-
GALhPPARγ), a reporter plasmid (MH100×4-TK-Luc), and an internal control plasmid containing
sea pansy luciferase expression constructs (pRL-CMV). The data represent the mean ± SD of three
independent experiments.

Table 2. The EC50 values of compounds 1, 2, and 6.

Compound Rosiglitazone 1 2 6

EC50 (µM) 0.17 0.18 0.034 0.35

2.3. Fluorescence Spectra

We evaluated the fluorescence properties of PPARγ ligands 2 and 6 (Figure 4) by
measuring the fluorescence spectra and quantum yields (Q.Y.) in CH2Cl2, THF, MeOH, or
H2O. The Q.Y. of the 7-Et2N coumarins (2: Φ = 0.143–0.541, 6: Φ = 0.0865–0.764) were much
better than that of 7-MeO coumarin (1: Φ = 0.0359–0.00461) (Table 3), and exhibited a high
fluorescence intensity in organic solvents and a weaker fluorescence in H2O. Additionally,
2 and 6 showed similar fluorescence spectral shifts, with the emission maximum shifting to
a longer wavelength in polar solvent (Figure 4). The difference between Absmax and Emmax
(∆ = Emmax − Absmax) showed that the ∆ value of 2 and 6 increased with increasing solvent
polarity (Table 3) in the order THF < CH2Cl2 < MeOH < H2O. The dielectric constant of
each solvent was THF: 7.4, CH2Cl2: 8.9, MeOH: 32.6, and H2O: 78.5 [41,42]. This correlation
clarified that Et2N coumarins 2 and 6 exhibited a Stokes shift and thus we expected the
fluorescence spectra of 2 and 6 to shift upon binding to the hydrophobic binding site of
the protein.
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Figure 4. (a) Fluorescence spectrum of 2, in CH2Cl2, THF, MeOH, or H2O (2 µM). (b) Fluorescence spectrum of 6, in CH2Cl2,
THF, MeOH, or H2O (2 µM).

Table 3. Fluorescence properties for PPARγ ligands 1, 2, and 6.

Comp.

In CH2Cl2 In THF In MeOH In H2O

Absmax
1

Emmax
∆ 3

(nm)

Q.Y. 2

Absmax
1

Emmax
∆ 3

(nm)

Q.Y. 2

Absmax
1

Emma
∆ 3

(nm)

Q.Y. 2

Absmax
1

Emmax
∆ 3

(nm)

Q.Y. 2

1
316
469
153

0.00359
314
467
153

0.00461
314
392
78

0.0039
312
451
139

0.00369

2
359
423
64

0.541
354
416
62

0.191
359
449
90

0.532
364
462
98

0.143

6
359
423
64

0.764
353
416
63

0.172
358
449
91

0.432
369
461
92

0.0865

1 See the Supplementary Materials (Figure S1) for absorption spectrum of 2 and 6. 2 The quantum yields were determined using quinine
sulfate in 0.1 M H2SO4 (Φ = 0.577) [43]. 3 ∆ = Absmax − Emmax.

2.4. X-ray Crystal Structure

We attempted to crystallize human PPARγ-LBD complexed with 2 or 6 to iden-
tify the binding mode of PPARγ-LBD. Crystals were grown in the presence of each lig-
and but 6 provided only the apo structure of PPARγ. The complex with 2 provided
the co-crystal structure; the crystallographic analysis data are summarized in Table S1.
The overall crystal structure of the 2/PPARγ-LBD complex was similar to that of the
rosiglitazone/PPARγ-LBD complex (Figure 5). The TZD moiety formed hydrogen bonds
with His323, Tyr473, Ser289, and Gln286, which was identical to that of rosiglitazone
in PPARγ-LBD (Figure 6a,b). Furthermore, the coumarin moiety was positioned similar
to that of the pyridine moiety in the X-ray crystal structure of the rosiglitazone/PPARγ
complex (2PRG.pdb), and thus, we concluded that the transcriptional activity of probe
2 resembled that of rosiglitazone (Figure 6c,d). The N-H group on TZD of byproduct 6
was ethylated (N-Et), and therefore, it could not form a hydrogen bond with Tyr473 on
helix12. Indeed, this ethyl group caused steric repulsion with helix12, and this hydrogen
bond was important for PPARγ activation, explaining why probe 6 showed partial agonist
activity. Importantly, although rosiglitazone is the most commonly used PPARγ ligand,
no rosiglitazone-based partial agonist is reported to date. Comparison with rosiglitazone
might contribute to the development of PPARγ-targeted drugs.
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Figure 5. (a) The overall crystal structure of the 2/PPARγ-LBD complex (PDB code: 7EFQ). (b) The overall crystal
structure of the rosiglitazone/PPARγ-LBD complex (PDB code: 2PRG). (c) Comparison of the overall crystal structure of the
2/PPARγ-LBD complex with the rosiglitazone/PPARγ-LBD complex.

Figure 6. (a) Hydrogen bonds between 2 and hPPARγ-LBD (PDB code: 7EFQ). (b) Hydrogen bonds between rosiglitazone
and hPPARγ-LBD (PDB code: 2PRG). (c) Omit map of 2 bound to hPPARγ-LBD. (d) Comparison of 2 with rosiglitazone
bound to hPPARγ-LBD.

2.5. Application of PPARγ Binding Assay

We examined whether 2 and 6 were useful for PPARγ binding assays. We attempted
to determine the Kd value of 2 or 6 with hPPARγ-LBD. The fluorescence spectra were mea-
sured by adding hPPARγ-LBD (0.05 to 8.0 µM) in Tris–HCl buffer to 2 (1 µM) (Figure 7a).
The fluorescence maxima shifted to shorter wavelength and the fluorescence intensity in-
creased upon increasing the concentration of PPARγ-LBD. We calculated Kd using the fluo-
rescence intensity at 410 nm (2: Kd = 1558 ± 93.61 nM, Figure 7b), (6: Kd = 4082 ± 712.2 nM,
Figure S2). The Kd value showed that the PPARγ binding activity of 6 was weaker than
that of 2, and thus 6 could be useful for screening the lower affinity ligands.
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Figure 7. (a) Fluorescence spectra of 2 (1 µM) upon addition to hPPARγ-LBD (0.05–8.0 µM) in Tris–HCl buffer with
Ex = 367 nm. (b) Fluorescence intensity of 2 at 410 nm depending on the concentration of hPPARγ-LBD. Data are mean ± SD
(n = 3).

We performed PPARγ competitive binding assays using a fixed concentration of 2
(0.72 µM) and hPPARγ-LBD (0.6 µM). First, we carried out a binding assay using rosigli-
tazone. The addition of rosiglitazone to 2 and hPPARγ-LBD decreased the fluorescence
intensity of 2 and it shifted to a longer wavelength, clearly showing that rosiglitazone
replaced 2 bound to hPPARγ-LBD. We determined the value of Ki using the fluorescence
intensity at 410 nm (Ki = 1157 ± 1.08 nM, Figure 8, Table 4) and that of farglitazar using the
same procedure (Ki = 132.3 ± 1.13 nM, Figure S3, Table 4). Next, we attempted to evaluate
the Ki value of pioglitazone, whose affinity was lower than that of rosiglitazone, but were
unsuccessful because it required a concentration of pioglitazone above its solubility limit in
the buffer. Therefore, we determined the Ki value of pioglitazone using probe 6 (1.44 µM),
whose affinity was lower than that of 2. The binding assay succeeded and we obtained the
Ki value (Ki = 5495 ± 3.14 nM, Figure S4, Table 4). The Ki value of the PPARγ partial agonist
LT175 was also determined using 6 (Ki = 2334 ± 1.46 nM, Figure S5, Table 4) and thus the
order of the calculated Ki values was farglitazar < rosiglitazone < pioglitazone, consistent
with the previously reported IC50 values for farglitazar, rosiglitazone, and pioglitazone [23]
and the reported EC50 values [11,44] farglitazar < rosiglitazone < LT175 < pioglitazone.
The determined Ki values therefore showed an identical relationship with the reported
EC50 values, suggesting that 2 and 6, PPARγ ligands that incorporate 7-Et2N coumarin,
were useful probes for competitive binding assays of PPARγ ligands.

Figure 8. Fluorescence binding assay using the fluorescence intensity of 2 at Ex = 367 nm in the
presence of 0.6 µM hPPARγ-LBD in Tris–HCl buffer. (a) Fluorescence spectrum of 2 (0.72 µM) and
hPPARγ-LBD (0.6 µM) upon addition to rosiglitazone (1.17 nM–76.8 µM) in Tris–HCl buffer at
Ex = 367 nm. (b) Fluorescence intensity of 2 at 410 nm in the presence of 0.6 µM hPPARγ-LBD at
various concentrations of rosiglitazone. Data are mean ± SD (n = 3).
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Table 4. Comparison of the Ki value determined using 2 or 6 with reported IC50 or EC50 values.

Concentration (nM) [ref] Rosiglitazone Farglitazar Pioglitazone LT175

The calculated Ki value using 2 or 6 1 1157 ± 1.08 132.3 ± 1.13 5495 ± 3.14 2334 ± 1.46
The reported IC50 value [23] 660 ± 252 90 ± 34 4500 ± 465 -
The reported EC50 value [44] 18 ± 4 0.20 ± 0.05 280 ± 42 -
The reported EC50 value [11] 40 ± 20 - - 480 ± 80

1 Data are mean ± SD (n = 3).

3. Discussion

Here, we reported the facile synthesis of PPARγ ligands incorporating coumarin, using
our coumarin precursor instead of the conventional synthetic approach. We previously
showed that coumarin was formed by conjugated addition from nucleophiles such as
thiols, amines, alcohols, or phenols [39], and thus this strategy might be applicable to
other ligands.

We also showed that 6 showed partial agonist activity caused by pushing helix12.
Fewer side effects were likely caused by PPARγ partial agonists than by full agonists, such
as rosiglitazone, and several partial agonists were synthesized [6] that functioned either as
an “active antagonist” or a “passive antagonist”. An active antagonist regulated helix12
through direct interaction, such as steric repulsion whereas a passive antagonist interacted
indirectly. Most PPARγ partial agonists act via a passive mechanism, through indirect [5]
or weak [45,46] interactions or through multiple conformations [47,48]. However, probe
6 was believed to be an “active partial agonist” and pushed helix12. When we tried to
co-crystallize PPARγ with 6, we obtained only apo form crystals (data not shown). Helix12
was believed to be in an active position in the crystal packing but helix12 could not adopt
its active position due to the steric repulsion of the ethyl group of 6, resulting in the
apo form that was unfavorable for crystallization. Although 6 resembled rosiglitazone,
no mechanisms are reported for PPARγ partial agonism and thus probe 6 was a novel
PPARγ ligand.

Competitive binding assays for nuclear receptors were either radiometric or fluoro-
metric assays [49]. A scintillation proximity assay (SPA) was reported for PPAR [50] and
an FP assay was reported for ligands containing fluorescein [22,23]. The incorporation of
the 7-Et2N coumarin did not affect the activity of rosiglitazone, as determined by a gene
transcriptional assay. We suggest that the compounds incorporating 7-Et2N coumarins,
which are easy to synthesize, could be applied to PPARγ binding assays and did not require
fluorescence anisotropy apparatus and techniques. 7-Et2N coumarin could be used for live
cells imaging [51] and thus 2 and 6 were potent probes for cell imaging.

Recently, a coumarin-containing nuclear receptor RXR agonist was reported. The
authors demonstrated its utility in a competitive binding assay for several RXR ligands [52].
Coumarins, thus, appear suitable as nuclear receptor ligands. Furthermore, it is not
limited to ligands that target nuclear receptors, coumarins were reported to have an
established structure for introducing fluorescence into tool compounds for the biochemical
studies [53]. This was because studies on the effects of the positions of substituents and
the properties of functional groups (electron-withdrawing or electron-donating) on the
fluorescent properties of coumarin were widely studied for decades [54]. Moreover, some
natural productss with a coumarin skeleton were reported to show PPARγ activity [55].
From this point of view, our coumarin conjugated strategy could be used to synthesize
other nuclear receptor probes, photochemical probes, and bioactive compounds. Our
coumarin conjugation strategy could be used to synthesize other nuclear receptor probes.

4. Materials and Methods
4.1. General Information for Synthesis

All non-aqueous reactions were performed in an oven-dried or a flame-dried glass-
ware, under nitrogen atmosphere. Unless otherwise mentioned, all reagents were pur-
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chased from commercial suppliers and used without further purification. Organic solvents
were dried by standard methods. All reactions were monitored by a thin-layer chromatogra-
phy. Thin-layer chromatography was performed on silica gel 70 F254 TLC plates pre-coated
with 0.25 mm thickness (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). Visu-
alization was done by UV light (254 nm or 365 nm), phosphomolybdic acid (PMA) stain, or
Hanessian’s stain. Purification on silica gel column chromatography was performed on
silica gel 60N (40−50 µm, 63−210 µm, Kanto Chemical Co. Inc., Tokyo, Japan). 1H-NMR
spectra were recorded on a Bruker AV300M (300 MHz) or Bruker AV600 (600 MHz) spec-
trometer in appropriate deuterated solvents. 13C-NMR spectra were recorded at 75 MHz
or 150 MHz. Chemical shifts were reported in parts per million (ppm) on the d scale from
TMS peak. NMR descriptions: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; and
br, broad. Coupling constants, J, are reported in Hertz (Hz). High-resolution mass spectra
(ESI) were obtained from a JEOL AccuTOF LC-plus JMS-T100LP spectrometer (JEOL Ltd.,
Tokyo, Japan).

Compounds 3 and 4 were synthesized in the same methods as in the reference [36,39].
The structures of compounds were confirmed by 1H-NMR.

4.1.1. 5-(4-(2-((7-(diethylamino)-2-oxo-2H-chromen-4-yl)
(methyl)amino)ethoxy)benzyl)thiazolidine-2,4-dione (2)

To a solution of 4 (19.8 mg) in DMF (0.9 mL) Et3N (18 µL, 0.131 mmol, 3.0 equiv.) and
3 (18.8 mg, 0.0438 mmol) in DMF (0.6 mL) was added. The mixture was stirred at 60 ◦C for
16 h, and then concentrated under reduced pressure. The crude solution was purified by
open column chromatography (silica gel: 7 g, 5−100% AcOEt/hexane) to give 2 (12.4 mg,
0.0250 mmol, 57%, from compound 3) and 5 (1.4 mg, 0.000485 mmol, 11%). 1H NMR (300
MHz, CDCl3) δ [ppm]: 7.63 (d, J = 9.0 Hz, 1H), 7.15 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.6 Hz,
2H), 6.56−6.50 (overlapped, 2H), 5.36 (s, 1H), 4.49 (dd, J = 8.5, 3.9 Hz, 1H), 4.22 (m, 2H),
3.79 (m, 2H), 3.44−3.34 (overlapped, 5H), 3.18 (dd, J = 14.2, 8.6 Hz, 1H), 3.03 (s, 3H), 1.21 (t,
J = 7.1 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 173.9, 170.1, 164.1, 161.6, 157.8, 156.7, 150.1,
130.7 (2 carbons), 127.9, 126.3, 114.9 (2 carbons), 107.7, 104.5, 98.2, 90.8, 65.3, 53.9, 53.4, 44.6
(2 carbons), 39.9, 37.7, 12.5 (2 carbons). ESI-HRMS: m/z calcd for C26H30N3O5S [M + H]+:
496.19062; found: 496.18896. IR (NaCl): 1749, 1698, 1658, 1245 cm−1.

4.1.2. 4,7-bis(diethylamino)-2H-chromen-2-one (5)
1H NMR (300 MHz, CDCl3) δ [ppm]: 7.43 (d, J = 9.1 Hz, 1H), 6.53 (d, J = 9.1, 2.7 Hz,

1H), 6.48 (d, J = 2.6 Hz, 1H), 5.38 (s, 1H), 3.39 (quin, J = 7.0 Hz, 8H), 1.23 (t, J = 7.1 Hz,
6H), 1.20 (t, J = 7.1 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ [ppm]: 164.0, 160.1, 156.7,
149.9, 126.1, 107.5, 105.1, 98.2, 90.7, 45.5 (2 carbons), 44.6 (2 carbons), 12.5 (2 carbons), 12.3
(2 carbons). ESI-HRMS: m/z calcd for C17H24N2O2 [M + H]+: 289.19160; found: 289.19162.
IR (NaCl): 1698 cm−1.

4.1.3. 5-(4-(2-((7-(diethylamino)-2-oxo-2H-chromen-4-yl)(methyl)amino)ethoxy)benzyl)-
3-ethylthiazolidine-2,4-dione (6)

1H NMR (300 MHz, CDCl3) δ [ppm]: 7.61 (d, J = 9.0 Hz, 1H), 7.17−7.12 (overlapped,
2H), 6.86−6.81 (overlapped, 2H), 6.55−6.49 (overlapped, 2H), 5.43 (s, 1H), 4.41 (dd, J = 9.0,
3.9 Hz, 1H), 4.21 (t, J = 5.6 Hz, 2H), 3.76 (t, J = 5.5 Hz, 2H), 3.61 (m, 2H), 3.46−3.35
(overlapped, 5H), 3.09 (dd, J = 14.1, 8.9 Hz, 1H), 3.04 (s, 3H), 1.20 (t, J = 7.1 Hz, 6H), 1.11
(t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ [ppm]: 173.8, 170.9, 163.7, 161.5, 157.8,
156.7, 150.1, 130.6 (2 carbons), 128.3, 126.3, 114.7 (2 carbons), 107.6, 104.5, 98.2, 91.0, 65.3,
53.7, 51.6, 44.6 (2 carbons), 39.9, 37.8, 36.9, 12.8, 12.5 (2 carbons). ESI-HRMS: m/z calcd for
C28H34N3O5S [M + H]+: 524.22192; found: 524.22030. IR (NaCl): 1745, 1682, 1613 cm−1.

4.2. General Information for Biological Experiments

All biological reagents were used without further purification, unless otherwise noted.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out
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with an AE-6530 electrophoresis apparatus. UV-visible absorption spectra were recorded on
a V-630BIO spectrophotometer (JASCO, Tokyo, Japan). Fluorescent spectra were measured
using a F-7100 fluorescence spectrophotometer (HITACHI, Tokyo, Japan).

4.3. Transactivation Assay

Transactivation in COS-7 cells was measured using a dual luciferase assay according to
a previously reported procedure [46]. EC50s were calculated by GraphPad Prism 6 (Graph-
Pad Software, San Diego, USA) (<A>LogEC = LogEC50Control <~A>LogEC = LogEC50Control
+ log(EC50Ratio) Y = Bottom + (Top-Bottom)/(1 + 10ˆ((LogEC-X) × HillSlope))).

4.4. Protein Expression and Purifications

PPARγ expression and purification were carried out as previously described [46].
The human PPARγ-LBD (residues 204−477) was expressed using a modified pET30a
vector with an N-terminal 6×His tag cleavable by TEV protease. E. coli Rosetta (DE3) was
freshly transformed with the plasmid and grown 1 L of 2 × TY medium with 34 mg/mL
kanamycin and 50 mg/mL chloramphenicol at 37 ◦C, to an OD at 600 nm of 0.6−1.0.
Protein synthesis was then induced with 0.5 mM isopropyl-b-Dthiogalactopyranoside
(IPTG), and the cultures were further incubated at 20 ◦C for 16 h. Cells were harvested and
resuspended in 50 mL of lysis buffer (20 mM Tris–HCl pH 8.0, 100 mM NaCl, 1 mM TCEP,
0.5 mM EDTA, and 13 Protease inhibitor cocktail). Cells were lysed by sonication, and the
soluble fraction was isolated by centrifugation (18,000× g for 30 min). The supernatant was
applied to cOmplete His-Tag Purification Resin (Roche, Basel, Switzerland), and the resin
was thoroughly washed in wash buffer (20 mM Tris–HCl pH 8.0, 100 mM NaCl, 1 mM
TCEP, and 5 mM imidazole). The human PPARγ-LBD was eluted with the elution buffer
(20 mM Tris–HCl pH 8.0, 100 mM NaCl, 1 mM TCEP, and 250 mM imidazole). TEV protease
was added to the eluate, and the mixture was dialyzed overnight at 4 ◦C with 500 mL of
buffer (20 mM Tris–HCl pH 8.0, 1 mM TCEP, 0.5 mM EDTA). The cleaved protein was
passed through complete His-Tag Purification Resin (Roche). The flow-through was loaded
onto a Resource Q (6 mL) column (GE Healthcare, Chicago, USA) equilibrated with buffer
(20 mM Tris–HCl pH 8.0, 1 mM TCEP, 0.5 mM EDTA). The column was eluted with an
NaCl gradient from 0 to 1 M in the starting buffer. The eluted fractions were concentrated
and loaded onto a Superdex 75 Increase 10/300 GL gel filtration (24 mL) column (GE
Healthcare) equilibrated with buffer (20 mM Tris–HCl pH 8.0, 1 mM TCEP, and 0.5 mM
EDTA). Purified human PPARγ-LBD was concentrated in buffer (20 mM Tris–HCl pH 8.0,
1 mM TCEP, and 0.5 mM EDTA) to 6.0 mg/mL, which was estimated by UV absorbance at
280 nm.

4.5. X-Ray Crystallography

Crystals were obtained through co-crystallization in ligand 2. For the PPARγ, co-
crystallization was performed by vapor diffusion using a hanging drop made by mixing
1 µL of the PPARγ-LBD solution (6 mg/mL, in 20 mM Tris–HCl pH 8.0, 1 mM TCEP, 0.5 mM
EDTA) with 0.5 equivalent Ligand, (2) with 1 µL of reservoir solution (0.8 M sodium citrate
and 0.1 M Tris–HCl pH 7.27) and the drops were equilibrated against 300 µL of reservoir
solution at room temperature. The mixture was stored at room temperature, and crystals
appeared after about 2 weeks. Crystals were flash-cooled in liquid nitrogen, after a fast
soaking in a cryoprotectant buffer (LV Cryo Oil (MiTeGen, NY, USA)). Diffraction data sets
were collected at 100 K in a stream of nitrogen gas at beamline BL-5A, at the high energy
accelerator research organization (KEK, Tsukuba, Japan). Reflections were recorded with
an oscillation range per image of 1.0◦. Diffraction data were indexed, integrated, and scaled
using the program iMOSFLM (MRC-LMB, Cambridge, UK) [56,57]. The ternary complex
structures were solved by molecular replacement with the software Phaser [58] in the CCP4
program (Research Complex at Harwell, Oxford, UK) [59] using rat VDR-LBD coordinates
(PDB code: 2VV3) [7], and the finalized sets of atomic coordinates were obtained after
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iterative rounds of model modification with the program Coot (MRC-LMB, Cambridge,
UK) [60] and refinement with refmac5 (University of York, York, UK) [61–65].

4.6. UV-Visible Absorption and Fluorescence Spectroscopic Analyses

Stock solutions of model coumarin compounds PPAR ligands 1, 2, and 6 were prepared
in DMSO, and stored in the dark at −20 ◦C. The stock solutions were diluted (2 µM)
with solvents (CH2Cl2, THF, MeOH, and H2O) and then the UV-visible absorption and
fluorescence signals were measured by a spectrometer. The fluorescence quantum yields of
coumarin analogues were calculated using quinine sulfate (Φ = 0.577 in 0.1 M H2SO4) as a
reference standard [43].

4.7. Kd Determination of 2 or 6

PPARγ-LBD (6 mg/mL) was diluted to the concentration of 0.05, 0.1, 0.2, 0.4, 0.6,
0.8, 1.0, 2.0, 4.0, and 8.0 µM (0.25, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 10.0, and 15.0 µM, in
case of 6) with the assay buffer (20 mM Tris–HCl pH 7.0, 1 mM TCEP, and 0.5 mM
EDTA). Then, each concentration levels of PPARγ-LBD solutions were added 2 or 6 (final
concentration of 1 µM), and the fluorescence spectra were measured using the mixture
of PPARγ-LBD and 2, or 6 (200 µL), using a quartz cuvette (5 mm). The assay buffer
was measured as the background for fluorescence spectrum. The excitation wavelength
of fluorescence spectra was set at 367 nm, and emission was detected from 350 nm to
570 nm. The specific equilibrium binding constant (Kd) was derived using GraphPad
Prism6 (Y = Bmax × Xˆh/(Kdˆh + Xˆh) (X: concentration of PPARγ-LBD [nM], Y: fluorescence
intensity at 410 nm, h: Hill slope).

4.8. Binding Assay of Rosiglitazone or Farglitazar with hPPARγ- LBD Using 2

PPARγ-LBD (6 mg/mL) was diluted to the concentration of 0.6 µM with the assay
buffer, and PPARγ-LBD solution was added 2 (0.72 µM final concentration). Then, four-
fold serial dilutions of Rosiglitazone or Farglitazar (Rosiglitazone: final concentration of
1.17 nM to 76.8 µM, 9 concentration levels, Farglitazar: final concentration of 0.59 nM to
9.6 µM, 8 concentration levels) was added to the mixture, and the fluorescence spectra were
measured using the mixture of PPARγ-LBD, 2, and Rosiglitazone or Farglitazar (200 µL),
using a quartz cuvette (5 mm). The assay buffer was measured as the background for the
fluorescence spectrum. The excitation wavelength of fluorescence spectra was set at 367 nm,
and emission was detected from 350 nm to 570 nm. The inhibition constant (Ki) value was
derived from Kd of 2, using GraphPad Prism6 (logEC50 = log(10ˆlogKi × (1 + Radioligand
[nM]/HotKd [nM])) Y = Bottom + (Top-Bottom)/(1 + 10ˆ(X-LogEC50))) (X: concentration of
Rosiglitazone or Farglitazar [nM], Y: fluorescence intensity at 410 nm, Radioligand [nM]:
concentration of 2, HotKd [nM]: the Kd value of 2).

4.9. Binding Assay of Pioglitazone or LT175 with hPPARγ- LBD Using 6

PPARγ-LBD (6 mg/mL) was diluted to the concentration of 0.6 µM with the assay
buffer, and PPARγ-LBD solution was added 6 (1.44 µM final concentration). Then, four-
fold serial dilutions Pioglitazone or LT175 (final concentration of 4.69 nM to 76.8 µM,
8 concentration levels) was added to the mixture. Next, the fluorescence spectra were
measured using the mixture of PPARγ-LBD, 6, and Pioglitazone or LT175 (200 µL) using a
quartz cuvette (5 mm). The assay buffer was measured as the background for fluorescence
spectrum. The excitation wavelength of fluorescence spectra was set at 367 nm, and
emission was detected from 350 nm to 570 nm. The inhibition constant (Ki) value was
derived from Kd of 6 using GraphPad Prism6 (logEC50 = log(10ˆlogKi × (1 + Radioligand
[nM]/HotKd [nM])) Y = Bottom + (Top-Bottom)/(1 + 10ˆ(X-LogEC50))) (X: concentration of
Pioglitazone or LT175, Y: fluorescence intensity at 410 nm, Radioligand [nM]: concentration
of 6, HotKd [nM]: the Kd value of 6).
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5. Conclusions

To efficiently evaluate the ligands for PPARγ, a target molecule for metabolic syn-
drome and inflammatory diseases, we synthesized compound 2 using our method. In the
process, we also obtained partial agonist 6, which appeared to act via a novel mechanism.
By utilizing 2 and 6, we showed that a fluorescence spectrophotometer could be used to
evaluate PPARγ binding affinity. These results might contribute to the understanding of
metabolic syndrome and inflammation, as well as drug development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22084034/s1. Scheme S1: The proposed mechanism of reaction for synthesis of 5.
Scheme S2: The proposed mechanism of reaction for synthesis of 6. Figure S1: Absorption spectrum
of 2 and 6. Figure S2: Kd determination of 6. Figure S3: Binding assay of Farglitazar for hPPARγ—
LBD using 2. Figure S4: Binding assay of Pioglitazone for hPPAR—LBD using 6. Figure S5: Binding
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Abstract: Among the agonists against three peroxisome proliferator-activated receptor (PPAR) sub-
types, those against PPARα (fibrates) and PPARγ (glitazones) are currently used to treat dyslipidemia
and type 2 diabetes, respectively, whereas PPARδ agonists are expected to be the next-generation
metabolic disease drug. In addition, some dual/pan PPAR agonists are currently being investigated
via clinical trials as one of the first curative drugs against nonalcoholic fatty liver disease (NAFLD).
Because PPARα/δ/γ share considerable amino acid identity and three-dimensional structures, espe-
cially in ligand-binding domains (LBDs), clinically approved fibrates, such as bezafibrate, fenofibric
acid, and pemafibrate, could also act on PPARδ/γ when used as anti-NAFLD drugs. Therefore, this
study examined their PPARα/δ/γ selectivity using three independent assays—a dual luciferase-
based GAL4 transactivation assay for COS-7 cells, time-resolved fluorescence resonance energy
transfer-based coactivator recruitment assay, and circular dichroism spectroscopy-based thermostabil-
ity assay. Although the efficacy and efficiency highly varied between agonists, assay types, and PPAR
subtypes, the three fibrates, except fenofibric acid that did not affect PPARδ-mediated transactivation
and coactivator recruitment, activated all PPAR subtypes in those assays. Furthermore, we aimed to
obtain cocrystal structures of PPARδ/γ-LBD and the three fibrates via X-ray diffraction and versatile
crystallization methods, which we recently used to obtain 34 structures of PPARα-LBD cocrystallized
with 17 ligands, including the fibrates. We herein reveal five novel high-resolution structures of
PPARδ/γ–bezafibrate, PPARγ–fenofibric acid, and PPARδ/γ–pemafibrate, thereby providing the
molecular basis for their application beyond dyslipidemia treatment.

Keywords: bezafibrate; fenofibric acid; pemafibrate; peroxisome proliferator-activated receptor;
dual/pan agonist; X-ray crystallography

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear receptor
(NR) superfamily and ligand-activated transcription factors that sense intracellular free
fatty acids [1]. Three subtypes (PPARα, PPARβ/δ, and PPARγ) with considerable amino
acid identity (54–71% in humans) have been identified in mammals. PPARα regulates
lipid metabolism mainly in the liver and skeletal muscle and glucose homeostasis via
direct transcriptional control of genes involved in peroxisomal/mitochondrial β-oxidation,
fatty acid uptake, and triglyceride (TG) catabolism [2]. PPARδ is ubiquitously expressed
and controls energy metabolism and cell survival [3]. PPARγ is most highly expressed
in white/brown adipose tissues, where it acts as a master regulator of adipogenesis and
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a potent modulator of whole-body lipid metabolism and insulin sensitivity [4]. Three
PPARs, similar to other NRs, comprise amino-terminal domains containing the activation
function (AF)-1, DNA-binding domain, hinge region, and ligand-binding domain (LBD)
containing the AF-2 region, and carboxyl-terminal domains [1]. Their ligand-binding
pockets (LBPs) are relatively large, with a total volume of 1300–1400 Å3, compared to those
found in other NRs that have 600–1100 Å3 LBPs [5]. Fatty acids and their derivatives
from diet, de novo lipogenesis, and TG lipolysis are considered natural PPAR ligands [6,7].
Upon ligand binding, PPARs manifest conformational changes that facilitate corepressor
molecule dissociation to enable the spatiotemporally orchestrated recruitment (association)
of coactivators to the ligand-bound receptors [8]. Coactivators contain one or more highly
conserved LXXLL α-helix motif called an NR box for direct interaction with AF-2 regions
in PPARs [8].

Synthetic PPARα agonists “fibrates” have been widely used to treat hypertriglyc-
eridemia; they decrease blood TG levels and increase high-density lipoprotein-cholesterol
levels [9]. Bezafibrate, fenofibrate, ciprofibrate, clofibrate, and gemfibrozil were developed
about half a century ago and have been clinically used in many countries [9]. Synthetic
PPARγ agonists “thiazolidinediones (glitazones),” such as rosiglitazone and pioglitazone,
are antidiabetic drugs with potent insulin-sensitizing effects that confer long-term glycemic
control, although some of them might induce serious adverse effects, including edema,
bone fracture, and heart failure [10]. PPARδ agonists are not yet clinically available but
are expected to treat metabolic or cardiovascular diseases [11]. The development of a
PPARδ-selective agonist seladelpar (MBX-8025) for non-alcoholic steatohepatitis (NASH)
and primary sclerosing cholangitis (PSC) has been once discontinued at phase 2b clini-
cal trial [12] and seladelpar is now only in phase 3 trial for primary biliary cholangitis
(ClinicalTrials.gov number: NCT03301506) [13], although the Food and Drug Administra-
tion (FDA) lifted clinical holds on seladelpar for investigational new drug applications
in NASH and PSC on 23 July 2020 [14]. Furthermore, PPAR dual/pan agonists are ex-
pected to treat metabolic diseases including non-alcoholic fatty liver disease (NAFLD) and
NASH [15]. Saroglitazar (α/γ dual) and lanifibranor (α/δ/γ pan) are currently in clinical
trials [16,17]. However, the development of most PPARα/γ dual agonists (e.g., muragli-
tazar, tesaglitazar, and aleglitazar) has been abandoned due to serious safety concerns [11],
and that of a PPARα/δ dual agonist elafibranor for NASH has been discontinued due to
it having no significant benefits [18]. Thus, the management of PPARα/δ/γ selectivity
is indispensable.

We have recently revealed 34 novel high-resolution X-ray cocrystal structures of
PPARα-LBD and 17 PPARα ligands, including bezafibrate, fenofibric acid, and pemafibrate,
using sophisticated cocrystallization techniques [6,19] and further obtained
PPARγ-LBD–saroglitazar structures [20]. The aim of this study was to use X-ray crys-
tallography to examine the PPARα/δ/γ selectivity of clinically used fibrates in three
independent assays and to provide its structural basis because PPARs have relatively
large LBPs to accept 1–4 small molecule ligands [6]. Thus, this study demonstrated the
PPAR dual/pan agonistic activities of all of those fibrates and revealed the novel five
high-resolution structures of PPARδ/γ-LBD–bezafibrate, PPARγ-LBD–fenofibric acid, and
PPARδ/γ-LBD–pemafibrate.

2. Results
2.1. Fibrates Induce Transactivation of Gene Expression via PPARα/δ/γ-LBD

The GAL4–hPPARα/δ/γ-LBD transactivation system [21] was employed to elucidate
the impacts of fibrates on PPARα/δ/γ-LBD-mediated gene transcription activation (trans-
activation) in COS-7 cells. In this system, the Firefly luciferase reporter gene was activated
only by the GAL4–human PPARα/δ/γ-LBD chimera, and the potentially confounding
effects of endogenous receptors were eliminated. Transfection efficiency was normalized
by Renilla luciferase activity. First, we confirmed that a potent PPARα-selective agonist
GW7647 induced PPARα-LBD-mediated transactivation in a concentration-dependent
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manner with maximal effect (×5.73 of the basal activity) at 0.1 µM and an EC50 value of
8.18 nM (Figure 1A); a potent PPARδ-selective agonist GW501516 induced PPARδ-LBD-
mediated transactivation with maximal effect (×18.3) at 0.02 µM and an EC50 of 1.59 nM
(Figure 1B); and a potent PPARγ-selective agonist GW1929 induced PPARγ-LBD-mediated
transactivation with maximal effect (×2.26) at 1 µM and an EC50 of 18.3 nM (Figure 1C).
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Figure 1. PPARα/δ/γ-LBD-mediated transactivation assay in COS-7 cells. (A–C) Control experi-
ments. Human PPARα/δ/γ-LBD-mediated Firefly luciferase transactivation was induced by selective
PPAR agonists: GW7647 for PPARα (A), GW501516 for PPARδ (B), and GW1929 for PPARγ (C)
in a concentration-dependent manner. The maximal responses were observed at 0.1 µM, 0.02 µM,
and 1 µM, respectively, which are used as the 100% responses in (E–G). (D) Chemical structures
of fibrates used in this study. Fenofibrate is a prodrug that is metabolized by tissue and plasma
carboxylesterases [22] to its active form, fenofibric acid. (E–G) PPARα/δ/γ-LBD-mediated trans-
activation by bezafibrate (E), fenofibric acid (F), and pemafibrate (G). Data are means ± standard
error (SE) of three independent experiments with duplicate samples, and calculated EC50 values
are shown.
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We then compared the PPARα/δ/γ-LBD-mediated transactivation by the three
fibrates—bezafibrate, fenofibric acid (an active metabolite of its prodrug fenofibrate [22]),
and pemafibrate (Figure 1D)—considering the maximal effects by the GW compounds
as 100%. Bezafibrate activated all PPAR subtypes, with 93.6% efficacy and 30.4 µM
EC50 for PPARα, 15.2% efficacy and 86.7 µM EC50 for PPARδ, and 77.1% efficacy and
178 µM EC50 for PPARγ (Figure 1E). However, fenofibric acid activated PPARα (104%
efficacy and 9.47 µM EC50) and PPARγ (87.7% efficacy and 61.0 µM EC50) but not PPARδ
(Figure 1F). The concentrations at which pemafibrate (known as a selective PPAR modulator
α “SPPARMα”) activated PPARα were three orders lower (107% efficacy and 1.40 nM EC50)
than those at which it activated PPARδ (11.3% efficacy and 1.39 µM EC50) or PPARγ (119%
efficacy and EC50 > 5 µM) (Figure 1G).

2.2. Fibrates Induce PPARγ Coactivator 1α (PGC1α) or Steroid Receptor Coactivator 1 (SRC1)
Recruitment via PPARα/δ/γ-LBD

In the nucleus, PPARs remain largely in repressed states due to the presence of core-
pressors, such as nuclear receptor corepressor 1 (NCoR1) and NCoR2 (SMRT), bound to
the cis-elements (PPREs: PPAR responsive elements) located in the promoter region of
their multiple target genes, irrespective of their ligand binding status [8]. Ligand binding
initiates a complicated transcription process, which includes the dissociation of the core-
pressor protein complexes and the association of coactivator protein complexes for linking
to the basal transcription machinery [8]. The ligand-induced AF-2 helix 12 formation,
which recruits coactivators such as PGC1α and SRC1, is a hallmark of PPAR activation.
PGC1α has a preference for PPARα/γ and is highly expressed in brown adipose tissues
and cardiac and skeletal muscles, whereas SRC1 has a preference for all PPAR subtypes
and is highly expressed in brown and white adipose tissues and the brain [8]. Thus, time-
resolved fluorescence resonance energy transfer (TR-FRET)-based detection of the physical
association between PPARα/δ/γ-LBD and coactivators becomes a highly sensitive cell-free
assay for evaluating PPAR ligand activities. First, we confirmed that GW7647 activates
the recruitment of both coactivators in a concentration-dependent manner, with maximal
effect (×8.87 of the basal activity) at 1 µM and 44.1 nM EC50 for PGC1α and ×6.12 at 1 µM
and 81.7 nM EC50 for SRC1 (Figure 2A). GW501516 induced a maximal effect of ×13.4
at 1 µM with 8.48 nM EC50 for PGC1α and ×3.10 at 1 µM with 5.82 nM EC50 for SRC1
(Figure 2B), whereas GW1929 induced a maximal effect of ×5.80 at 1 µM with 32.2 nM
EC50 for PGC1α and ×9.26 at 1 µM with 75.6 nM EC50 for SRC1 (Figure 2C). Next, we
again compared the PGC1α/SRC1 recruitment activity of the three fibrates considering the
maximal effects by the GW compounds as 100%. Bezafibrate and pemafibrate recruited the
PGC1α peptide to all PPARα/δ/γ-LBD; however, fenofibric acid did not recruit PGC1α to
PPARδ-LBD (Figure 2D–F). The situation was the same for SRC1 recruitment in that the
efficacy and efficiency varied greatly between agonists, PPAR subtypes, and coactivator
species (Figure 2G–I).
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Figure 2. TR-FRET-based PPARα/δ/γ-LBD coactivator recruitment assay. (A–C) Control exper-
iments. Human PPARα/δ/γ-LBD-mediated recruitment of coactivator peptides, PGC1α (filled
symbols) and SRC1 (open symbols), was induced by selective PPAR agonists, GW7647 for PPARα (A),
GW501516 for PPARδ (B), and GW1929 for PPARγ (C) in a concentration-dependent manner. Their
maximal responses at 1 µM are used as the 100% responses in (D–I). (D–I) PPARα/δ/γ-LBD-mediated
PGC1α (D–F) and SRC1 (G–I) coactivator peptide recruitment was induced by bezafibrate (D,G),
fenofibric acid (E,H), and pemafibrate (F,I) in a concentration-dependent manner. Data are
means ± SE of 3–4 independent experiments with duplicate samples, and calculated EC50 values
are shown.

2.3. Fibrates Induce the Thermostability of PPARα/δ/γ-LBD

PPARs show increased thermostability upon ligand binding, which can be detected
using circular dichroism (CD) spectroscopy [6]. Ligand-induced alterations in Tm values
at 222 nm were investigated as types of reflection of α-helical stable structures of PPARs
because PPAR ligand binding induces stabilization of the LBP [23,24]. The basal (solvent
[0.1% DMSO] only) Tm values were 49.54 ◦C (±0.12 ◦C) (n = 4), 51.76 ◦C (±0.17 ◦C) (n = 6),
and 48.95 ◦C (±0.16 ◦C) (n = 4) for PPARα-LBD, PPARδ-LBD, and PPARγ-LBD, respectively,
and interestingly, all the three fibrates increased Tm values of all PPAR subtypes, although
the efficacy and efficiency varied significantly (Figure 3A–C).
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Figure 3. Circular dichroism-based PPARα/δ/γ-LBD thermostability assay. Bezafibrate—(A), fenofib-
ric acid—(B), and pemafibrate-dependent (C) increases in Tm values (∆Tm) at 222 nm were mea-
sured as the reflection of the thermostability of α-helical structures in PPARα/δ/γ-LBD. Data are
means ± SE of four independent experiments (n = 3 for 500 µM fenofibric acid on PPARα-LBD and
100 µM pemafibrate on PPARδ/γ-LBD). Differences versus basal (0.1% DMSO) levels are significant
in * p< 0.05, ** p< 0.01, and *** p< 0.001 in Student’s t-test.

2.4. Structures of the PPARα/δ/γ-LBD–Bezafibrate Complexes

We have recently revealed the structures of 34 PPARα-LBD complexed with 17 ligands,
including the three fibrates [6] and the structure of PPARγ-LBD–saroglitazar (a PPARα/γ
dual agonist in clinical trials for NAFLD treatment) [20]. To gain structural insight into the
PPARα/δ/γ selectivity of the fibrates, we aimed to obtain the structures of PPARδ/γ–fibrate
complexes by X-ray crystallography and compare them with PPARα complex structures
that we obtained (Figure 4A–D; reprinted from Kamata et al. [6]). We first screened various
cocrystallization buffer conditions based on previous literature and our experience with
PPARα/γ [19] (see Materials and Methods). A PPARδ-LBD–bezafibrate structure was
obtained without using any coactivators (Figure 4E–H), whereas PPARγ-LBD–bezafibrate
cocrystals were obtained using the SRC1 peptide (Figure 4I–L; SRC1 is indicated by an
arrow in Figure 4I). The complex structures of bezafibrate bound to PPARδ/γ-LBD were
solved in a monoclinic space group P21 at 2.09 Å resolution (Figure 4E; deposited in the
Protein Data Bank (PDB) with ID: 7WGL) and an orthorhombic space group P212121 at
2.36 Å resolution (PDB ID: 7WGO), respectively (Supplementary Table S1). The electron
density map for bezafibrate in all PPARα/δ/γ-LBD indicated the presence of a single
molecule in the protein monomer (Figure 4B,F,J).

The overall structures were identical to the previously reported active conforma-
tions that form the AF-2 helix 12, which provided root mean square (RMS) distances of
0.57 Å (219 common Cα positions in PPARα/δ) and 0.61 Å (218 common Cα positions in
PPARα/γ) (Figure 4A,E,I). We have previously defined five LBPs (Arm I–III/X and Center)
in PPARα-LBD based on our and others’ observations of complexes with a total of 38 lig-
ands [19], and four similar pockets (Arm I–III/X) in PPARδ/γ-LBD [20]. The chlorobenzyl
moiety of bezafibrate was located in the Arm II region of PPARδ-LBD (Figure 4F) similar to
that observed in PPARα-LBD (Figure 4B) [6]; however, it was rotated at an angle of 136.8◦ to
reside in the Arm III region of PPARγ-LBD (Figure 4J). The carboxylic groups of the fibrates
may stabilize the AF-2 helix 12 formation through hydrogen bonds (red dotted lines) and
electrostatic interactions (blue dotted lines) with the four consensus amino acids, PPARα,
Ser280/Tyr314/His440/Tyr464 (Figure 4C) [6]; PPARδ, Thr253/His287/His413/Tyr437
(Figure 4G); and PPARγ, Ser289/His323/His449/Tyr473 (Figure 4K), although a very close
proximity (2.3 Å or 1.9 Å < 2.4 Å) was observed in PPARα Y464 (Figure 4C) or PPARγ Y473
(Figure 4K). Hydrogen bonds were also observed between bezafibrate and a water molecule
(3.6 Å; Figure 4H) and between PPARγ S289 and the carbonyl group of bezafibrate (3.5 Å;
Figure 4L). A single halogen bond was observed between PPARγ R288 and the chlorine
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atom of bezafibrate (3.3 Å; Figure 4L). Those interactions in PPARγ might stabilize the
rotated chlorobenzyl moiety of bezafibrate.
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Figure 4. PPARα/δ/γ-LBD–bezafibrate cocrystal structures. Cocrystals of bezafibrate and PPARα-
LBD (A–D; reprinted from Kamata et al. [6]), PPARδ-LBD (E–H), or PPARγ-LBD (I–L) were analyzed
using X-ray diffraction. (A,E,I) Overall structures of the complexes. The SRC1 peptide (α-helix in
magenta) and the AF-2 helix 12 (α-helix in red) are indicated by arrows and arrowheads, respectively.
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PDB identities and resolutions are labeled. (B,F,J) Magnified views of bezafibrate located in the
Center/Arm II regions of PPARα/δ-LBD (B,F) or the Center/Arm III regions of PPARγ-LBD (J). The
electron density is shown in the mesh via Fo-Fc omit maps contoured at +3.0σ. Water molecules are
presented as cyan spheres. (C,G,K) Hydrogen bonds and electrostatic interactions between bezafi-
brate and the four consensus amino acid residues (that recognize the carboxyl moiety of bezafibrate)
are indicated by red and blue dotted lines, respectively, with their distances (Å). (D,H,L) Hydro-
gen bonds and electrostatic interactions between bezafibrate (in van der Waals spheres) and all
surrounding amino acid residues located within a distance of 5 Å.

When amino acid residues in the PPARα/δ/γ-LBD are colored by their hydrophobicity
(red) and hydrophilicity (white) using a Color h script program [25], all three fibrates
(illustrated by their van der Waals spheres) were mainly surrounded by hydrophobic
residues of amino acids in PPARα/δ/γ-LBD (Supplementary Figure S1).

2.5. Structures of the PPARα/γ-LBD–Fenofibric Acid Complexes

Cocrystals of PPARδ-LBD–fenofibric acid were not obtained probably because of
its low binding affinity (Figures 1F and 2E,H), although increased thermostability was
observed at high concentrations (Figure 3B). However, cocrystals with PPARγ-LBD were
obtained in the presence of the SRC1 peptide. The complex structure was resolved in the
orthorhombic space group P212121 at 2.53 Å resolution (PDB ID: 7WGP) (Supplementary
Table S1). The electron density map for fenofibric acid bound to PPARα-LBD indicated the
presence of two molecules in the protein monomer (Figure 5A–D; reprinted from Kamata
et al. [19]); however, that of fenofibric acid bound to PPARγ-LBD indicated the existence of
three molecules in the protein monomer (Figure 5E–H). Its overall structure was basically
identical to the previously reported active conformations that form the AF-2 helix 12
(arrowheads in Figure 5A,E). The two structures were similar, with an RMS distance of
0.57 Å (215 common Cα positions).

In PPARα-LBD, two molecules were located at the Center/Arm I and Arm II/X
(Figure 5A,B). In PPARγ-LBD, the first molecule was located beside the Center region, the
second molecule at Arm II/III, and the third molecule at Arm II/X (Figure 5F). Only the first
molecule was stabilized by the four consensus amino acids (Ser289/His323/His449/Tyr473)
via hydrogen bonds (red dotted lines) and electrostatic interactions (blue dotted lines) in
PPARγ-LBD (Figure 5G). Hydrogen bonds were also observed between PPARα K257 and
the carbonyl group of the first molecule (water-mediated) and between PPARα T279 and
the carbonyl group of the second molecule (Figure 5D). No hydrogen bond or electrostatic
interaction was observed between PPARγ and the first molecule, but hydrogen bonds
were observed between PPARγ R288 and the oxygen atom of the second molecule and
between PPARγ S342 and the carboxylic acid of the third molecule. Furthermore, two
halogen bonds were observed between PPARγ E259/R280 and the chlorine atom of the
third molecule (Figure 5H). Such interactions combined with hydrophobic interactions
(Supplementary Figure S1D,E) may stabilize the location of the second and third fenofibric
acid molecules.
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Figure 5. PPARα/γ-LBD–fenofibric acid cocrystal structures. Cocrystals of fenofibric acid and
PPARα-LBD (A–D; reprinted from Kamata et al. [6]) or PPARγ-LBD (E–H) were analyzed using X-ray
diffraction. (A,E) Overall structures of the complexes. The SRC1 peptide (α-helix in magenta) and the
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AF-2 helix 12 (α-helix in red) are indicated by arrows and arrowheads, respectively. PDB identities
and resolutions are labeled. (B,F) Magnified views of fenofibric acids located in Arm I/Center regions
(single molecule) and Arm II/Arm X regions (another) of PPARα-LBD (B) or the Center region
(1st molecule), Arm II/Arm III regions (2nd), and Arm II/Arm X (3rd) of PPARγ-LBD (F). The
electron density is shown in the mesh via Fo-Fc omit maps contoured at +3.0σ. Water molecules are
presented as cyan spheres. (C,G)Hydrogen bonds and electrostatic interactions between fenofibric
acid and the four consensus amino acid residues (that recognize the carboxyl moiety of fenofibric
acid) are indicated by red and blue dotted lines, with their distances (Å). (D,H) Hydrogen bonds
and electrostatic interactions between fenofibric acid (in van der Waals spheres) and all surrounding
amino acid residues located within a distance of 5 Å.

2.6. Structures of the PPARα/δ/γ-LBD–Pemafibrate Complexes

The PPARδ-LBD–pemafibrate cocrystals, similar to the PPARα-LBD–pemafibrate
cocrystals (Figure 6A–D; reprinted from Kamata et al. [19]), were obtained without using
coactivators (Figure 6E–H), whereas the PPARγ-LBD–pemafibrate cocrystals were obtained
only using SRC1 (Figure 6I–L), suggesting that its physical interaction with PPARγ-LBD is
the weakest (Figure 2F,I). Their structures were solved in the orthorhombic space group
P22121 at 1.81 Å resolution (PDB ID: 7WGN) and the orthorhombic space group P212121 at
2.43 Å resolution (PDB ID: 7WGQ), respectively (Supplementary Table S1). The electron den-
sity of pemafibrate in PPARδ/γ-LBD indicated a single molecule in the protein monomer
(Figure 6E,I) similar to that observed in PPARα-LBD (Figure 6A). Their overall structures
were identical to the active conformations that form the AF-2 helix 12 (arrowheads in
Figure 6A,E,I), with RMS distances of 0.75 Å (234 common Cα positions in PPARα/δ) and
0.71 Å (226 common Cα positions in PPARα/γ).

Pemafibrate was located at the almost identical Y-shaped structures comprising the Cen-
ter and Arm II/III regions in all PPARs (Figure 6B,F,J) although its phenoxyalkyl group seemed
to be pushed toward helix 5 in PPARδ-LBD (Figure 6E) and its 2-aminobenzoxazole group
seemed to be pushed toward helix 3 in PPARγ-LBD (Figure 6I). Several hydrogen bonds and
electrostatic interactions with the four consensus amino acids were observed (Figure 6C,G,K)
with a very close proximity (2.0 Å) to PPARγ Y473 (Figure 6K). Hydrogen bonds between
PPARα T279 and water molecules were also observed in PPARα (Figure 6D), whereas a
water-mediated hydrogen bond or electrostatic interaction with 2-aminobenzoxazole group
of pemafibrate was observed in PPARδ-LBD (Figure 6H). Furthermore, no such bonds or
interactions were observed in PPARγ-LBD (Figure 6L). Pemafibrate was further stabilized by
hydrophobic interactions in all PPARs (Supplementary Figure S1F–H).
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Figure 6. PPARα/δ/γ-LBD–pemafibrate cocrystal structures. Cocrystals of pemafibrate and PPARα-
LBD (A–D; reprinted from Kamata et al. [6]), PPARδ-LBD (E–H), or PPARγ-LBD (I–L) were analyzed
using X-ray diffraction. (A,E,I) Overall structures of the complexes. The SRC1 peptide (α-helix in
magenta) and the AF-2 helix 12 (α-helix in red) are indicated by arrows and arrowheads, respectively.
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PDB identities and resolutions are labeled. (B,F,J) Magnified views of pemafibrate located in the
Center/Arm II/Arm III regions of PPARα/δ/γ-LBD. The electron density is shown in the mesh via
Fo-Fc omit maps contoured at +3.0σ. Water molecules are presented as cyan spheres. (C,G,K) Hy-
drogen bonds and electrostatic interactions between pemafibrate and the four consensus amino acid
residues (that recognize the carboxyl moiety of pemafibrate) are indicated by red and blue dotted
lines, respectively, with their distances (Å). (D,H,L) Hydrogen bonds and electrostatic interactions
between pemafibrate (in van der Waals spheres) and all surrounding amino acid residues located
within a distance of 5 Å.

2.7. Various Binding Modes to PPARα/δ/γ-LBD Pockets

We have previously defined five LBPs (Center and Arm I–III/X) in PPARα-LBD [19]
(Figure 7A) and four LBPs (Center and Arm I–III) in PPARδ/γ-LBD [20]. Bezafibrate
was located at the Center/Arm II regions of PPARα-LBD (Figure 7B), where endogenous
fatty acids and many other ligands bind [19]. However, one fenofibric acid molecule was
located at the Arm I and another was located at the Arm X of PPARα-LBD (Figure 7B);
only the Arm I pocket is known to be occupied by relatively low affinity fibrates, such as
ciprofibrate, clofibric acid, and gemfibrozil [19]. Pemafibrate was located at the Y-shape
structures comprising the Center and Arm II/III (Figure 7B), similar to GW7647, the potent
PPARα-selective agonist [19].
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Figure 7. Ligand-binding pocket (LBP) regional localization of the three fibrates in PPARα/δ/γ-LBD.
(A) LBP comprising the Center and Arms I–III and X of PPARα/δ/γ-LBD [6,17]. (B–D) Superimposed
images of bezafibrate (green), fenofibric acid (blue), and pemafibrate (red) in PPARα/δ/γ-LBD.
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In PPARδ-LBD, bezafibrate was located at the Center/Arm II regions (Figure 7C), where
the potent PPARδ-selective agonists such as GW501516 and GW0742 bind [26,27], and only
pemafibrate was located at the Arm III region (Figure 7C) as in PPARα-LBD (Figure 7B). In
PPARγ-LBD, a single bezafibrate was located at the Center/Arm III regions; three fenofibric
acids were arranged in a parallel fashion within the Center and Arm II/III/X; and a single
pemafibrate was in the Y-shape structures comprising the Center and Arm II/III (Figure 7D).
Notably, bezafibrate and fenofibric acid (the second molecule) were located in the Arm III
regions only in PPARγ-LBD (Figure 7D).

3. Discussion

Most fibrates were developed in the 1960s–1980s before their molecular target, PPARα,
was identified. Therefore, neither the information regarding PPAR agonistic activity (in-
cluding subtype selectivity) nor the results of molecular docking studies on the three-
dimensional structures of PPARs were employed for designing and developing the fi-
brates. Classical fibrates, such as bezafibrate and fenofibrate, are known to have relatively
low PPAR activity and selectivity [28]. Bezafibrate was launched in 1978 by Boehringer
Mannheim in Germany (current F. Hoffmann-La Roche AG [Roche], Switzerland) and is
currently approved in many countries but not the United States. It is considered to be a
“balanced” pan agonist that activates all PPARα/δ/γ at comparable doses and improves
dyslipidemia via its actions against PPARα; insulin sensitivity via its actions against PPARγ,
and overweightness by enhancing fatty acid oxidation, energy consumption, and adaptive
thermogenesis via its actions against PPARδ [29]. Bezafibrate activated all PPARα/δ/γ
in the cell-based transactivation assay (Figure 1E), cell-free (both PGC1α and SRC1) coac-
tivator recruitment assay (Figure 2D,G), and cell-free thermostability assay (Figure 3A)
by binding to the similar binding pockets (Center/Arm II) of PPARα/δ (Figure 4B,F) or
the other binding pocket (Center/Arm III) of PPARγ (Figure 4J). Interestingly, depending
on the assays, bezafibrate induced responses with altered affinity against PPARα/δ/γ:
the orders of EC50 values were α (30.4 µM) < δ (86.7 µM) < γ (178 µM) in transactivation
(Figure 1E; equivalent to the values [α (25 µM); δ (95 µM); γ (>100 µM)] in previous trans-
activation experiments [30]), δ < γ < α in PGC1α recruitment (Figure 2D), α < δ < γ in SRC1
recruitment (Figure 2G), and α < δ = γ in thermostability assay (Figure 3A). In addition,
bezafibrate exhibited altered efficacy: the orders of the maximal responses were α > γ > δ

in transactivation (Figure 1E), δ > α > γ in PGC1α recruitment (Figure 2D), α > δ > γ in
SRC1 recruitment (Figure 2G), and α > δ = γ in the thermostability assay (Figure 3A). In
the phase 3 study of “Bezafibrate in Combination with Ursodeoxycholic Acid in Primary
Biliary Cirrhosis (BEZURSO; NCT01654731)” completed in December 2016, its dual actions
on PPARα/δ were considered important for the improvement of biochemical measures,
such as liver stiffness [31]. However, the action of bezafibrate on PPARγ could also be
indispensable for the effect. Another phase 2 study investigating the effect of bezafibrate
on bipolar depression (NCT02481245) depended on the concept that mitochondrial dys-
regulation is attributable to bipolar depression, which could be ameliorated by PPAR pan
agonists, such as bezafibrate.

Fenofibrate was introduced into clinical practice in 1974 and launched in France in
1975 [32]. More than 200 clinical trials on fenofibrate have been completed and are on-
going, and it has been approved in the United States and many other countries. Unlike
bezafibrate, fenofibric acid has been recognized as a PPARα-selective agonist in clinical
settings, although it was shown to activate PPARγ in several in vitro experiments [30,33].
Fenofibric acid induced PPARα/γ-LBD-mediated transactivation (Figure 1F), PGC1α/SRC1
recruitment (Figure 2E,H), increases in thermostability (Figure 3B), and bound to PPARα/γ-
LBD (Figure 5). Interestingly, fenofibric acid did not induce transactivation (Figure 1F)
and PGC1α/SRC1 recruitment (Figure 2E,H) but increased thermostability (Figure 3B) of
PPARδ-LBD, and its cocrystals with PPARδ-LBD were not obtained. As observed in the
thermostability assay (Figure 3B), fenofibric acid might bind to the non-LBP regions of
PPARδ-LBD and stabilize the PPARδ-LBD but fail to functionally activate it. Unlike bezafi-
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brate, fenofibric acid displayed a consistent order (α > γ >> δ = no response) of affinity
and efficacy in transactivation (Figure 1F) and PGC1α/SRC1 recruitment (Figure 2E,H),
except for thermostability (Figure 3B). To our knowledge, no publication has reported
EC50 values of fenofibric acid or fenofibrate in PPARδ(-LBD)-mediated reactions; therefore,
fenofibric acid is considered a genuine PPARα/γ dual agonist. Pemafibrate (K-877) was
approved in 2018 in Japan as a highly selective PPARα agonist that is safe for simulta-
neous use with statins even in patients with mild adverse effects [34]. Pemafibrate acti-
vated PPARα/δ/γ-LBD-mediated transactivation (Figure 1G), PGC1α/SRC1 recruitment
(Figure 2F,I), increases in thermostability (Figure 3C), and bound to PPARα/δ/γ-LBD with
the similar Y-shaped forms (Figure 6), although it acted at much lower concentrations on
PPARα-LBD than on PPARδ/γ-LBD.

This study demonstrated that bezafibrate and pemafibrate could bind to and activate
all PPAR subtypes, whereas fenofibric acid could bind to and activate only PPARα/γ.
Whether this may happen in clinical settings is an issue of importance and needs to be
investigated. Therapeutic doses in Japan are 800 mg, 106.6–160 mg, and 0.2 mg per
day for bezafibrate, fenofibrate, and pemafibrate, respectively. The maximal plasma con-
centration (Cmax) after the administration of a single dose (200 mg) of bezafibrate was
20.4 µM (7.39 µg/mL) [35], which is roughly equivalent to its EC50 values in transactivation
(Figure 1E) and PGC1α/SRC1 recruitment (Figure 2D,G); thus, bezafibrate can act as a
PPAR pan activator in its clinical doses. According to the package insert of TRICOR
(Takeda, Tokyo, Japan), the Cmax after the administration of a single one-day dose (160 mg)
of fenofibrate was 37.0 µM (11.8 µg/mL). Fenofibric acid (30 µM) activated PPARα and
slightly activated PPARγ but did not activate PPARδ (Figures 1F and 2E,H). Therefore,
fenofibric acid is considered a relatively weak PPARα agonist. According to the package
insert of PARMODIA (Kowa, Nagoya, Japan), the Cmax after the administration of a single
one-day maximal dose (400 µg in Japan) of pemafibrate was 7.28 nM (3.57 ng/mL) after
seven-day repeats. Pemafibrate (7 nM) induced transactivation only in PPARα (Figure 1G);
and the coactivator recruitment assay hardly detected signals produced by <10 nM ligands
owing to too many non-responding PPAR-LBDs within a total of 100 or 200 nM proteins.
Therefore, pemafibrate is considered a selective agonist of PPARα at its clinical doses.

The global prevalence of NAFLD is estimated to be 25% of the global population,
which is consistent with the substantial increases in the number of patients with diabetes
and metabolic syndrome. PPAR dual/pan agonists are expected to be some of the most
promising therapeutic drugs for NAFLD [36]. Although saroglitazar (α/γ dual agonist; Zy-
dus Discovery, Dubai, UAE) [37] and lanifibranor (α/δ/γ pan agonist; Iventiva Pharma, Daix,
France) [17] remain under clinical trials investigating their use against NAFLD/NASH, the devel-
opment of most of the dual PPARα/γ agonists (mostly against type 2 diabetes)— muraglitazar
(Bristol-Myers Squibb/Merck), tesaglitazar (AstraZeneca), aleglitazar (Roche), MK0767
(Kyorin/Banyu/Merck), naveglitazar (Ligand Pharmaceuticals, San Diego, CA, USA),
ONO-5219 (Ono Pharma, Osaka, Japan), and DSP-8658 (Sumitomo Dainippon Pharma,
Osaka, Japan)—has been discontinued due to PPARγ-related side effects (e.g., heart fail-
ure) or no effects [11,38]. Therefore, repositioning of bezafibrate [39] and fenofibrate,
which have proven safety, as anti-NAFLD/NASH drugs might be a favorable option. Al-
though three clinical trials investigating the use of fenofibrate against NAFLD/NASH
(NCT02781584, NCT00262964, NCT02891408) and a single trial investigating pemafibrate
(NCT03350165) have failed, there have been no clinical trials on the use of bezafibrate
against NAFLD/NASH. However, bezafibrate has been shown to exert beneficial effects
on NASH in tamoxifen- or its analog toremifene-treated breast cancer patients [40,41]. Pe-
mafibrate improved the FibroScan–aspartate aminotransferase (FAST) scores (a novel index
of NASH conditions) [42] and the similar scores [43] in NAFLD/NASH patients in some
retrospective studies. The differential (in terms of efficiency and efficacy) recruitment of
coactivators (PGC1α and SRC1) by bezafibrate (Figure 2D,G) may induce the expression of
the specific sets of genes different from those induced by fenofibric acid or pemafibrate [44]
in organ-specific manners [45].
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In conclusion, this study has highlighted the PPAR dual/pan agonistic aspects of
the three approved fibrates—bezafibrate, fenofibric acid, and pemafibrate—using func-
tional and structural analyses. PPAR dual/pan agonists could be a radical remedy for
NAFLD/NASH, and our findings contribute toward the fine-tuning of PPAR
subtype selectivity.

4. Materials and Methods
4.1. PPAR Activation Assay 1: Transactivation Assay

COS-7 cells (No. RCB0539; Riken BRC Cell Bank, Ibaraki, Japan) were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and antibiotics at 37 ◦C in a 5% CO2/95% air incubator. To evaluate PPARα/δ/γ-mediated
transcriptional activation, pSG5-GAL–human PPARα/δ/γ chimera expression plasmids,
a MH100(UAS)×4-tk-Luc reporter plasmid, and a pRL-CMV Renilla luciferase control
plasmid under the control of a cytomegalovirus promoter were cotransfected into COS-7
cells. The pSG5-GAL–hPPARα/δ/γ plasmids express fusion proteins comprising the yeast
transcription factor GAL4 DNA-binding domain and each of the human PPARα/δ/γ-
LBDs [21,24]. The MH100(UAS)×4-tk-Luc plasmid contains four copies of MH100 GAL4
binding site and the Firefly luciferase gene [46]. The cells were seeded on 96-well tissue
culture plates at a density of 1.0 × 104 per well in 90 µL of DMEM supplemented with
1% FBS. After 24 h, 10 µL mixture containing 20 ng of pSG5-GAL-hPPARα/δ/γ, 80 ng
of MH100(UAS)×4-tk-Luc, 30 ng of pRL-CMV, and 0.6 µL ViaFect transfection reagent
(Promega, Madison, WI, USA) in Opti-MEM I reduced serum media (Thermo Fisher Sci-
entific, Waltham, MA, USA) were added to each well. After 38 h, cells were treated with
PPAR ligands (dissolved in 25 µL of DMEM with no FBS) and cultured for 10 h. Both Firefly
and Renilla luciferase activities were measured using the Dual-Glo Luciferase Assay System
(Promega). The transactivation activities were expressed as percentages of the maximal Firefly
luciferase responses induced by potent/specific PPARα/δ/γ agonists: GW7647 (0.1 µM) for
PPARα, GW501516 (0.02 µM) for PPARδ, and GW1929 (1 µM) for PPARγ—after normaliza-
tion with Renilla luciferase responses. GW7647, GW501516, and bezafibrate were purchased
from Cayman Chemical (Ann Arbor, MI, USA). GW1929, pemafibrate, and fenofibric acid
were purchased from Sigma-Aldrich, ChemScene (Monmouth Junction, NJ, USA), and
FujiFilm-Wako (Osaka, Japan), respectively.

4.2. Recombinant PPARα/δ/γ-LBD Expression and Purification

Human PPARα-LBD (amino acids 200–468), PPARδ-LBD (amino acids 170–441), and
PPARγ-LBD (amino acids 203–477 in isoform 1) were expressed as amino-terminal His-
tagged proteins by the pET28a vector (Merck KGaA (Novagen), Darmstadt, Germany) in
Rosetta (DE3) pLysS competent cells (Novagen) and purified using three-step chromatogra-
phy as described in our PPARα-LBD preparation [6,19]. Transformed cells were cultured at
30 ◦C in an LB medium (with 15 µg/mL kanamycin and 34 µg/mL chloramphenicol), and
50 mL of overnight culture was seeded in 1 L of a TB medium (with 15 µg/mL kanamycin),
which was cultured at 30 ◦C for 1.5 h and then at 15 ◦C for 2 h. Protein overexpression
was induced by adding 0.5 mM isopropyl β-D-thiogalactopyranoside, which were later
cultured at 15 ◦C for 48 h. The cells were harvested and resuspended in 40 mL of buffer A
(20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM Tris 2-carboxyethylphosphine [TCEP]-HCl,
and 10% glycerol) for PPARα/γ or buffer A’ (20 mM Tris-HCl [pH 8.0], 500 mM ammonium
acetate, 1 mM TCEP-HCl, and 10% glycerol) for PPARδ; both buffers contained a complete
EDTA-free protease inhibitor (Sigma-Aldrich). The cells were then lysed by sonication five
times, for 2 min each time, using a UD-201 sonicator (Tomy, Tokyo, Japan) at an output of
eight; they were clarified by centrifugation at 12,000× g at 4 ◦C for 20 min (these conditions
were used throughout the study unless otherwise noted); then, polyethyleneimine, at a
final concentration of 0.15% (v/v), was added to the supernatant to remove nucleic acids.
After centrifugation, 35 mL of the supernatant was mixed with 20 g of ammonium sulfate
at 4 ◦C for 30 min using gentle rotation. After centrifugation, the pellet was resuspended in
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30 mL of buffer B (for PPARα/γ) or B’ (for PPARδ); these buffers were based on buffer A
or A’ supplemented with 10 mM imidazole, respectively. The suspension was loaded on
a cobalt-based immobilized metal affinity column (TALON Metal Affinity Resin, Takara
Bio (Clontech), Shiga, Japan) equilibrated with buffer B (or B’) and eluted with a linear
gradient of 10–100 mM imidazole. The PPARα/δ/γ-LBD-containing elutes were incubated
with 33 U/mL thrombin protease (Nacalai Tesque, Kyoto, Japan) to cleave the His-tag and
simultaneously dialyzed against buffer A (or A’) overnight at 4 ◦C using a Slide-A-Lyzer G2
dialysis cassette (20 kDa cutoff, Thermo Fisher Scientific). The sample was later dialyzed
against buffer C, which was buffer A without 150 mM NaCl, at 4 ◦C for 3 h. The sample
was then loaded onto a HiTrap Q anion-exchange column (GE Healthcare, Boston, MA,
USA) equilibrated with buffer C, and eluted with a linear gradient of 0–150 mM NaCl (or
0–0.5 M ammonium acetate for PPARδ). The elutes were loaded onto a HiLoad 16/600
Superdex 75 pg gel-filtration column (GE Healthcare), which had been equilibrated with
buffer A (or A’) and further eluted with buffer A (or A’).

4.3. PPAR Activation Assay 2: PGC1α/SRC1 Coactivator Recruitment Assay

The activation status of each PPARα/δ/γ subtype can also be determined using a TR-FRET
assay, which is used to detect physical interactions between His-tagged hPPARα/δ/γ-LBD
proteins and a biotin-labeled PGC1α coactivator peptide (biotin-EAEEPSLLKKLLLAPANTQ
[amino acids 137–155] synthesized by GenScript) or SRC1 peptide (biotin-CPSSHSSLTERHK
ILHRLLQEGSPS [amino acids 676–700] from GenScript) using the LANCE Ultra TR-FRET
assay (PerkinElmer) [6]. A 9.5 µL aliquot of PPARα/δ/γ-LBD (200 nM in buffer D for
PPARα/γ-LBD or 400 nM in buffer E for PPARδ-LBD), 0.5 µL of a 100× ligand solution (in
DMSO), and 5 µL of biotin-PGC1α (4 µM) or biotin-SRC1 peptide (8 µM) were mixed in
one well of a Corning 384-well low-volume, white-round-bottom, polystyrene non-binding
surface microplate (buffer D comprised 10 mM HEPES-NaOH [pH7.4], 150 mM NaCl,
0.005% Tween 20, 0.1% fatty acid-free bovine serum albumin [BSA]; buffer E comprised
50 mM HEPES-NaOH [pH7.4], 50 mM KCl, 1 mM EDTA, 0.5 mM dithiothreitol, and
0.1% fatty acid-free BSA). Then, 5 µL of 4 nM Eu-W1024-labeled anti-6×His antibody/80
nM ULight-Streptavidin (PerkinElmer) were added to each well, and the microplate was
incubated in the dark for 2 h at room temperature. FRET signals were detected at one
excitation filter (340/12) and at two emission filters (615/12 and 665/12) using a Varioskan
Flash double monochromator microplate reader (Thermo Fisher Scientific). The parameters
for the measurements at 615 nm and 665 nm were an integration time of 200 µs and a
delay time of 100 µs. The 665 nm emissions were due to ULight-FRET, and the 615 nm
emissions were due to Eu-W1024. The 665/615 ratio was calculated and normalized to the
negative control reaction using 1% DMSO. The nonlinear fitting and calculation of EC50
were performed using Prism 5 software (GraphPad, San Diego, CA, USA).

4.4. PPAR Activation Assay 3: Thermostability Assay Using CD Spectroscopy

PPARα/δ/γ-LBD proteins (10 µM) were incubated with different concentrations of
ligands in buffer A. CD spectra were monitored within 200–260 nm at increasing tempera-
tures from 30 ◦C to 70 ◦C (2 ◦C/min) using a J-1500 spectropolarimeter equipped with a
PTC-510 thermal controller (JASCO, Tokyo, Japan). The spectra of all PPARs displayed local
minima at 208 nm and 222 nm (data not shown), a typical feature of α-helical proteins [47].
The thermal stability of PPARs was investigated by continuously monitoring the ellipticity
changes at 222 nm during thermal denaturation [23,24], and a single-site sigmoidal dose-
response curve fitting program (Prism 5) was used to obtain the melting temperature (Tm)
that corresponds to the midpoint of the denaturation process. The ligand-induced increases
in Tm values are defined as ∆Tm.

4.5. Cocrystallization of PPARδ/γ-LBD with the Three Fibrates

Cocrystallization of PPARδ-LBD was performed in hanging-drop mixtures of 0.5 µL
of PPARδ-LBD (10 mg/mL in buffer A’), 0.1 µL of 10 mM ligand, 0.3 µL of buffer A’,
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0.1 µL of 5% n-octyl-β-D-glucoside, and 1 µL reservoir solution (50 mM Bis-Tris propane
[pH 8.5], 14% PEG8000, 0.2 M KCl, 6% propanediol, 1 mM EDTA, 1 mM CaCl2 for PPARδ-
LBD/pemafibrate; 50 mM Bis-Tris propane [pH 8.5], 14% PEG8000, 0.1 M KSCN, 6%
propanediol, 1 mM EDTA, 1 mM CaCl2 for PPARδ-LBD/bezafibrate) at 4 or 20 ◦C for
several weeks. In addition, PPARγ-LBD cocrystallization was performed in hanging-
drop mixtures of 0.5 µL PPARγ-LBD (20 mg/mL in buffer A), 0.5 µL ligand (2 mM in
buffer A), and 1 µL reservoir solution (0.1 M HEPES-NaOH [pH 7.5], 1.1 M trisodium
citrate dihydrate for PPARγ-LBD/pemafibrate/SRC1; 0.1 M Tris [pH 8.0], and 1.1 M
trisodium citrate dihydrate for PPARγ-LBD/bezafibrate/SRC1 or PPARγ-LBD/fenofibric
acid/SRC1) at 20 ◦C for several weeks. The SRC1 peptide used for cocrystallization was
LTERHKILHRLLQEG (amino acids [683–697] from GenScript). The obtained crystals were
briefly soaked in a cryoprotection buffer (reservoir solution + 20% glycerol for PPARδ-LBD
crystals and 30% glycerol for PPARγ-LBD crystals); afterward, these were flash cooled in a
stream of liquid nitrogen until X-ray crystallography was conducted.

4.6. X-ray Diffraction: Data Collection and Model Refinement

Datasets were collected by BL-5A or BL-17A beamline at the Photon Factory (Ibaraki,
Japan) using a synchrotron radiation of 1.0 Å. Diffraction data were collected at 0.1◦ oscillation
per frame, and a total of 1800 frames (180◦) were recorded for 1.0 Å X-ray crystallogra-
phy. Data processing and scaling were carried out using XDS X-ray detector software and
AIMLESS, respectively [6]. Resolution cutoff values (Rmerge < 0.5, Rpim < 0.3, and complete-
ness > 0.9) were set by the highest resolution shell. All structures were determined using
molecular replacement in PHASER [48] with PDB ID: 2ZNQ for PPARδ-LBD/bezafibrate, 3GZ9
for PPARδ-LBD/pemafibrate, and 1WM0 for all PPARγ-LBD as the search model. Refine-
ment was performed using iterative cycles of model adjustment in two programs: COOT and
PHENIX [6]. The structures were constructed using PyMOL programs (http://www.pymol.org;
accessed on 21 April 2020). All collection data and refinement statistics are summarized in
Supplementary Table S1.
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Abstract: In mammalian cells, two cellular organelles, mitochondria and peroxisomes, share the
ability to degrade fatty acid chains. Although each organelle harbors its own fatty acid β-oxidation
pathway, a distinct mitochondrial system feeds the oxidative phosphorylation pathway for ATP
synthesis. At the same time, the peroxisomal β-oxidation pathway participates in cellular ther-
mogenesis. A scientific milestone in 1965 helped discover the hepatomegaly effect in rat liver
by clofibrate, subsequently identified as a peroxisome proliferator in rodents and an activator of
the peroxisomal fatty acid β-oxidation pathway. These peroxisome proliferators were later iden-
tified as activating ligands of Peroxisome Proliferator-Activated Receptor α (PPARα), cloned in
1990. The ligand-activated heterodimer PPARα/RXRα recognizes a DNA sequence, called PPRE
(Peroxisome Proliferator Response Element), corresponding to two half-consensus hexanucleotide
motifs, AGGTCA, separated by one nucleotide. Accordingly, the assembled complex containing
PPRE/PPARα/RXRα/ligands/Coregulators controls the expression of the genes involved in liver
peroxisomal fatty acid β-oxidation. This review mobilizes a considerable number of findings that
discuss miscellaneous axes, covering the detailed expression pattern of PPARα in species and tis-
sues, the lessons from several PPARα KO mouse models and the modulation of PPARα function by
dietary micronutrients.

Keywords: PPARα; peroxisome; β-oxidation; PPRE; ligand; coregulator; micronutrients; PPARα
knockout

1. Introduction

As reported in the review by Latruffe and Vamecq [1], peroxisomes are ubiquitous,
single membrane-bound organelles. They belong to the fundamental class of intracellu-
lar compartments named microbodies. According to the evolutionists, microbodies and
eukaryotic cells appeared on Earth around 1.5 billion years ago. Based on their related
cell origin, these organelles are defined as glycosomes, glyoxysomes, hydrogenosomes
or peroxisomes. Peroxisomes are found in higher vertebrates; glycosomes exist only in
trypanosomes; glyoxysomes are found in leaves and seeds; hydrogenosomes are found in
anaerobic unicellular ciliates, flagellates, and fungi. The latter two microbody structures
belong to lower eukaryotic species, and all these compartments metabolize hydrogen
peroxide. According to the endosymbiotic theory, peroxisomes, mitochondria, and chloro-
plasts may have derived from free-living prokaryotic ancestors. Only mitochondria and
chloroplasts are semi-autonomous organelles, containing a DNA genome, which encodes
for just some of their proteins.
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In the mammalian liver, very-long-chain-fatty acids (VLCFA) are exclusively short-
ened in peroxisome through a specific β-oxidation system. Then, shortened fatty acids
are metabolized by mitochondrial β-oxidation. Peroxisomes also contain the first enzy-
matic steps of plasmalogen synthesis [1]. In addition, they are involved in maintaining a
redox state through the NAD+/NADH balance, linked to the pyruvate/lactate level. In
1965, a milestone was reached by Hess et al. [2] who described, for the first time, hep-
atomegaly induced by clofibrate (ethyl 2-(4-chlorophenoxy)-2-methylpropanoate) in rats,
subsequently established as a peroxisome proliferator in rodents and an activator of the
fatty acid peroxisomal β-oxidation [3]. Later, Isseman and Green [4] identified peroxisome
proliferators (PPs) as activator ligands of a special class of nuclear receptors termed Per-
oxisome Proliferator-Activated Receptor α (PPAR α). Afterward, several PPAR isoforms
were characterized as members of the superfamily of the nuclear steroid receptors. It is
recognized that the phylogenetic origin of PPARs dates back 200 million years to the fish-
mammalian divergence period [5]. PPARs evolved three times faster than other members
of the hormone nuclear receptor superfamily, and are represented now in three isoforms
(α, β/δ, and γ).

2. Peroxisomal β-Oxidation Systems

In mammalian cells, both mitochondria and peroxisomes can degrade fatty acid
chains. Although each organelle harbors its own fatty acid β-oxidation pathway, only the
distinct mitochondrial β-oxidation system feeds the oxidative phosphorylation pathway
for ATP synthesis, while the peroxisomal β-oxidation pathway participates in cellular
thermogenesis [6]. Historically, we owe the first description of the mammalian peroxi-
somal fatty acid β-oxidation system to Lazarow and de Duve (1976) [7]. Later, a second
peroxisomal β-oxidation system was characterized [6]. However, the very-long-chain
fatty acids, part of the long-chain class and long-chain dicarboxylic acids, are exclusively
processed by the peroxisomal β-oxidation system, whereas other common long-chain fatty
acids are oxidized by mitochondria [6,8]. The entry of fatty acids into peroxisome, and
activation as acyl-CoAs, depend on ABC membrane transporters (ABCD subfamily) and
very-long-chain acyl-CoA synthetases [9,10]. The first β-oxidation system comprises three
enzymes: acyl-CoA oxidase 1 (ACOX1), multifunctional protein (L-bifunctional peroxiso-
mal enzyme (L-PBE, also referred to as EHHADH or MFP-1) [11,12], and 3-ketoacyl-CoA
thiolases [13] (Figure 1). These three enzymes catalyze four successive reactions, starting
with the α,β-dehydrogenation by ACOX1 of the acyl-CoA into 2-trans-enoyl-CoA. L-PBE
catalyzes enoyl-CoA hydration into L-3-hydroxacyl-CoA, which is dehydrogenated, giv-
ing the 3-ketoacyl-CoA. Then, the 3-ketoacyl-CoA is subjected to a thiolytic cleavage by
thiolase to produce one acetyl-CoA molecule and a two-carbon-shortened acyl-CoA [13]
(Figure 1).

The second peroxisomal β-oxidation system (Figure 1), converting fatty carboxylates
with a 2-methyl branch, such as pristanic acid and bile acid intermediates, includes the
2-methylacyl-CoA-specific oxidases (trihydroxycoprostanoyl-CoA oxidase and pristanoyl-
CoA oxidase), the second multifunctional protein (named MFP-2) [11,14,15], and a 58 kDa
sterol-carrier protein (SCP-2) containing thiolase activity [6,16] (Figure 1). Although both
LBP/MFP-1 and DBP/MFP-2 provide hydratase and dehydrogenase activities, these pro-
teins exhibit opposite stereospecificities. While LBP/MFP-1 hydrates 2-trans-enoyl-CoAs
into L-3-hydroxyacyl-CoAs, and dehydrogenates the L-isomers [11,12], the DBP/MFP-2
transforms 2-trans-enoyl-CoAs into D-3-hydroxyacyl-CoA and dehydrogenates the D-
isomers [6,11,14,15]. Despite the fact that the MFP enzymes are structurally unrelated to
each other, both MFPs can hydrate 2-methyl-enoyl-CoAs [14]. The 3-hydroxy isomers
formed by MFP-2 have the same (3R, 2R) configuration, or (24R, 25R) configuration in
bile acid intermediates, underlining the role of MFP-2 in both pristanic acid degradation
and bile acid synthesis [15]. Recently, it was demonstrated that LBP/MFP-1 is indispens-
able for the β-oxidation of dicarboxylic acids and the production of their medium-chain
derivatives [6,15,17,18].
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Figure 1. Peroxisomal β-oxidation pathways, including different enzymes and transporters. Saturated or unsaturated very-
long-chain fatty acids (sVLCFA or uVLCFA) are imported by the solute ABC-transporters ABCD1 and ABCD2, respectively,
into peroxisome, where they are transformed into their acyl-CoAs by one of the peroxisomal acyl-CoA synthetases (ACSVL5
for uVLCFA, and ACSVL1 for uVLCFA). The long-chain dicarboxylic acids (LCDCA), originating from the endoplasmic
reticulumω-oxidation, are imported by ABCD3 and activated to their acyl-CoA thioesters (DCAcyl-CoA) by an unknown
acyl-CoA synthetase (ACSL?). The reactions that are catalyzed by ACSVL and ACSL use CoASH and hydrolyze ATP to
AMP and pyrophosphate to activate VLCFA or LCDCA molecules, giving acyl-CoA. Acyl-CoA oxidase 1 (ACOX1) is the
first flavoenzyme in the straight-chain β-oxidation system, oxidizing sVLCFA, uVLCFA, or LCDCA to their enoyl-CoA
derivatives. The second enzyme metabolizing sVLCFA and uVLCFA is the D-bifunctional protein (also called MFP2 or
HSD4B17), while the dicarboxylic enoyl-CoA are taken by the L-bifunctional enzyme (also called MFP1 or EHHADH). The
thiolytic cleavage is catalyzed by one of the two peroxisomal thiolases (TH: thiolase/ACAA1/2 or SCPx: sterol carrier
protein-x). After several rounds of β-oxidation, the peroxisomal system gives shortened acyl-CoA derivatives as hexanoyl-
or octanoyl-CoA, and one molecule of acetyl-CoA/round. Both shortened acyl-CoA and acetyl-CoA can be hydrolyzed by
acyl-CoA thioesterases 3 or 4 (ACOT3/4) to CoASH, while free fatty acid and acetate are exported by the pore-forming
protein PXMP2 (or PMP22) to the cytosol. However, acetyl-CoA and acyl-CoA derivatives can also be transformed to
acetyl-carnitine or acyl-carnitine by carnitine acetyl- and carnitine octanoyl transferases (CRAT and CROT), respectively,
and then exported by PXMP2 to the cytosol. β-oxidation of DCAcyl-CoAs leads to the production of succinyl-CoA,
hydrolyzed to succinate and CoASH by ACOT4, and shipped outside by peroxisome PXMP2. Bile acid intermediates,
dihydroxycholestanoic acid (DHCA) and trihydroxycholestanoic acid (THCA), imported by ABCD3 transporter, are beta-
oxidized by ACOX2, DBP and SCPx enzymes, leading to the formation of choloyl-CoA and chenodeoxycholoyl-CoA, which
are conjugated to glycine or taurine by the bile acid-CoA: amino acid N- acyltransferase (BAAT) and then exported by
PXMP2. D/THC-CoA indicate DHCA and THCA co-enzyme A thioesters.

Distinct carnitine transferases and thioesterase enzymes handle products created
from the peroxisomal β-oxidation fatty acyl-CoA derivatives. Carnitine moiety is then
transferred to the acyl-CoA or the acetyl-CoA by carnitine octanoyltransferase (CROT) or
carnitine acetyltransferase (CRAT). On the other hand, a specific peroxisomal thioesterase
can hydrolyze the acyl-CoA or the acetyl-CoA, giving a free fatty acid or acetate that can
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be transported to the cytosol by the peroxisomal membrane solute transporters, such as
PXMP2 or PMP34 (Figure 1) [19].

3. Peroxisome Proliferator Response Element, PPRE

PPARα is an ultimate lipid sensor [20] that has the potential to orchestrate and prompt
the expression of a plethora of target genes implicated in a broad range of fatty acid
metabolism processes [21,22], particularly under conditions of fasting-induced lipolysis
and a lipid-rich diet [23–25]. Indeed, PPARα activates many enzymatic pathways involved
in fatty acid uptake, intracellular transport [26,27], fatty acid activation and β-oxidation,
lipogenesis, ketogenesis and lipoprotein/cholesterol metabolism [28]. As a member of the
PPARs family, PPARα regulates the target gene expression in a transcriptional manner
through heterodimerization with another transcription factor, the retinoid X receptor (RXR)
encoded by the NR2B1 gene [29,30]. Once activated by a ligand in the ligand-binding
domain (LBD), the dimer binds to a specific DNA sequence element, the peroxisome
proliferator response element (PPRE), located in the promoter region of target genes,
to modulate their expression [31]. It is noteworthy that this regulation can require the
recruitment of coregulators [32–36]. The PPARα response element is usually composed of a
direct repeat 1 type (DR-1), which means two immediate repetitions of the hexanucleotide
AGGTCA consensus sequence, spaced by one nucleotide [37] (Figure 2). PPARα and RXRα
bind the first and the second hexamer sequences, respectively. The sequence logo of the
PPARα/RXRα PPRE consensus sequence ATGTAGGTCAAAGGTCA from the MA1148.1
Jaspar matrix [38], and the associated percentage of the four nucleotides at each position, is
presented in Figure 2.

Figure 2. Sequence logo and consensus matrix of the PPARα/RXRα PPRE consensus sequence
from MA1148.1 Jaspar matrix [38]. (A) Sequence logo of the MA1148.1 Jaspar matrix, presenting
the conservation of nucleotides from multiple alignments of 1000 PPARα/RXRα PPRE sequences.
Adenosine (A), cytidine (C), guanosine (G), and thymidine (T) nucleotides are respectively green-,
blue-, yellow-, and red-colored, and the relative size of the letters represents their frequency in the
consensus. The total height of a logo position corresponds to the degree of conservation in the
corresponding multiple sequence alignment. (B) A table representing the percentage of the four bases
for each position of the consensus. The color gradient code highlights the percentage of conservation
of bases from blue to red for the whole table.

Among the hundreds of genes known to be regulated by PPARα, eight are encoding
enzymes that are commonly localized in the peroxisomal compartment (Figure 3), and
belong to the three species: human, mouse, and rat. Table 1 presents validated PPREs se-
quences for functional genes, of which four (Acox1, Ehhadh, Acaa1b, and Scp2) are encoding
very-long-chain fatty acid β-oxidation enzymes, and the remaining genes are Cat, encoding
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the catalase enzyme, and Mlycd (malonyl-CoA decarboxylase gene), expressing an enzyme
with both cytoplasmic and peroxisomal localization. The latter form is believed to be
involved in the peroxisomal degradation of malonyl-CoA produced by odd-chain-length
dicarboxylic fatty acid β-oxidation [39], and finally, the Pex11a gene, which participates
particularly in peroxisome biogenesis (Pex11α).

Figure 3. Multiple alignments of PPRE sequences, identified in peroxisomal gene promoters, and ex-
perimentally proved to be regulated through PPARα binding. Adenosine (A), cytidine (C), guanosine
(G) and thymidine (T) nucleotides are respectively green-, blue-, yellow- and red-colored.

Table 1. Peroxisomal genes experimentally proved to be regulated through the PPARα binding to PPREs.

Gene Protein Species PPRE a PPRE Sequence b Reference

Acaaa1b acetyl-coenzyme A acyltransferase 1B rat PPRE2 AGGTCAAAAGTCA [40]

ACOX1 acyl-CoA oxidase 1 human PPRE AGGTCAGCTGTCA [41]

Acox1 acyl-CoA oxidase 1 rat PPRE TGACCTTTGTCCT [36]

Aldh3a2 aldehyde dehydrogenase family 3,
subfamily A2 mouse PPRE nd [42]

Cat catalase rat PPRE AGGTGAAAGTTGA [43]

Ehhadh enoyl-CoA hydratase and 3-hydroxyacyl
CoA dehydrogenase rat PPRE TGACCTATTGAAC [44]

Mlycd malonyl-CoA decarboxylase rat PPRE-2 AGGCAAGAGGCTG [45]

Mlycd malonyl-CoA decarboxylase rat PPRE-3 GAACCTTTGGCTG [45]

Pex11a peroxisomal biogenesis factor 11 alpha mouse PPRE TCACCTTTCACCC [46]

Scp2 sterol carrier protein 2 rat PPRE-A TCCTGTAACTCCG [47]

Scp2 sterol carrier protein 2 rat PPRE-B GTGGATTACAGGA [47]
a corresponds, for each gene, to the PPRE numbering as stated in the corresponding reference. b PPREs sequence: PPARα DR-1 sequences
are shown with hexads underlined and spacing nucleotides in bold.

4. PPARs and PPARα Structure and Function

Peroxisome proliferator-activated receptors (PPARs) are ligand-regulated transcription
factors and belong to a nuclear steroid/thyroid hormone receptor superfamily [48]. Their
name originates from their property of peroxisome proliferation [49]. Three PPAR isoforms
have been first isolated from the mouse [4], then Xenopus [33,50,51], then rat [52] and
human [53], including PPARα (NR1C1), PPARβ/δ (NUC1, NR1C2) and PPARγ (NR1C3).
Human PPARα protein consists of 468 amino acid residues, while PPARβ/δ has 441,
and PPARγ, 479 aminoacyls long [54]. Each is characterized by a distinct tissue expres-
sion profile, a definite ligand binding specificity, and a set of functions implicated in
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carbohydrate-lipid metabolism, cancer, inflammation, cell proliferation, and differenti-
ation [55–58]. To sustain their protein stability and transcriptional activity, PPARs are
subjected to post-translational modifications, such as phosphorylation [59], SUMOyla-
tion [60], and ubiquitylation [61]. PPARs act altogether in harmony, to maintain and control
cellular and whole-body energy homeostasis by modulating the expression of their specific
target genes [57].

The focus here will be on the PPARα isoform. PPARα is a type-II non-steroid ligand-
regulated nuclear hormone receptor [4,32,62] transcribed from the human PPARA gene,
which spans ~93.2 kb [53] and consists of eight exons [63]. It has been mapped to chromo-
some 15 in the mouse DNA and to chromosome 22 in humans [31]. The PPARα protein
possesses five main functional domains (A–F) embodied in a modular canonical struc-
ture [64] (Figure 4). The N-amino terminal end harbors the activation function-1 (AF-1)
or A/B domain, which operates autonomously in a ligand-independent manner. The 65
amino acid-long DNA-binding domain (DBD), or C domain, consists of 2 highly conserved
zinc finger-like motifs that promote the receptor’s binding to the PPRE sequence of the
target genes. The D domain or hinge region that bridges the DBD to the ligand-binding
domain (LBD) acts as a docking site for cofactors. In the C-terminal region, the LBD, or
E/F domain, is responsible for ligand specificity and contains the activation function 2 (AF-
2) [28,65]. This latter contains a tyrosine residue on the helix 12, which plays an ultimate
role in interacting with the carboxyl group of the ligands [66]. When a ligand enters the
LBD pocket of PPARα, the interface of AF-2 stabilizes and facilitates so that PPARα can
recruit coactivators [67]. The LBD is still a center of interest in numerous pharmaceutical
investigations. Recent publications to date on studies based on X-ray crystallography,
referenced in the protein data bank website (PDB; http://www.pdb.org/, accessed on
1 July 2021), provide fascinating, detailed insight into the LBD domain structure, albeit
limited to comparing it with other PPAR receptors. It describes a relatively large Y-shaped
hydrophobic cavity in the PPARα-LBD pocket volume of 1400 Å3 [68], which allows PPARα
to interact with a broad range of structurally distinct natural and synthetic ligands [67,69].

Figure 4. Schematic view of PPARα structure and domain function, with phosphorylation and cofactor binding sites. From
the left N-terminus to the right C-terminus of the PPARα protein, (A) domain structure of the PPARα protein with the
ligand-independent activation function-1 (AF-1) domain or A/B domain shown in purple, the DNA-binding domain (DBD)
or C domain shown in blue with two zinc finger-like motifs, the hinge region (HR) or D domain shown in white, and the
ligand-binding domain (LBD) or E domain together with the activation function 2 (AF-2) or F domain shown in green.
Phosphorylation sites are labeled with yellow stars (6, 12, 21, 179, 230) amino acids, the corepressor site is marked with a
red half-sphere, and the coactivator binding site is shown with a green ring. The panels on top show the number of amino
acid residues. (B) Structural function of A/B, C, D, and E/F domains, respectively.
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5. PPARα Ligands

Recently, PPARα-ligands have gained consistent interest in several complex metabolic
disease investigations [60,67], such as lipid metabolism disorders. Due to their engagement
in physiological and pathophysiological metabolic processes, and their role in activating
transcriptional regulatory networks, these ligands are becoming intriguing bona fide
treatment opportunities and present a way to unveil many relevant potential roles of
PPARα, also known as promising versatile drug targets.

Evidence indicates that a wide variety of lipophilic molecules, the so-called ligands,
can activate PPARα, encompassing natural saturated, unsaturated, and polyunsaturated
fatty acids (PUFAs) [70,71], and synthetic ligands that are collectively referred to as PPARα-
activators [72].

5.1. PPARα Natural Ligands

Natural ligands include endogenous metabolites products derived from the lipid
metabolism, such as acyl CoAs [73,74], oxidized fatty acids [63], phospholipids [75], certain
nitrated derivatives of fatty acids, eicosanoids [76], endocannabinoid-like molecules [77],
and lipoprotein lipolytic products [78]. PPARα natural activators could also originate from
an exogenous source that is either found in dietary constituents [65], e.g., dietary ω-3
polyunsaturated fatty acids (docosahexaenoic acid and eicosapentaenoic acid) or issuing
from traditionally used medicinal plants (reviewed by Rigano et al. [79]) (Figure 5).

Figure 5. Diagram of different types and classes of PPARα ligands. The natural ligands type
encompasses endogenous natural ligands (fatty acids [28,80–82], eicosanoids [31,83–85], phospho-
lipids [75,86], fatty-acid amide [87] and endocannabinoid-like molecules [77], and exogenous natural
ligands [30,88] (polyphenol flavonoids, isoflavonoids, monoterpenes, sesquiterpenes, diterpenes,
triterpenes and steroids, carotenoids, coumarins, ligans, and tannins). The synthetic ligands type in-
cludes various classes of synthetic agonists [28,31,62,67,69,88–91] with various activation and binding
modes (single [88,92], dual [28,91,93,94] and pan agonists [28,92]), and synthetic antagonists [89,90,95].
Abbreviations: 8-HEPE: 8-hydroxyeicosapentaenoic acid, 12-HETE: 12-hydroxyeicosatetraenoic acid,
8S-HETE: 8 (S)-hydroxyeicosatetraenoic acids, 16:0/18:1-GPC: phosphatidylcholine(1-palmitoyl-2-
oleoyl-sn-glycerol-3-phosphocholine), EPA: eicosapentaenoic acid (20:5), ETYA: eicosatetraynoic
acid, HEX: hexadecanamide, HMB: 3-hydroxy-(2,2)-dimethyl butyrate, OCT:9-octadecenamide, OEA:
oleoyl-ethanolamide, OxPAPC: oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine,
PEA: palmitoyl-ethanolamine.

71



Int. J. Mol. Sci. 2021, 22, 8969

Numerous findings provide evidence that natural ligands exhibit different binding
affinities, which subsequently impact PPARα activation potency. Previous reports showed
that omega-3 eicosapentaenoic acid (20:5,ω3) and, to a lesser extent, docosahexaenoic acid
(22:6, ω3), are potent ligands [96,97] and consistent activators of PPARα [98–100], while
omega-3 PUFA like linolenic acid (C18:3,ω3) and docosapentaenoic (22:5,ω3) acids, and
omega-6 PUFA such as linoleic (C18:2,ω6) and arachidonic (C20:4,ω6) acids are weaker
PPARα activators [74,99,100]. In addition, experiments performed by Ellinghaus et al.
and Zomer et al. [101,102] revealed that phytanic acid (3,7,11,15-tertamethylhexadecanoic
acid) is a strong natural physiological ligand for PPARα. These assumptions were then
followed by reports from Hostetler et al. [103], showing that PPARα binds the fatty acyl-
CoAs (3–20 nM Kds) and branched-chain fatty acyl-CoA (BCFA-CoAs, phytanoyl-CoA,
pristanoyl-CoA; Kds near 11 nM) with the highest affinities (i.e., Kd at nM range).

Natural PPARα ligands description studies, using full-length- or chimeric LBD-
PPARα constructs, revealed the ability of many saturated and unsaturated fatty acids
to activate target gene expression through PPARα modulation. Several PPARα-responsive
genes are involved in fatty acid oxidation: (i) mitochondrial β-oxidation pathway (i.e.,
carnitine palmitoyltransferase 1A) [104]; (ii) microsomalω-hydroxylation (i.e., CYP4A1-
subclass of cytochrome P450 enzymes); and (iii) peroxisomal β-oxidation pathway (i.e.,
ACOX1; enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase [105], 3-ketoacyl-CoA
Thiolase and SCPx) [7,106,107].

The abovementioned results were recently supported by Chen et al. [108], reporting
that feeding animals a diet high in rapeseed oil (rich in erucic acid, a very-long-chain fatty
acid) leads to PPARα activation with an adaptive elevation in peroxisomal β-oxidation
capacity, which suggested that erucic acid might act as a potential ligand for PPARα. In line
with prior communicated data, Maheshwari et al. [109] reported that treating rat Fao cells
with a fungal lipid extract rich in monomethyl BCFAs (Conidiobolus heterosporous) increases
mRNA levels of the PPARα target genes Acox1, Cyp4a1, Cpt1A, and Slc22A5, strongly
suggesting that BCFAs are similarly potent PPARα activators [109]. Taken together, these
relevant results from our laboratory and from others all affirm that the peroxisomal β-
oxidation substrates are potent PPARα ligands that modulate the expression of a battery of
lipid-metabolizing enzymes to maintain lipid homeostasis and to alleviate the toxic effect
of VLCFA and BCFA overload [57].

5.2. PPARα Synthetic Ligands

In the same way, PPARα binds to synthetic ligands termed PPARα activators. Inter-
estingly, PPARα-activators exhibit structural features like a carboxylic acid head and a hy-
drophobic tail, connected via an aliphatic chain and a central aromatic ring [101]. This group
of compounds includes various insecticides (2,4-dichlorophenoxyacetic acid); herbicides
(phenoxyacetate derivatives) [110]; surfactants (perfluorooctanoic acid-PFOA); organic
chlorinated hydrocarbons solvents such as perchloroethylene and trichloroethylene [111];
food flavors [112]; leukotriene D4 receptor antagonists [113]; phthalate plasticizers, such
as di-(2-ethylhexyl)-phthalate and di-(2-ethylhexyl) adipate [114]; and amphipathic car-
boxylic acids [98]. The latter form the hypolipidemic fibrate class of drugs, acknowledged
as the archetypal PPARα agonists, including clofibrates [88,89]; pemafibrates [67,69]; fenofi-
brates [67], and ciprofibrates [115]. It is notable that certain synthetic ligands are designed
to act as dual agonists, like muraglitazar [93], that target both PPARα and PPARγ isotypes;
others act as pan-agonists that activate all PPAR receptors like bezafibrates [92]; or as
a PPARα partial agonist such as GW9662 [69], known as a PPARγ-selective antagonist
(Figure 5). Interestingly, GW9662 displays dual effects by acting as agonist and antagonist
against PPARα and also has the ability to enhance agonistic activities of certain less potent
fibrates [69], whereas PPARα antagonists like GW6471 [89], MK886 [90], and NXT629 [95]
represent the rare range of synthetic ligands that prevent other molecules from binding to
this nuclear receptor.
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To date, various synthetic single, dual and pan agonists, respectively, are in clinical
use as medications to treat dyslipidemia, hyperglycemia in patients with Type 2 diabetes
mellitus, hypertriglyceridemia, and cardiovascular disease [28,72,91]. Indeed, potent
synthetic ligands could elicit both desirable and undesirable side effects. Studies conducted
by Preiss et al. [116] proved that the chronic administration of peroxisome proliferators to
rodents causes hepatocellular carcinoma, and it may also increase the risk of gallstones and
cause anemia and leukopenia [117]. Much of what we know about PPARα-ligands comes
from a collective knowledge primarily derived from rodent studies, via the treatment
of mice or rats with synthetic PPARα peroxisome proliferators or by using PPARα null
mice [98]. It has been reported that human and mouse PPARα have different binding
affinities and physiological effects [118] and are diversely activated by specific ligands,
including phthalates and fibrates [119]. Nevertheless, these differences are negligible and
do not call into question the tenet of the ultimate role that PPARα plays as a general lipid
sensor in both species [98].

To date, tremendous efforts are in progress to develop new, highly PPARα-specific
ligands with different activation and binding modes that could more selectively activate
PPARα–RXRα transcriptional complex assembly, with tissue-selective and gene-selective
activities, to reduce unwanted side effects and assure reasonable safety. In parallel, the
“micronutrients” found in food that activate PPAR receptors are gaining increasing interest,
as nutritional therapy becomes an unstoppable trend for treating lipid disorders [79].

6. PPARα and Coregulators

The identification of PPAR in the 1990s heralded a new era of biotic and xenobiotic
sensing by the liver [4]. The PPAR subfamily of nuclear receptors functions as sensors for
fatty acids and fatty acid derivatives and controls critical metabolic pathways involved
in lipid and energy metabolism [120,121] and catabolism [122–125]. The transcriptional
activation of genes is a complex process that involves the participation of many transcrip-
tion factors [126]. While the nuclear receptors (NRs) mediated gene-regulation provide
the backbone for the transcription factor-specific gene regulation, coregulators provide the
much-needed tissue-, cell-, and species-specific differences in the peroxisome proliferator-
induced pleiotropic responses of PPARα [127,128]. However, we would like to focus this
review section on the role of PPARα and its associated proteins in regulating peroxisomal
beta-oxidation genes/pathways. Coregulators are proteins that bind to the nuclear receptor
by a specific domain LXXLL, a hallmark for all coregulators [129]. Most coregulators
have more than one LXXLL domain and are essential for protein–protein interactions
between the nuclear receptor and the coregulator [130] (Figure 6). Moreover, each LXXLL
could function in a specific nuclear interaction, suggesting that the coregulators are shared
between different NRs.

Coregulators can be broadly classified into subgroups, such as essential vs. non-
essential, repressors vs. activators, and DNA binding region (DBD) vs. ligand binding-
region (LBD) interacting coregulators [127]. Essential coregulators are proteins deemed
critical for the survival of the offspring, and their absence results in embryonic lethal-
ity: cAMP-response element-binding protein (CBP); PPAR-interacting protein/activating
signal cointegrator 2 (PRIP/ASC2); PPAR-binding protein/mediator complex subunit
1 (PBP/Med1); mediator complex subunit 25 (Med25) [131–133]. Non-essential coreg-
ulators are proteins with such critical functional responsibilities that they are usually
represented by more than one isoform—steroid receptor coactivators (SRCs) [131,132,134],
Asp-Glu-Ala-Asp (DEAD)-box helicases [135–137], sirtuins (SIRT) [96,97], PPARγ coactiva-
tors (PGCs) [138–141]—and the loss of one isoform is compensated by others. Repressors
that bind to the nuclear receptor PPARα in the absence of/or independent of ligands pre-
vent it from binding to the peroxisomal proliferator response elements (PPRE) of the target
genes as nuclear corepressor (NCoR) and silencing mediator of retinoic acid and thyroid
hormone (SMRT) [96] (Figure 7A). This group of proteins usually bind to the AF-1 domain
of the DNA binding region of the receptor. The ligand-independent coregulators (heat-
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shock protein-70) could also prevent the PPARα from proteolytic degradation in the cytosol
before PPARα could translocate to the nucleus in the activated state [131] and, typically,
these proteins bind to the hinge region of the nuclear receptor that interconnects the DNA
binding region to the ligand-binding region of the receptor [127]. The activators, on the
other hand, could help PPARα zero in onto the specific PPREs of the target genomic region,
help attach it to the PPREs with the assistance of nucleosomal-specific functions such as
histone methylases (SRC proteins) [142], histone acetyltransferases (CBP/p300) [143,144],
DNA-helicases [145], PRIC285 [124], and PRIC320 [146]. The activators would also function
by stabilizing the transcriptional complex (PRIP/ASC2 [147]) and potentiate the recruit-
ment of RNA-polymerase complex proteins to the transitional complex (mediator complex,
PBP [148,149] (Figure 7B). Additionally, the activators would consist of proteins responsible
for separating the transcribed mRNA from the genomic region (protein-L-isoaspartate
(D-aspartate) O-methyltransferase (PIMT) [147]. These proteins activate the AF-2 domain
of the nuclear receptor and enhance transcription by linking the liganded nuclear re-
ceptor to the basal transcription machinery. We have identified almost all these groups
of coregulators using either a direct protein–protein interaction assay, such as a yeast
two-hybrid assay [150], GST-pull downs [124], and ligand affinity chromatography [141]
to identify the PPARα-interacting proteins and a functional transcriptional activation
complex [131]. PPARs, like other nuclear receptors, interact with coactivators such as
SRC-1 (steroid receptor coactivator-1) or corepressors such as NCoR and SMRT. PPARα-
interacting coactivators and corepressors augment or repress, respectively, the PPARα
transactivation activity. Since the cloning of SRC-1 twenty-five years ago, over 300 coactiva-
tors/coregulators have been identified, with new members still being added to this expand-
ing spectrum. PPARα is known to interact with some of these coregulators [151]. These in-
clude CBP/p300-dependent binding complex [152], members of the SRC/p160 superfamily,
members of PBP/MED1 complex (PBP/TRAP220/DRIP205/MED1 [133,149,153], members
of PRIP/NCoA6 (ASC2/RAP250/TRBP/NRC), members of PRIC complex PRIC285 [124],
PRIC295 [141], PRIC320 [146], PPAR gamma-binding proteins, PGC-1α [147,154], and
PGC-1β [155,156], as well as coactivator-associated proteins PIMT [131] (NCoA6IP) and
coactivator-associated arginine methyltransferase 1 (CARM-1) [157,158]. The PPARα-
interacting coregulator (PRIC) complex isolated from rat liver nuclear extracts reveals
many coregulators, presumably forming one mega-complex. An almost similar complex
was isolated with ciprofibrate as the ligand in affinity chromatography. This diversity
raises several issues about the evolutionary importance of the versatility and complexity of
coregulatory molecules, their relative abundance in various cell types, and their affinity for
a given nuclear receptor in orchestrating transcription in gene-, cell-, and developmental
stage-specific transcription. In the absence of a specific ligand, PPARα interacts with the
corepressors NCoR and SMRT, but the importance of PPARα action is not well documented,
as endogenous ligands could potentially activate PPARα [159]. The homozygous deletion
of NCoR or SMRT in mice is embryonically lethal, indicating that they cannot fully com-
pensate for each other during development [160–162]. Furthermore, another corepressor,
the receptor-interacting protein 140 (RIP140), which can interact with PPARα, is known to
repress the activity of NRs by competing with coactivators and by recruiting downstream
effectors such as histone deacetylases (HDACs) [163]. Interestingly, the phenotype of
RIP140 knockout mice suggests a role for this corepressor in PPARα signaling, as these
mice exhibit resistance to high-fat diet-induced obesity, resulting from the upregulation of
genes involved in energy dissipation [163]. Interestingly, hepatic sirtuin 1 (SIRT1) regulates
lipid homeostasis by positively regulating PPARα [164,165]. On the other hand, SIRT1
interacts with PPARγ and is regulated by PPARγ in a negative feedback mechanism [166].
SIRT6 binds NCOA2, a PPARα coactivator and part of the SRC family of coactivators;
the binding results in the decrease of the acetylation of SRC2/NCOA2 K780 in the liver,
thus, interaction with SIRT6 mediates the activation of PPARα and thus the inhibition
of SREBP-dependent cholesterol and triglyceride synthesis [167]. The ligand binding to
a nuclear receptor triggers a molecular switch that releases corepressors and begins the
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recruitment of coactivator complexes, such as members of the CBP/p300 family, which
exhibit the histone acetyltransferase activity required to facilitate chromatin remodeling.
The subsequent recruitment of other coregulators, either singly or as preassembled multi-
subunit protein complexes, including mediator complex and RNA polymerase machinery,
is facilitated by the interaction of the general basal transcription machinery to enhance the
transcription of a specific set of genes [97,168]. As discussed previously, coregulators con-
tain an LXXLL motif that forms two turns of the α-helix and binds to a hydrophobic cleft on
the surface of the nuclear receptor. The identification and characterization of coregulators
have been derived mostly from in vitro experiments, but there is a paucity of information
about individual coactivators in vivo cell- and gene-specific functional roles [131].

Figure 6. Scheme of heterodimer PPARα/RXRα, located on a PPRE DNA region. The graphic
displays two parts: part (A), the silent state, and part (B), the active state. Part (A). In the absence
of the ligand, PPARα interacts with transcriptional corepressors (NCoR, SMRT, NRTR-P-1) by
recognizing the AF2 region. The same process is at the RXR, where AF2 interacts with RIP140
as RXRα corepressor [169]. Due to the chromatin condensed state, the heterodimer cannot bind the
PPRE properly. Part (B). In the presence of a PPARα ligand, either a long-chain or very-long-chain
polyunsaturated fatty acid, leukotriene LTB4, fibrate or other chemicals [170], and a 9-cis retinoic
acid as RXRα ligand, an exchange corepressor/coactivator is made by NCoEX, which suppresses
the repressive of corepressor state by ubiquitinylation-inducing degradation by the proteasome
system. The fixation of a ligand induces an allosteric LBD conformational change of AF2, allowing
the recruitment of coactivators, either NCoR1, p300/CBP, or SRC1 for PPARα, and p120 and NCoPR
for RXRα [171]. The CBP-dependent HAT activity induces the remodeling of chromatin and allows
the PPARα/RXRα heterodimer to bind to PPRE correctly, then activates the Pol II transcription
complex and triggers the transcription of lipid metabolism-encoding genes. Some post-translational
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modifications of PPARα regulate its activity [172,173]. For instance, phosphorylation stimulates
PPARα transcriptional activity [174]. The HNF4α transcription factor recognizes a similar response el-
ement as the PPRE and interplay with PPARα [175]. A comparable mechanism has been reported with
the Coup-TF transcription factor. While several works consider PGC-1α [176] as an important coregu-
lator of PPARα, it seems to be more specific for PPAR γ. The 15(S)-HETE, 15-hydroxyicosatetraenoic
acid, family of arachidonic acid metabolites; 9-cisRA, retinoic acid cis conformation in carbon 9; AF1,
activating domain 1; AF2, activating domain 2; CBP, CREBP binding protein; CoPRs, COPR1 and
COPR2 as corepressors of PPAR and RXR, respectively; COUP-TF, chicken ovalbumin upstream
promoter transcription factor; CTBP-2, C-terminal binding protein-2; DBD, DNA binding domain;
HAT, histone acetyl-transferase; HD, hinge domain; HNF-4α, hepatic nuclear factor 4 α; HDAC,
histone de-acetyl transferase; LBD, ligand binding domain; LTB4, leukotrien B4; MBP, mono butyl
phthalate; MEHP, mono ethyl hexyl phthalate; NCoA1, nuclear receptor coactivator 1; NCoEX,
nuclear receptor corepressor Excit; NCoR1, nuclear receptor corepressor 1; NRTP-1, nuclear repressor
transcription factor; p120, protein 120 kDa; p300, protein 300 kDa; Pol II, RNA polymerase class II;
PGC-1αPPAR γ co-activator-1α; PPRE, peroxisome proliferator response element; PRIP/RAP250,
PPAR interacting-protein methyl transferase; PUFA (LC &VLC), polyunsaturated fatty acids (long-
chain or very-long-chain); RIP140 receptor interacting protein corepressor; SMRT, silencing mediator
of retinoid and thyroid receptors; SRC1, steroid receptor coactivator-1.

Figure 7. Interaction of PPARα-RXRα heterodimer with corepressor complex (A) or coactivator
complex (B). (A) The corepressor complex, including Sin 3, NCoR/SMRT, and HDAC proteins, is re-
cruited to an unliganded PPARα-RXRα heterodimer, so there is no transcription of the PPARα-target
genes. (B) in the presence of PPARα-ligand, the PPARα-RXRα heterodimer exhibits a conformational
change, leading to the dissociation of the corepressor complex, the recruitment of coactivator pro-
teins, and the binding of PPARα to the peroxisome proliferator response element (PPRE). Different
subcomplex modules participate in chromatin remodeling, through the acetylation (SRCs, p300)
and the methylation (CARM1) of nucleosomes. Mediator components interact with PPARα and
promote the recruitment of the basal transcription factors (TFs) to establish a connection with the
RNA polymerase II to transcription of PPARα-target genes.
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7. Metabolic Regulation of the Peroxisomal β-Oxidation Pathways

The regulation of the peroxisomal pathways is mainly associated with the cellular
increase of the peroxisome population, which is highly promoted by several diverse natural
and synthetic compounds nominated as peroxisome proliferators (PPs). Such compounds
raise a peroxisome number quantitatively, mainly in hepatic parenchymal cells, and pro-
voke delayed pleiotropic responses, including the development of hepatocarcinoma in rats
and mice [8,131]. Based on several pieces of experimental evidence, earlier reports from
Reddy’s group proposed a receptor-mediated mechanism to explain the phenomenon of
hepatic peroxisome proliferation. Accordingly, the induction of peroxisomal β-oxidation is
a consequence of ligand hepatic overload, leading to lipid metabolism dysregulation, ac-
companied by an augmentation in the extrahepatic lipolysis and a substantial hepatic influx
of free fatty acids [96]. Furthermore, the unique pleiotropic responses raised by structurally
unrelated peroxisome proliferators in hepatocytes drive a synchronized transcriptional
activation of the peroxisomal β-oxidation genes [13,96,131].

Lazarow and De Duve [7] demonstrated previously that clofibrate administration in
rat liver strikingly enhances the peroxisomal β-oxidation activity. A similar observation
was reported by Hashimoto and coworkers [177], showing that feeding a diet containing
a phthalate ester plasticizer di-(2-ethylhexyl)phthalate, a PPARα activator, leads to a
20-fold increase in the expression of peroxisomal β-oxidation enzymes in rat liver. In
addition, a previous study reported that synthetic ligands such as WY-14643 exhibited a
high affinity to PPARα, compared to the natural endogenous ligand (16:0/18:1-GPC) in
the induction of fatty acid β-oxidation [75]. Moreover, Rogue et al. [93] showed that Acox1
and Cpt1A genes in oleic-acid-overloaded HepaRG cells were significantly upregulated
from 1 day, and remained at high levels after 14 days, upon treatment with the dual agonist
muraglitazar, which stimulates the fatty acid β-oxidation pathway. These results are in
close concordance with previous experiments conducted by Lee et al. [126], showing that
after feeding hypolipidemic agents to mice lacking PPARα expression, the mutant animals
accumulated lipid droplets in their tissues, which strongly supports the idea that PPARα
activators promote the transcription of genes involved in the lipid catabolism process.

Structurally, PPs molecules may be chemically unrelated, including hypolipidemic
drugs, such as clofibrate, ciprofibrate, gemfibrozil, and Wy-14,643, as well as some nutri-
tional conditions, especially high-fat diet or vitamin E-deficient diet and leukotriene D4
receptor antagonists. In addition, several herbicides, such as 2,4-dicholophenoxyacetic
acid or 4-chloro-2-methylphenoxyacetic acid [8,178] and certain phthalate ester plasticizers,
induce a similar liver peroxisome proliferation as do prototypic fibrate derivatives. In
addition, the administration to rodents of a C19-steroid, dehydroepiendrosterone, pro-
motes peroxisomal fatty acid β-oxidation and peroxisome proliferation [179]. Though
the response to PPs has been demonstrated in several tissues from PPs-treated rodents,
the hepatic responsiveness is by far the most powerful, accounting for a 10- to 20-fold
induction of peroxisomal fatty acid β-oxidation activities, accompanied by a proliferation
of peroxisomes and strong hepatomegaly pathogenesis [8,131].

The description of PPARα-target genes shows that this nuclear hormone receptor
largely governs those genes involved in hepatic and cardiac muscle transport, oxida-
tion, and the degradation of lipids. Transcriptionally, PPARα activates several genes,
including the lipoprotein lipase gene permitting the release of fatty acids from lipoprotein
particles [180], genes encoding fatty acid translocase CD36, and fatty acid-binding protein-
facilitating fatty acids capture and transport them through the plasma membrane [8,180].
The acyl-CoA synthetase, activating fatty acids to acyl-CoAs, is another gene-target of
PPARα [96,98]. Regarding the genes encoding peroxisomal β-oxidation enzymes, the
induction of the peroxisomal fatty acyl-CoA ABC transporter D2 (ALDRP) by PPs was
shown to be partially PPARα-dependent in mice hepatocytes [179]; however, the regulation
of, e.g., ACOX1, L-PBE and ThB, are entirely reliant on PPARα [8,98,181]. Nevertheless, the
regulation of genes implicated in the mitochondrial fatty acid β- oxidation, including the
carnitine palmitoyltransferase-1 and the medium chain-acyl-CoA dehydrogenase, is also
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coordinated by PPARα [98,182,183]. Thus, PPARα arises as a master regulator controlling
the hepatic metabolism of free fatty acids. The development of PPARα null mice evidenced
the crucial role played by PPARα in the concerted regulation of peroxisome proliferation
and expression of its target genes involved in both β- and ω-fatty acid oxidations [181].
By contrast to Ppara-/- mice, which exhibit mild hepatic steatosis, Acox1 null mice develop
strong hepatic steatosis, showing a hepatic peroxisome proliferation and the sustained
activation of PPARα and expression of its target genes [147,184]. Thus, paradoxically,
the defect in ACOX1 activity leads to the hepatic accumulation of ACOX1 substrates, of
which some have been shown [147] as efficient endogenous PPARα ligands, mediating the
sustained activation of PPARα. On the other hand, the strong PPARα activation of fatty
acid β-oxidation genes increases hepatic dicarboxylic acid production and accumulation.
Thus, in the absence of ACOX1 activity, these dicarboxylic acids are still unmetabolized and
act as firm inhibitors of mitochondrial fatty acid β-oxidation [185]. Moreover, the Ppara-/-,
Acox1-/- double-knockout mice exhibit a few periportal clusters of steatotic hepatocytes,
and (re-)expression of human ACOX1 in mice liver results in a substantial reduction in
both PPARα activation and hepatic steatosis [8,180]. Peroxisomal fatty acid β-oxidation is
induced by starvation in a PPARα-dependent manner, as validated by its impairment in
PPARα null mice [8,180]. Accordingly, the deacetylase sirtuin-1 is dispensable to PPARα-
inducing peroxisomal fatty acid β-oxidation and needs SIRT1-PPARα interaction, and the
deletion of hepatic SIRT1 negatively impacts PPARα signaling [165]. The MAP kinase
kinase kinase TGFβ-activated kinase 1 (TAK1) acts upstream to PPARα, and its deletion
also impaired the PPARα-dependent induction of peroxisomal fatty acid β-oxidation [186].
PPARα signaling has also been shown to involve the AMPK-SIRT1-PGC-1α axis via the
adiponectin receptors [187] (Figure 8). These results strongly highlight the detrimental role
of the peroxisomal β-oxidation pathway in the sensing of PPARα activity.

Several peroxisomal β-oxidation substrates display a substantial role as PPARαmod-
ulators. It is believed that the activities of (inducible and non-inducible) peroxisomal
fatty acid β-oxidation systems are modulated by PPARα [108]. Moreover, several findings
provide significant evidence that VLCFA and BCFA, which are considered potentially toxic
fatty acids, are potent inducers of PPARα that enhance the transcription of peroxisomal
enzymes mediating fatty acid β-oxidation [57,188].

Interestingly, Oleoylethanolamide, a naturally occurring lipid regulating satiety and
body weight, exhibited a high-affinity binding to PPARα and the activation of its lipid-
metabolizing target genes [189]. Nonetheless, we should consider that most fatty acids are
subject to elongation, desaturation, esterification, and β-oxidation, which could modify the
availability of PPARα ligands. Accordingly, very-long-chain saturated and unsaturated
fatty acids are exclusively metabolized by peroxisomal β-oxidation, which participates in
their degradation, synthesis, or retro conversion. One defect in this pathway is associated
with the accumulation of VLCFAs and a deficit in certain PUFAs’ synthesis, such as DHA.
Interestingly, a mouse deficiency of ACOX1, the rate-limiting enzyme in the peroxisomal
β-oxidation, leads to the sustained activation of hepatic PPARα and the induction of its
target genes [190]. The role of ACOX1 in PPARα lipid sensing was highlighted by Acox1-/-;
ob/ob double knockout mice. Thus, the sustained activation of PPARαwhen linked to the
absence of ACOX1 activity attenuates the metabolic consequences of leptin deficiency, due
to the ob/ob genotype, showing less obesity with the recovery of glucose homeostasis and
alleviating insulin resistance [131,147]. Collectively, accumulated data underline the key
role of peroxisomal β-oxidation in sensing PPARα-dependent lipid and energy metabolism.
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Figure 8. PPARα-dependent regulation of peroxisomal fatty acid b-oxidation in rat liver through adiponectin signaling.
Adiponectin: a hormone produced by adipose tissue that plays a role in lipid and glucose metabolism regulation; AdipoR,
adiponectin receptor; APPL1, an adaptor protein containing a PH domain, PTB domain, and leucine zipper motif 1, plays a
central role as the main contributing factor in the adiponectin and insulin signaling; AMPK, AMP kinase; PGC1- α, PPAR
γ coactivator1α; PPRE, peroxisome proliferator-activated receptor; RNA Pol II, RNA-polymerase II; ACOX1, acyl-CoA
oxidase 1; MFP2, multifunctional protein 2; thiolase B, 3-ketoacyl-CoA thiolase B; VLCFA, very-long-chain fatty acid.

8. PPARα Expression in Species and Tissue Distribution
8.1. PPARα Expression in Different Species

PPAR is ubiquitous among animal species, i.e., worms [191], insects, fish, frogs [192],
reptiles, mammals, including hamsters [193], and humans. A PPARab subtype was detected
in zebrafish. This PPARab mutant shows lower expression in liver and visceral mass, which
were associated with lipid accumulation [194]. In a jerboa (Jaculus orientalis) liver, both
active wild-type PPARα (PPARα1 wt) and a truncated PPARα 2 forms were expressed.
The availability of active PPARα1 wt is differentially regulated during fasting-associated
hibernation [195].

8.2. PPARα Tissue Distribution

PPARα tissue expression is also ubiquitous, although on a different level. PPARα is
mainly expressed in tissues with high rates of fatty acid catabolism, i.e., those involved in
digestive function (liver, stomach, enterocytes) and muscular activity (heart, skeletal muscle,
kidney at proximal tubules). In the nervous system, the expression is moderated (low in
retinal, or lacking expression in the central nervous system). Low expression is found in the
pancreas and adipose tissue [196], while in the brain, PPARα is found at the highest levels
in neurons, followed by astrocytes, and is weakly expressed in microglia [62,197]—more
likely, to upregulate the expression of several synaptic related genes coding proteins
engaged in excitatory neurotransmission and the neuroprotective mechanism [198–200]. In
the immune system, PPARα expression is detected in the spleen, monocytes/macrophages,
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and neutrophils [201]. In addition, expression is seen in reproductive organs and the
epidermis. PPARα is also associated with tumorigenesis in colorectal carcinoma [202].
Concerning the expression in developmental tissue in rats, Ppara transcripts are detectable
in mouse embryo at 13.5 gestation days, to reach the maximum level at birth [203].

8.3. Lessons from Pparα Knockout

This part of the manuscript provides recent findings from the last five years related to
Ppara knockout animals, with the intent of disentangling the PPARα’s various biological
functions in health and disease and to evaluate its engagement in fatty acid catabolism
and clearance in liver and heart tissues, where PPARα and FAO are both abundant. A
growing body of evidence indicates that PPARα is a crucial regulator of systemic lipid
metabolism. PPARα deficiency is considered to be a prime factor that either causes or
exacerbates fatty acid metabolism impairment, which leads inevitably to the development
of numerous metabolic diseases, to name but a few—obesity [204,205], type 2 diabetes
mellitus, insulin resistance, dyslipidemia, myocardial infarction, hepatic steatosis without
ethanol consumption, termed non-alcoholic fatty liver disease (NAFLD), which includes
severe phenotypes such as non-alcoholic steatohepatitis (NASH), liver fibrosis, and hep-
atocellular carcinoma [206–210]. Therefore, many investigations were conducted using
mainly PPARα knockout mouse models, because of the relative equivalent expression of
Ppara mRNA between mice and humans in different tissues [98]. Knockout animal models
are generated either with the global (Ppara-/-) or hepatocyte-specific abrogation of the
Ppara gene, such as PparaHep-/- (reviewed by Wang et al. [181]). The goal was to identify
the pathophysiological mechanisms underlying the abnormal phenotypes associated with
PPARα dysfunction and to assess the distinct contribution of hepatic and extrahepatic
PPARα to global energy and immune system homeostasis in vivo.

8.4. Lessons from Pparα-KO in the Liver

Hepatic PPARα activation occurs during suckling [211], with a high-fat diet, and
during fasting [212–214], boosting fatty acid oxidation (FAO), which participates in the
restoration of energy homeostasis and provides energy supply for the extrahepatic tissues.
For that reason, most of the studies were focused on hepatic PPARα. Furthermore, hepatic
PPARα can protect the liver against fasting/high-fat diet-induced steatosis, by transacti-
vating the genes required for fatty acid catabolism and repressing several inflammatory
genes. Thus, during the fasting process, metabolic substrates stored in white adipose
tissue are released into the circulation and captured by the liver. Subsequently, this in-
creases β-oxidation and ketogenesis to maintain the energy balance [212]. It was observed
that fasted Ppara-/- and PparaHep-/- mice developed hypoketonemia, hypoglycemia, and
hypothermia with decreased serum triglycerides. Additionally, the ectopic accumulation of
medium-chain fatty acids and long-chain fatty acids in the liver manifests as an increase of
hepatic fat mass, termed steatosis, with pronounced oxidative stress and lipid peroxidation
compared to wild-type mouse liver. These effects result from the altered mitochondrial
and peroxisomal fatty acid β-oxidation pathways in the liver [212,214,215]. Furthermore,
mice in which Ppara was deleted uniquely in hepatocytes could not modulate bone marrow
monocyte egress upon fasting [216], suggesting that PPARα contributes to the regulation
of monocyte homeostasis during fasting.

Regarding high-fat diet (HFD)-induced obesity, mice with the hepatocyte-specific
deletion of Ppara develop steatosis and inflammation [217]. These observations corroborate
previous results communicated by Stec and al. [205], showing that PparaHep-/- mice on
HFD had worsened hepatic inflammation associated with steatosis, and exhibited high
levels of LDL, which is considered an emerging risk factor for cardiovascular disease in
NAFLD. PPARα could also protect against obesity. In ob/ob obese mice, the absence of
PPARα resulted in increased obesity and led to severe hepatic steatosis [184]. Interestingly,
mice lacking only hepatocyte-PPARα developed steatosis spontaneously but without
obesity in aging [212,214]. Indeed, extrahepatic PPARα activity blunts and compensates
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when hepatic PPARα is disrupted, by elevating FAO and lipase activity in other tissues
to increase and utilize excess lipid, thus maintaining lipid homeostasis [215]. Likewise,
the transcriptome, lipidome, and metabolome results communicated by Régnier et al.
and Batatinha et al. [217,218] demonstrate the significant contribution of extrahepatic
PPARα activity to the metabolic homeostasis response to HFD consumption. By using
double-knockout mice, Ppara-/-/Cyp2a5-/-, Chen et al. [108,206] together indicate that PPARα
interacts with CYP2a5 (cytochrome P450 2A5) an antioxidant enzyme to protect against
steatosis. Fibroblast growth factor 21 (FGF21) acts as a downstream molecule of the PPARα
signaling pathway to regulate the liver lipid metabolism and contribute to the CYP2a5
protective effects on alcoholic fatty liver disease [206]. In an experiment conducted by
Brocker et al. [219], it was observed that treatment with WY-14643, a PPARα agonist, caused
weight loss and severe hepatomegaly in WT and Ppara∆Mac mice but not in PparaHep-/- and
Ppara-/- mice, suggesting that cell proliferation is mediated exclusively by PPARα activation
in hepatocytes in response to WY-14643 agonist treatment.

Pparab is one of the two Ppara paralogs, highly expressed in zebrafish tissues with high
oxidative activity. Li and coworkers generated Pparab-knockout in the zebrafish model [194].
Pparab-null zebrafish demonstrated a lower expression of critical enzymes involved in
FAO, and lower mitochondrial and peroxisomal FAO in the liver and muscle, associated
with lipid accumulation in the liver. Furthermore, PPARab deficiency increases glucose
oxidation, protein synthesis, and reduced amino acid breakdown, while in rodents, the loss
of PPARα increases amino acid breakdown [194].

8.5. Lessons from Ppara-KO in the Heart

PPARα is a crucial regulator of substrate utilization in the heart. Fatty acids are a pri-
mary energy source for the heart, and fatty acid β-oxidation provides almost 70% of cardiac
ATP; the remainder is obtained primarily from glycolysis and lactate oxidation [220]. Thus,
Ppara KO mice, in response to chronic pressure overload, exhibit enhanced cardiac dysfunc-
tion. In contrast, mild PPARα activation in mice showed a positive effect on myocardial
energetic functions, especially during progressive and pressure-overloaded heart fail-
ure, revealing the virtue of PPARα-associated FAO modulation as a promising therapeutic
strategy for heart failure [221]. In addition, Ppara ablation exacerbated myocardial ischemia-
reperfusion injury in Ppara KO mice models subjected to cardiac ischemia-reperfusion,
and interestingly, after the treatment with PEA microparticles (PEA-um®®, 10 mg/Kg),
an endogenous PPARα ligand, only Ppara WT mice showed the cardioprotective effect of
PEA-um®®, but not in Ppara KO mice. Although PEA-um®® had a protective and beneficial
effect on inflammatory disorders associated with ischemic myocardial failure, it also nega-
tively regulates inflammation through PPARα activation by reducing the activation of the
nuclear factor-kB (NF-kB) pathway and production of pro-inflammatory cytokines [222].
Thus, PPARα could augment heart function and cardiac fatty acid oxidation, whereas in the
Ppara KO mouse model, a more severe sepsis phenotype is observed due to deteriorated
cardiac performance and fatty acid oxidation, associated with both a hyperinflammatory
cytokine storm as well as immune paralysis [223]. Furthermore, during sepsis, WT hearts
showed a decrease in PPARα and other FAO genes’ mRNA expression, and this reduction
was more dramatic in Ppara-null mouse hearts [223]. Taken together, PPARα expression
increased fatty acid oxidation and subsequently supported the hyperdynamic cardiac
response early during sepsis or pressure-overloaded heart failure, which may prevent
morbidity and mortality.

9. PPARα and Micronutrients

As reported above, PPARα is activated by different ligands of both natural and syn-
thetic origins, involved in several signaling and metabolic pathways. Some natural ligands
are issued from the lipid metabolism, such as PUFAs and their derivatives. Interestingly, mi-
cronutrients, such as minerals, vitamins, phytophenols, and phytosterols are non-energetic
compounds with essential signaling activity. Of particular interest, polyphenols, oil prod-
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ucts, and some terpenoids and alkaloids impact cell functions through the modulation of
PPARα activity.

10. Effect of Polyphenols, Known as Antioxidants and Anti-Aging Compounds
10.1. Resveratrol

Resveratrol, or 3,4′,5-trihydroxystilbene, is a natural polyphenol present in large
amounts in Japanese knotweed (Polygonum cuspidatum) root. This phytoalexin is produced
by a wide variety of plants, some of which are edible for humans, such as grapes, blackber-
ries, blackcurrants, blueberries, and cranberries, to name but a few [224]. However, in the
last two decades, the effect of resveratrol on animal models related to several disorders,
such as autism spectrum disorder, mitochondrial myopathies, type 2 diabetic nephropathy,
or renal lipotoxicity has been increasingly reported.

The effect of resveratrol in the presence of quercetin has been studied on PPARα-
mediating uncoupling protein regulation in visceral white adipose tissue from metabolic
syndrome rats. Resveratrol treatment leads to a significantly increased expression of both
Ppara mRNA and protein levels [225]. Remarkably, resveratrol prevents renal lipotoxicity
in a high-fat diet-treated mouse model by regulating the PPARα pathway, enhancing the
expression of lipolytic genes, and raising the renal PPARα protein level and AMPK phos-
phorylation level [226]. Due to known dyslipidemia in autism spectrum disorders, PPARs
have been proposed as therapeutic targets of resveratrol. Furthermore, in autism, im-
paired mitochondrial fatty acid oxidation suggests the potential implications for regulating
mitochondrial oxidation flux by PPAR activators, especially resveratrol [227].

Numerous natural ligands, including polyphenolic compounds, control the expres-
sion of PPAR receptors [228]. They have several health-promoting properties, including
antioxidant, anti-inflammatory, and antineoplastic activities. Resveratrol is an active bio-
logical modulator of several signaling proteins, including PPARα. Resveratrol activates
the AMPK-SIRT1-PGC-1α axis and PPARα via the adiponectin receptors in the renal
cortex [187]. Adiponectin has multiple functions, including insulin sensitization and
lipid metabolism regulation. Similarly, in mitochondrial myopathy, resveratrol has been
shown to potentially target many mitochondrial metabolic pathways comprising fatty acid
β-oxidation and oxidative phosphorylation, leading to the up-regulation of the energy
supply via AMPkinase-SIRT1-PGC-1α signaling pathways [229].

10.2. Quercetin

Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one) is a flavonoid
polyphenol found in plants and a variety of other natural sources—red grape, onion, broccoli,
tomatoes and lettuce [224]. PPARα is significantly upregulated and enhances β-oxidation by
mulberry-leaf powder containing quercetin [230]. Quercetin-3-O-β-D-glucuronide (Q3GA)
ameliorates dyslipidemia in fatty livers by modulating the PPARα/sterol regulatory element-
binding protein-1c (SREBP-1c) signaling. Q3GA reduced lipogenesis through downregula-
tion of SREBP-1c and fatty acid synthase levels, and raised lipolysis and fatty acid oxidation
by increasing the expression of PPARα, carnitine palmitoyl-transferase1 and medium-chain
acyl-coenzyme A dehydrogenase, both in vivo and in vitro [231].

10.3. EGCG (Epigallocatechin-3-Gallate)

Epigallocatechin-3-gallate (EGCG) is catechin conjugated with gallic acid. It belongs
to the flavonol class and is found abundantly in green tea [232] and cocoa, which have the
highest content of catechins, followed by prune juice, broad bean pods, and argan oil [224].

EGCG and green tea polyphenol extract display crosstalk with PPARα. Reported
studies in cancer cells revealed that EGCG induced the expression level of PPARα protein
in a dose-dependent manner. Clofibrate, a PPARα agonist, blocks heme oxygenase-1 (HO-1)
induction and sensitizes cancer cells to EGCG-promoted cell death. Moreover, PPARα
interacts with the PPRE of the HO-1 promoter. The activation of PPARα sensitizes cancer
cells to epigallocatechin-3-gallate (EGCG) treatment by suppressing HO-1 expression [233].
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In rats, green tea polyphenols reduce the renal oxidative stress induced by a high-fat diet
through deacetylation of SIRT3 mediated by PPARα upregulation [234].

10.4. Curcumin

Curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-3,5-dione) belongs
to a chemical class of polyphenols that is extracted from the rhizomes of the turmeric plant
(Curcuma longa) [224]. Tetrahydro-curcumin improves oleic acid-induced hepatic steatosis
and ameliorates insulin resistance in HepG2 cells, likely through downregulation of the
expression of the lipogenic proteins, SREBP-1c and PPARγ, and the stimulation of lipolysis
by upregulating PPARα and CPT-1a, which are involved in fatty acid β-oxidation [235].

10.5. Anthocyanins

Among berries, blueberries contain higher amounts of anthocyanins. These polyphe-
nols are known to exhibit hypolipidemic properties. Rimando et al. reported that both
anthocyanins and catechins do not activate PPARα, while pterostilbene revealed the dose-
dependent activation of PPARα in H4IIEC3 hepatocytes [236]. In addition, pterostilbene
showed a significant increase in Ppara gene expression, but at a lower extent than fenofi-
brate [236]. Although pterostilbene and resveratrol, as PPARα activators, are under the
threshold for effective concentrations in blueberry extract, hepatic mRNA Ppara expression
has increased in hamsters fed on a diet containing blueberry extract [236].

10.6. Coffee

Coffee consumption has been shown to upregulate mouse hepatic PPARα expression
and its target-gene Acox1, consequently leading to the induction of liver peroxisomal
fatty acid β-oxidation. Such FAO induction, with induced intestinal cholesterol efflux
and reduced lipid digestion, prevents the high-fat diet-induced fatty liver through the
lipid-sensing modulation of the gut–liver axis [237].

10.7. Edible Oil Products

The effect of polyphenols has been investigated in a rat model of bowel disease by
3 months diet supplementation with extra-virgin olive oil with a high or low phenolic
content [238]. The presence of polyphenols in olive oil significantly attenuates the intestinal
inflammation associated with hypocholesterolemia and the induction of PPAR-α gene
expression in the liver [238]. In a model of insulin resistance of rats fed a high-fat diet, the
administration of the major metabolite of oleuropein, hydroxytyrosol, increases the hepatic
mRNA levels of Ppara and its target genes, i.e., fibroblast growth factor 21 and carnitine
palmitoyltransferase 1a [239]. Similarly, mice receiving a high-fat diet develop hepatic
steatosis and inflammation, which were attenuated by hydroxytyrosol supplementation
through PPARα activation, Nrf2 (nuclear factor, erythroid 2 like 2) mediated-antioxidative
pathway, and by the downregulation of NF-κB-associated inflammation [240]. Used as
food supplementation, argan oil or olive oil was shown to restore the expression of genes
involved in liver mitochondrial and peroxisomal fatty acid β-oxidation and gluconeoge-
nesis in the mice sepsis model when injected with lipopolysaccharides. This preventive
effect of argan oil likely involves the hepatic upregulation of PPARα, PGC-1α, and the
estrogen-related receptor α [241].

Likewise, ginsenoside Rb3 micronutrients, derived from ginseng, or nuciferine, found
in Nelumbo nucifera leaves, was shown to activate the PPARα pathway by regulating energy
metabolism in cardiomyocytes [242], or hepatic steatosis diabetic streptozocin-induced
mice fed a high-fat diet [243], while bilobetin, a biflavonoid, modulates PPARα activity by
PKA-dependent phosphorylation. Finally, berberine, an alkaloid, binds PPARα LBD with a
hypolipidemic effect and a comparable affinity to fenofibrate [244].
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11. Conclusions and Future Directions

In all these tested situations, irrespective of the tissue, animal, or pathological condi-
tion, micronutrients appear to have an advantageous effect on Ppara expression and activity.
Furthermore, almost all these compounds are potent antioxidants and can activate signal-
ing pathways via PGC1-α and AMP kinase. Numerous natural products might modulate
PPARα, including terpenes, polyketides, phenylpropanoids, polyphenols, and alkaloids;
for instance, the linalool effect is ten times less compared to fenofibrate [88], demonstrating
the potential beneficial effects of dietary micro-components to modulate PPARα functions
desirably in a population with an ever-increasing high-fat diet consumption. The question
is the dietary relevance of these effects, since most of the data were obtained from in vitro
studies, and secondly, these micronutrients are often present at very low doses in the diet,
except for some polyphenols.

Despite tremendous signs of progress on the critical role of PPARα-dependent regula-
tion in lipid metabolism, the characterization of peroxisomal enzymes and transporters,
there are still gaps that need to be filled to fully define the exact role and regulation
of PPARα and peroxisomal fatty acid β-oxidation in the cellular homeostasis of lipid
metabolism. Particular attention needs to be focused on:

1. The shuttling of substrates and cofactors from and into peroxisome.
2. What is the exact role of peroxisomalβ-oxidation in lipid metabolism and cell signaling?
3. How can peroxisome be a mediator and responder of metabolic and environmen-

tal stresses?
4. What are the molecular events that are required at the metabolic level?

(a) Does heterodimerization of PPAR/RXR control the regulation? Is it controlled
by coregulators?

(b) What is the nature of ligands?
(c) What is the nature of micronutrients? Are they natural agonists or antagonists

or their balance?
(d) Is PPARα the only nuclear receptor governing peroxisomal β-oxidation-

related genes?
(e) How do coregulators play in concert to fine-tune metabolically peroxisomal

β-oxidation pathway?

All these as yet unanswered questions deserve our complete focus in the near future.
There is an increasing demand from health institutions and pharmaceutical industries

for efficient drugs. PPARα binding pocket-ligand interactions are being increasingly
recognized as a source for therapeutic interventions. Bio structural analysis based on X-ray
crystallography and ligand structure pharmacophore modeling approaches afford new
biophysical and structural parameters that are important in designing and developing novel
potent and highly PPARα-specific ligands to preserve human health and safety. However,
the overall goal of increasing the peroxisomal fatty acid oxidation and β-oxidation safely,
without increasing the lipid peroxidation and free radical-based risk of non-genotoxic
carcinogenesis in the high-fat Western diet-fed population, is a challenge that is still
unmet and requires continuous exploration of avenues to activate PPARα dependent
pathways safely.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are the nuclear receptors that could
mediate the nutrient-dependent transcriptional activation and regulate metabolic networks through
energy homeostasis. However, these receptors cannot work properly under metabolic stress. PPARs
and their subtypes can be modulated by nutrigenomic interventions, particularly under stress
conditions to restore cellular homeostasis. Many nutrients such as polyunsaturated fatty acids,
vitamins, dietary amino acids and phytochemicals have shown their ability for potential activation
or inhibition of PPARs. Thus, through different mechanisms, all these nutrients can modulate PPARs
and are ultimately helpful to prevent various metabolic disorders, particularly in transition dairy
cows. This review aims to provide insights into the crucial role of PPARs in energy metabolism and
their potential modulation through nutrigenomic interventions to improve energy homeostasis in
dairy animals.

Keywords: nuclear receptors; PPARs; nutrigenomics; energy homeostasis; dairy animals

1. Introduction

Dairy animals provide milk and dairy products, which are considered some of the
most important sources of nutrients for the human diet globally. Dairy production is the
key element of sustainable agriculture in the tropics and subtropics. The rapidly increasing
human population urges for consolidated efforts to ensure the abundant future availability
of milk and dairy products. Therefore, problems and challenges associated with milk
production and dairy animal health should be addressed to enhance the production of
animals. Dairy animals experience diverse types of stress at different production stages
in which the transition period is one of the most stressful stages in the life of dairy cattle.
During the transition period and other stressful stages, the metabolic health of the animal
is compromised, resulting in enhanced production of non-esterified fatty acids (NEFA) and
ketone bodies (kb). Other major conditions associated with these stress conditions include
insulin resistance, low blood sugar levels and inflammation [1], which lead to toxicity, fatty
liver, ketosis and other metabolic syndromes, ultimately reducing the performance of dairy
animals [2].

Nuclear receptors are known to regulate physiological events of metabolism and
control the homeostasis of glucose and lipid metabolism. They are also implicated in
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mediating the long-term effects of early environmental and nutritional experiences on
the onset of chronic metabolic disorders in humans and animals [3]. Nuclear receptors
belong to a family of ligand-regulated transcription factors that are activated by steroid
hormones, such as progesterone, estrogen, and different other lipid-soluble signals such as
oxysterols, thyroid hormone, and retinoic acid [4]. In contrast to other messengers, ligands
are one of the intercellular messengers that can cross the plasma membrane barrier and
directly interact with nuclear receptors instead of interacting with cells surface receptors.
These nuclear receptors, once activated, can directly regulate the transcription of respective
genes and control many biological processes, including the reproduction, development,
proliferation of cells, and metabolism. Despite the fact that the nuclear receptors primarily
work as transcription factors, but some have additionally been found to regulate the
function of cells inside the cytoplasm [5]. More than 50 nuclear receptors are being reported
in human genomes [4,6]. Ligands for these have been discovered, except for a few “orphan
receptors” [7]. Major nuclear receptors with more comprehensive experimental data and
their ligands are summarized in Table 1.

Table 1. Nuclear receptors along with their ligands [8].

Receptor Name Abbreviation Ligand

Progesterone receptor PR Progesterone
Estrogen receptor ER Estrogen
Liver X receptor LXR Oxysterols

Vitamin D3 receptor VDR Vitamin D3
Androgen receptor AR Testosterone

Glucocorticoid receptor GR Cortisol
Thyroid hormone receptor TR Thyroid hormone

Retinoic acid-related receptor RXR Rexinoids
Mineralocorticoid receptor MR Aldosterone

Peroxisome proliferator activated receptor g PPARγ Fatty acid Metabolites
Retinoid orphan receptor ROR ?
Estrogen-related receptor ERR ?

All of the nuclear receptors have a common structure comprised of the highly variable
amino-terminal domain that incorporates a few particular regions of transactivation (the
A/B domain, also referred to as AF1 for activation function 1), a central conserved DNA-
binding domain that contains two Zn fingers (the C domain), a short region responsible for
nuclear localization (the D domain), and a large fairly well-conserved carboxy-terminal
ligand-binding domain (the E domain, or LBD) that contributes to interactions of the subset
of nuclear receptors that form heterodimers [4]. Further, a highly variable carboxy-terminal
tail (the F domain) that in most cases has unknown functions is also present, as shown in
Figure 1.

Figure 1. General basic association of atomic receptors [9]. Letters from A to F represented the domains of nuclear receptors
from N-end to C-end.

Research studies on metabolic syndromes have identified a close connection between
metabolic abnormalities and nuclear receptors, including PPARs, farnesoid X receptors
(FXRs), liver X receptors (LXRs) and glucocorticoid receptors (GRs) [3]. PPARs are widely
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studied nuclear receptors that are known to regulate and control metabolic changes both
in humans and animals. Essentially, PPARs were first identified as novel members of
the nuclear receptors from Xenopus frogs [10] and exhibited to induce the multiplication
of peroxisomes in the cells. The PPARα was the first member of these receptors that
was identified in mammals during the analysis of molecular targets for liver peroxisome
proliferators [11]. The characterization of the PPARA (encoding PPARα) gene in adult
mice revealed that PPARα found in humans and dairy animals is abundantly expressed
in the liver, heart and kidney. After the discovery of PPARα, the other isotypes were
also discovered, including PPARγ and PPARβ/δ [10]. The PPARs form heterodimers and
function with the retinoid-X-receptor (RXR). Once a specific ligand binds to receptor dimer,
it induces the covalent modification in the structure of PPARs, which activates these nuclear
receptors [12]. The activated dimer PPAR/RXR binds to the PPAR response element, which
is a specific DNA sequence in the promoter region of target genes, leading to the control
of their expression. The PPAR response element is a hexanucleotide (AGGTCA) repeat
separated by only a single nucleotide and varies for each PPAR member. All the members
of PPARs are activated by the specific ligand concentrations (usually in µM range) both in
the case of humans and ruminants [13].

A literature survey showed that information regarding the role of PPARs in lipid
metabolism, the regulation of the expression of different genes and proteins and tissue
distribution is mainly available in humans compared to dairy animals. However, Bionaz
et al. analyzed the relative distribution of PPARs in bovine tissues of dairy cows and bovine
cell lines through gene expression analysis by qPCR [14]. Their findings showed that the
overall relative distribution of PPARs in dairy animals is quite similar to other species.
Later, some studies also showed the relative distribution of PPARs in different organs of
dairy animals, including rumen, adipose tissue, liver, kidney, lungs and mammary tissues.
The biological and metabolic roles of PPARs have shown that they are the major molecules
that regulate energy homeostasis [15], and hence, they are ideal candidates to address
metabolic disorders in dairy animals through nutritional interventions.

2. Nuclear Receptors’ Mode of Action

The potential mode of action of nuclear receptors is a prerequisite to better under-
standing the role of PPARs in energy homeostasis. The nuclear receptors can control
transcriptional events by exerting a positive effect directly or by repressing regulated
promoters. The protein–protein interactions can mediate a repressive effect on other sig-
naling pathways under the regulation of transcription factors such as AP-1, NF-kappa-B,
or C/EBP [9]. Figure 2 describes the involved elements and the processes that elicit the
biological response.

2.1. Transcriptional Activation

Generally, transcription activation includes ligand-dependent conformational modifi-
cations of the chromatin REs-associated nuclear receptors, activating corepressor complex
discharge and the successive deployment of coactivator complexes that alter the chromatin
structure and facilitate the transcription initiation complex’s assembly at the promoter
regions. Numerous NR coactivators have been identified, and the repertoire is unique to a
few cell types, signals, and genes. Therefore, the agonists binding activates the transfer
of corepressors for coactivators critical for the transcription activation process. Moreover,
the ligand-dependent interaction of NR corepressors, such as LCoR and RIP140, through
LXXLL motifs could hinder the transcription process [16,17].
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Figure 2. Nuclear receptors work in two apparent manners. Firstly, through the binding of a ligand, these receptors can
frame, Heterodimers with RXR that outcomes in their connection with a specific positive response element of gene and, in
this manner, can cause transcription of mRNA of genes that are targeted. On the other hand, repressive, negative response
elements (nRE) have likewise been observed to interact with these receptors [9].

2.2. Nuclear Receptor Corepressor Binding

In the absence of ligands, the NRs are found to be associated with the corepressor
complexes. These complexes consist of a subunit (SMRT/NcoR2 or NCoR1) that interacts
directly with the receptor by means of the LXXLL motif that has a consensus sequence
(L/I-X-X-I/V-I or LXXXI/LXXXI/L) also referred to as the CoRNR [18,19]. This CoRNR
box motif interacts, as the coactivator LXXLL motif, with amino acids from the LBD
hydrophobic groove. Part of the CoR binding interface is obscured as the remodeling
of the binding of agonist and helix 12 positioning takes place. The availability of CoR
binding interfaces as well as new CoRNR boxes indicates the use of alternate methods for
the interaction of NR–corepressor [20–22]. The corepressor complexes are also developed
around the NCoR or SMRT subunits that have a conserved repression domain and act
as a vital point for core repressive machinery (such as GPS2, HDAC3, TBL1/TBLR1B) to
assemble. Under certain situations, ligand-binding is adequate to prevent the recruitment
of corepressors, such as RXR and TR, but in these cases, the active corepressor complex
needs to be eliminated.

2.3. Nuclear Receptor Coactivator Binding

The identification of SRC-1/NCoA1 as a coactivator of the progesterone receptor [23]
led to the discovery of more than 350 coactivators up to now. This tremendous volume
of polypeptides had their involvement in different enzymatic processes related to the
chromatin remodeling, histone modulation, transcription initiation and elongation, mRNA
splicing and elongation and nuclear receptor complexes’ proteasomal termination [24].
These coactivators are further categorized into two subfamilies. The members of the first
subfamily of coactivators are involved in the direct interaction with NR AF-1 and 2 regions
such as SRC coactivators, CBP and p300. The members of second subfamily coactivators
can interact with primary coactivators such as CoCoA, CARM1 and Fli-I. The primary and
secondary activators work in a coordinated manner to regulate the promoters [25].
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p160 and p300 Families

Coactivators such as P160, p300 and cAMP-response element-binding protein (CBP)
belongs to the p160 family such as NCoA1/SRC-1 and NCoA2/TIF2, commonly referred
as SCRP1 or GRIP1, and possess binding affinity with the LBD of NR by means of an
Alpha-Helical LXXLL motif [26]. The p160 family coactivators include NCOA 1/SRC-1,
NCOA 2/TIF2 (SRC-2 or GRIP1) and NCoA3/RAC3, also known as SRC-3, ACTR, PCIP
or TRAM-1. The p300 and CBP coactivators have a histone acetylase transferase (HAT)
function, which plays a crucial role in NR-mediated transcriptional regulation [27]. The
acetylation of histone H4 N-terminal tail inhibits the interactions of the histone H4 N-
terminal with the histone H2A/H2B dimer and disrupts chromatin compaction [28]. Thus,
the chromatin is then decondensed causing the initiation complex at the promoter site to
be attached.

2.4. Transcriptional Repression
2.4.1. Transcriptional Repression by Unliganded Receptors

In the absence of a ligand, some nuclear receptors can effectively downregulate the
transcription. Thus, corepressor complexes recruiting is linked to this process. The most
widely studied complex is the nuclear receptor corepressor (NCoR) that acts as a silencing
mediator of thyroid and retinoid receptors (SMRT), G-protein pathway suppressor 2 (GPS2),
histone deacetylase 3 (HDAC3), TBL-1-like related protein (TBLR1) and transducin-α-like
1 (TBL1). A well-characterized function of HDACs in transcriptional repression is to
create a condensed, transcriptional inactive chromatin structure by the N-terminal lysine
of histone proteins deacetylation. The SMRT and NCoR have been reported to possess a
deacetylase-activating domain which can activate the enzymatic activity of HDAC3 [29].

Moreover, some other corepressor complexes, such as the SWI/SNF complex, CoRest
and PRC1 and 2 complexes, have been further identified. Similarly, the NCoR/SMRT
complex can bind with multiprotein elements of the promoter’s site, resulting in covalent
histone and DNA changes, accompanied by chromatin contraction and/or DNA masking.
The dissociation of the corepressor complex from the DNA-bound receptor is a key step in
NR-mediated transcription activation. In vitro experiments along with the data from the
crystal structures have shown that agonist-induced conformational changes are adequate
for SMRT or NCoR alienation. However, dynamic models of de-repression involving
post-translational modifications of corepressor complex subunits leading either to their
nuclear exclusion and/or degradation have been described [30].

2.4.2. Direct Trans-Repression by Ligand Activated Receptors

The negative transcription regulation of certain genes can be repressed by ligand-
bounded NRs. The mechanistic role of these ligand-bounded NRs has already been
described in-depth for the GRs and TRs. These NRs have been suggested to recognize,
bind and downregulate particular target genes. Studies have shown that the response
elements which negatively regulate the glucocorticoid or rnGREs and thyroid elements
or nTREs differ from those of response elements that positively control the activation of
transcription process [31,32]. The negative response elements for GR and TR possess the
overlapping binding sites that control the response elements transcriptional cis-effect for
transcriptional factors such as Oct-1/Pbx, AP-1 and SP1 [33–35]. This indicates that the
negative glucocorticoid reaction elements associated with other transcription factors can
exert such an action. A recent study has identified a new class of negative glucocorticoid
REs, which are arranged as 1 bp spacers inverted repeats and facilitate the glucocorticoids
to promote the recruitment of GR–corepressor complexes [36]. For T3-mediated repression
of transcription, a similar type of mechanistic principle does not exist. The SMRT core-
pressor insertion in nTRE enhances the histone deacetylation that has also been reported
for the αTSH gene. The SMRT dissociation is associated with histone acetylation and
gene suppression after treatment with an agonist [32,37]. Additionally, functional studies
have revealed the involvement of SRC-1 in liganded TR transcriptional repression [38,39].
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The mechanism involved in the reversal of the transcriptional function is not clear yet,
but it can be regulated by means of post-translation changes, including acetylation or
SUMOylation of promoter-associated histones, phosphorylation and/coregulatory pro-
teins [24,40]. Therefore, direct repression could happen through distinct receptors and
context-dependent pathways. These findings also indicated the versatility of coregulator
complexes that either positively or negatively impact the products of the transcription
following the stimulation by NR agonists.

2.4.3. Tethered Transrepression by Liganded Receptors

The process called the tethered transrepression contains negative crosstalks of ligand-
activated nuclear receptors with other signal-dependent transcription factors, including
NF-kappa-B and AP-1. Inflammation in different cells of the central nervous system, the
immune system and in the liver, etc., is modulated by this process and also interferes with
cell proliferation in many tissues. Various putative mechanisms have also been proposed to
explain such repression: (i) the inhibition of PIC assembly on NF-kappa- or AP-1-regulated
promoters; (ii) the inhibition of RNA polymerase II change to elongation-competent form;
(iii) the upregulation of NK-kappa-B inhibitors [41]; (v) the coactivators exclusion by
competitive inhibition [42,43]; (vi) direct physical interaction with AP-1 or NF-kappa-B
subunits (p65 commonly) [43], but this mechanism is even more complicated and intricate
with several other factors in the cell [44].

Moreover, after being partly affected by PPARγ, GR and LXR agonists, for each
receptor, the inhibition was about one-third or half of the gene induced by TLR-3, 4 or
9 active macrophages inflammatory elements. Interestingly, each receptor was partly
overlapping with inhibited clusters of genes [45].

The NR structural features unique to transrepression are not well described yet.
Research using comprehensive mutagenesis of T3R, RAR, PPARµ, GR and ER has not pro-
vided a simple, harmonized model for tethered transrepression [46,47]. Thus, it is evident
that the coactivators recruitment through the Domain AF-2, as well as direct DNA connec-
tions, is not necessary for this process. Furthermore, it also became apparent that homo-
or heterodimerization was not obligatory [47,48]. The unavailability of defined molecular
structures for transrepression is the major hindrance in devising screening methods for
the detection of dissociated ligands that preferentially induce tethered transrepression in
inflammatory diseases.

3. Role of PPARs and Coregulators in Energy Homeostasis

Energy is an absolute necessity to provide subsistence to all the living beings and is
usually derived from the metabolism of ingested nutrients. Primarily, in human beings,
glucose and long-chain fatty acids derived from food are utilized to produce energy. The
cellular requirement for energy is satisfied through the oxidation reactions occurring in
mitochondria to metabolize nutrients. Both in normal as well as in induced cells, the
transcriptional regulation network controls the demand and supply of diverse cellular
physiological states in both normal and induced cells such as during fasting or exercise.
PPARs are classified as a part of the superfamily of nuclear receptors within this transcrip-
tional network and control the nutrient-dependent transcription [49–51]. PPARs function
as fatty acid sensors in order to control various metabolic processes, and different biolog-
ical activities such as inflammation, adipogenesis, insulin sensitivity, lipid metabolism,
reproduction as well as cell growth and differentiation. PPARs control these functions
through the activation of target genes via the attachment of endogenous ligands to the
receptors’ ligand-binding domain. This binding leads to conformational change, which
further enables PPARs to heterodimerize the retinoid X receptor and facilitate the attach-
ment and dissociation of transcription-related important small accessory molecules. This
heterodimerized complex formed at the PPAR response elements (PPREs) then transac-
tivates target mitochondrial and peroxisome-related genes. This event cascade controls
a protein network concerned with systemic energy homeostasis [51–53]. All the isotypes

102



Int. J. Mol. Sci. 2021, 22, 12463

of PPARs have an indispensable role in lipid and fatty acid metabolism through direct
binding or the modulation of the target genes related to fat metabolism [49]. Though all
these PPAR isoforms share similar mode of action and function, distinct biological and phar-
macological differences exist among them. The PPARβ/δ and PPARα have a metabolic
role in the promotion of energy dissipation, but PPARγ stimulates the energy storage.
PPARβ/δ improves fatty acids oxidation in different body tissues and also normalizes
plasma lipid content. PPARβ/δ and PPARγ boost insulin sensitivity, while PPARα do not.
PPARβ/δ-mediated glucose regulation is different from that of PPARγ; however, PPARβ/δ
and PPARγ both are implicated in fiber distribution in the skeletal muscle, metabolism of
glucose in the liver and controlling pancreatic islet cells function [53]. In lipid catabolism,
the PPARα enhances the fatty acid oxidation during situations such as fasting, while PPARγ
acts on the adipose tissue during the anabolic process to improve lipogenesis [54,55]. Thus,
understanding the role of PPARs in energy homeostasis is important to further investigate
the PPARs’ role in producing energy in different body parts.

3.1. The ATP-Dependent Remodeling Complex SWI/SNF

In yeast, the SWI/SNF complex is an evolutionarily conserved multi-subunit complex,
which uses the energy of ATP hydrolysis to mobilize nucleosomes and remodel chromatin
and thereby regulate the transcription of target genes. In ATP-dependent chromatin
restructuring [56], the evolutionary conserved SWI/SNF families play a significant role in
catalyzing the DNA histone disruption and the nucleosome sliding around the DNA [57].
A multimeric agent of 1.2 MDa is the human homolog BAF complex of BRG1/hBRM, BAF
Polypeptides (BAF45a/b/c/d, BAF47, BAF53a/b, BAF57, BAF155/170, BAF60, BAF250a,
BAF200, Brd7 and Brd9) and actin. A number of these subunits have LXXLL motifs which
have not only been identified in the form of ER, RR [58], RAR [59], FXR [60] and GR [61]
coactivators but also as SHP corepressors [62], which also incorporated with corepressor
complexes in order to combine SWI/SNF components [63]. Intriguingly, in the mouse liver,
the BAF 60a subunit showed a circadian expression, which regulates the expression of
clock and metabolic genes by acting as a coregulator of RORα [64].

3.2. The Mediator Complexes

The mediator complex was initially identified in yeast, such as the SWI/SNF complex,
and consequently characterized in many other eukaryotic cells. Many studies have identi-
fied its role as a catalyst for the transcription pre-initiation complex, abbreviated as PIC,
assembly of activated promoters. The mediator plays a major role in RNA II-controlled
transcription mechanism by direct association with RNA polymerase II, such as TFIID
and TFIIH, and elongation factors [65]. Different studies have reported the function of
the mediator in NR and made it clear that complexes linked to mediators are specifically
associated with NRs. The mediator consisted of four structural modules and had more
than 20 subunits, among which LXXLL motifs [66] were developed from the Med1 subunit.
The hepatic steatosis Med1 KO causes PPARα-dependent steatosis [67], in line with the
coactivator functions of the liver [68] and PPARα [69].

3.3. PPARs Signaling in Different Body Parts

The liver is the prime body organ involved in energy metabolism to fulfill the body’s
energy requirements, and PPARα receptors are also distributed in the liver, which controls
the uptake and breakdown of fatty acids through ketogenesis and β-oxidation in fasting
conditions [70,71]. It has also been described that PPARα knockout in mice causes the
suppression of fatty acids uptake and oxidation and the impairment of ketogenesis as well
as gluconeogenesis. Furthermore, the function related evidence for PPARβ/δ were also
reported as the PPARβ/δ knockout decreases the expression of genes involved in glucose
and lipogenesis, while PPARβ/δ overexpression controls genes that are responsible for
energy metabolism [49]. In the liver, PPARα is indispensable for glucose homeostasis. The
mice deficient in PPARα showed a substantial blood glucose level reduction following
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24 h of fasting. The upregulated expression of TRB3 (a positive controller of the cellular
reaction to the levels of insulin and Akt/protein kinase B blocker) directly regulates the
PPARα transcription that negatively influences insulin signaling [72]. Moreover, PPARα
also enhances the production of acetyl-CoA enzyme and fatty acids oxidation through
upregulating Acyl-CoA dehydrogenase expression in mitochondria. PPARα controls de
novo lipogenesis in the case of positive energy balance to provide fatty acids, deposited in
the form of triglycerides, which can also be employed during starvation [73].

Brown adipose tissue (BAT) acts as a caloric storage site, and white adipose tissue
(WAT) as lipid storage also holds importance in energy homeostasis. These tissues are
involved in endocrinal functions, which also release different types of hormones, includ-
ing adipokines and cytokines, which subsequently initiate systemic energy metabolism
signaling. Through feedback mechanisms, these tissues control energy homeostasis by re-
ceiving signals from the metabolic active sites in peripheral tissues and the central nervous
system [74–76]. Substantially, PPARγ is expressed in these tissues and plays a lead role in
the gene activation required for the uptake and deposition of fatty acids as well as the dif-
ferentiation of adipose tissue [77]. Non-adipogenic cells are differentiated into adipocytes
through the ectopic expression of PPARγ [78]. The PPARγ knockout in embryonic fibrob-
lasts completely disrupts the differentiation process [79]. In vivo studies have revealed the
importance of PPARγ for adipocytes production and survival in animals as negative muta-
tions (heterozygous and dominant) in the PPARγ in humans cause lipodystrophy [15,80].
In BAT, PPARα controls the expression of mitochondrial uncoupling protein 1 (UCP1) and
PGC1α, but the obliteration of PPARα decreases the protein expression upon exposure to
normal and cold conditions while the fatty acids’ metabolism is not affected. The enhanced
energy metabolism has also been observed in response to the enhanced expression of the
FAO gene induced by the activation of PPARα in human and murine adipocytes [49]. Liu
et al. reported PPARγ as a positive regulator of milk fat synthesis in dairy cow mammary
epithelial cells through improving cell viability, proliferation ability and triacylglycerol
secretion [81]. It was also reported that acetic acid and palmitic acid could regulate milk
fat synthesis in dairy cow mammary epithelial cells through PPARγ signaling. Shi et al.
have cloned the PPARγ gene in the dairy goat mammary gland and explored its function
in vitro [82]. It was reported that PPARγ in the goat mammary gland directly controls the
synthesis of milk fat through the activation of the transcription regulators, such as sterol
regulatory element-binding transcription factor-1 [82,83].

Skeletal body muscles are the significant sites for glucose usage mediated through in-
sulin, lipids metabolism, glycogen storage and oxidation of fatty acid as well as regulation
of HDL and cholesterol levels. PPARβ/δ expression is dominant in the skeletal muscles
and controls the translation of genes associated with energy metabolism [71,84–86]. More-
over, it also regulates the activity of genes related to triglyceride hydrolysis, lipids uptake,
fatty acids oxidation, and uncoupling proteins activation to liberate the energy required by
OXPHOS. The protein CPT1 is also programmed to regulate the oxidation of the long-chain
fatty acids. PPARβ/T activates the metabolic adaptability of the transcription factor FOXO1
and the pyruvate dehydrogenases kinase 4 (PDK4), which inhibits the complex of pyruvate
dehydrogenase. This makes CPT1 a rate-limiting factor for the oxidation of carbohydrates
in the muscles. Moreover, PDK4 also controls the regulation of several genes that are
involved in lipid efflux, energy usage and increases β-oxidation of fatty acids [84,85]. Fur-
thermore, in PPARβ/δ transgenic mice, metabolism of glucose was greatly amplified [84]
as PPARβ could initiate the transcription of lactate dehydrogenase B (LDHB) to regulate
the muscle fatty acid metabolism required for glucose oxidation [87]. On the other hand,
PPARγ coactivator-1α or PGC-1α, which is a mitochondrial biogenesis regulator, controls
the energy metabolism in skeletal muscle through catabolic reactions to produce aerobic
ATP. The PPARβ/δ stimulates the expression of PGC-1α to control the skeletal muscles’
metabolic activity by enhancing the synthesis of mitochondrial proteins [88–90].

The PPARα and PPARβ/δ are predominantly expressed in the intestines [91,92], and
the triglycerides’ metabolism in the intestine is crucial for systemic energy homeostasis. Di-
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etary triglycerides are hydrolyzed into free fatty acids in the intestinal lumen and then taken
up by epithelial cells of the intestine to the endoplasmic reticulum and again converted
into triglycerides [92]. Studies in animals have shown a relationship between energy uti-
lization, intestinal colonization and weight gain that controls the angiopoietin-like protein
4 (ANGPTL4) expression in the intestinal epithelium. ANGPTL4 is a secreted protein that
regulates lipid and glucose homeostasis, and its deletion leads to changes in metabolism,
reduced oils absorption in the intestine and intestinal mucosa thickening. PPARγ is re-
ported to be involved in the regulation of the fatty acid metabolism via β-oxidation. PPARγ
controls ANGPTL4 expression, and short-chain fatty acids stimulate PPARγ and are the
major energy resources for colonocytes [93]. Wy-14643 is a PPARα agonist that stimulates
the production of the enzymes implicated in fatty acid oxidation and ketogenesis, such
as mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase and CPT1A in the small in-
testine [94]. PPARα also controls different phase I enzymes and transporters (related to
oxidation) as well as uptake of fatty acids. PPARα is activated through the nutritional
route and regulates fatty acid oxidation, cholesterol and glucose transporters [95]. PPARα
is crucially involved in the regulation of the phage I/II metabolism and also controls the
expression of transporter genes in the small intestine [96]. A synthetic agonist (K-877) of
PPARα has been shown to control the intestinal fatty acid oxidation and mRNA expression
of apo-lipoprotein while reducing plasma levels of triglycerides. The downregulation of
Npc1l1 and upregulated expression of Abca1 has been observed in response to treatment
with K-877. Npc1l1 is a rate-restricting transporter for absorption of cholesterol in the
murine small intestine, while Abca1 is a vital molecule that participates in the production
of HDL-C in the small intestine [97].

3.4. Energy Homeostasis through Co-Regulators of PPARs

The energy homeostasis could be controlled through feedback mechanisms involving
various types of extraordinarily interconnected pathways. About 320 coregulators and
38 co-modulators for PPARs have been reported in the Nuclear Receptor Signaling Atlas.
The direct interaction of PPARs and the crosstalk of PPARs with other pathways contribute
to systemic energy homeostasis [98].

Balanced mitochondrial energy production is being regulated through the coordinated
effect of coactivators and corepressors where PGC-1α and PPARγ act as co-modulators for
the initiation of mitochondrial aerobic metabolism. However, the effect of PGC1α on mito-
chondria is antagonized via nuclear corepressor 1 (NCOR1). The knocking out of NCOR1
has been shown to imitate the overexpression of PGC-1α phenotypically, which is involved
in the transcriptional output of ERR and PPARs. Nuclear receptor interacting protein 1
(NRIP1) interacts with both PPARs and ERR and decreases the target gene expression levels
that participate in the consumption of energy. In previous studies, the mice with the dele-
tion of NIRP were slim and presented enhanced insulin sensitivity and glucose tolerance
and endurance to diet-induced obesity [50,98,99]. Hes6 protein, hepatocyte nuclear factor
α (HNFα) and the PPARs coregulate each other’s expression under different nutritional
conditions and also control the transcription events during the metabolic reactions [80,100].
PPARγ, along with the transcription factor such as CCAAT/enhancer-binding protein α

(C/EBPα), is a crucial regulator in the last phase of adipogenesis. Energy homeostasis
by the mediator complex subunit 1 (MED1) through PPARs plays an essential role in a
liver-specific knockout of MED1 and demonstrated impaired activities of PPARα and
PPARγ in murine models [98].

Since the role of PPARs in different energy homeostasis cascades in various organs
has been established, it can be stated that PPARs could be the target for the treatment
of disorders, such as inflammation, obesity, diabetes, dyslipidemia, neurodegenerative
disorders and cardiac myopathy, when these cascades are disrupted in disease conditions
due to metabolic energy imbalance [15,101].
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4. Nutritional Modulation of PPARs to Modify Gene Expression and Metabolic Networks

Dietary nutrients can modulate the metabolic networks of PPARs as nutrients, and
their products directly control the PPAR activities through acting as natural ligands of
PPARs. Diverse nutrients have been shown to affect the action of PPARs, but PPARs
depict the greatest inclination for mono-unsaturated and poly-unsaturated fatty acids as
demonstrated by different ligand-binding assays [102,103]. It is evident that each type of
PPAR triggers a distinct gene network regardless of their overlapping expressions, which
indicates the exhibition of ligand-specific properties of PPARs [103,104]. Furthermore,
the administration of high-fat diet results in the modulation of PPARα target genes [105].
Comparative nutrigenomic study in mice revealed the influence of several individual
dietary fatty acids on hepatic gene expression. These findings concluded that (1) an
increase in the chain length of fatty acids and the extent of unsaturation enhanced the total
genes that were upregulated and that (2) genes controlled through dietary unsaturated
fatty acids do not change in the PPARα knockout murine model depicting PPARα as end
target, and the expression levels of same genes were increased in the murine model after
the administration with the PPARα activator WY14643 [106].

The modulation of PPAR expression and function through nutrients can be studied by
imposing nutrient deprivation conditions on diverse tissues. The properties of all known
PPARs are influenced in the fasting state; for example, PPARα signaling in the liver has
shown to be upregulated via fasting through increased expression levels of the coactivator
PGC-1α, and thus controls hepatic gluconeogenesis and fatty acid oxidation [107,108].
Furthermore, increased expression levels of PPARδ during fasting are affected by plasma
fatty acids derived from adipose, hence highlighting a distinct task as a plasma fatty acid
sensor in the liver for PPARδ [108].

Several nutrients and their derivatives are being observed for the modulation of
PPARs to modify metabolic networks and gene expression through direct and indirect
mechanisms. Macronutrients such as nucleotides, fatty acids and their metabolites, amino
acids, monosaccharides and micronutrients, such as vitamins, can control the expression
of specific genes directly by interacting with transcription factors in the promoter region
through cis-regulatory elements. However, many nutrients regulate genes indirectly by
modulating the intracellular action/secretion of hormones, such as thyroid hormone,
glucocorticoids, glucagon and insulin, which alters the gene expression and thus improves
metabolic networks. Many dietary nutrients have been shown to modulate the expression
of PPARs in animals (Figure 3), among which some significant factors are described below.

4.1. Poly Unsaturated Fatty Acids (PUFA)

Polyunsaturated fatty acids are categorized as n-3 and n-6 fatty acids and could exert
opposing effects on receptor signaling. Out of these two classes, n-3 fatty acids are shown
to have an agonistic effect, while n-6 fatty acids are reported to be inhibitory [109]. PUFAs
are shown to bind directly to the PPARα and are involved in the activation of transcription,
thus controlling metabolic networks. It has been reported that PUFAs are required in the
µM range to bind with PPARα, and these could be derived from dietary nutrients [110].
Interestingly, n-3 fatty acids are reported to be greater activators of PPARα as compared
to n-6 fatty acids in vivo [111]. Furthermore, many eicosanoids and their derivatives are
shown to activate PPARα with a high affinity than other PUFA precursors [112]. Studies
have represented that acylethanolamines, including oleoylethanolamide (OEA), palmi-
toylethanolamide (PEA) and anandamide (AEA) are also PPARα activators [113]. Moreover,
PPARα activation by oleoylethanolamide (OEA) leads to appetite and lipolysis suppression,
while palmitoylethanolamide (PEA) exerts anti-inflammatory activity when activating the
PPARα [114]. The ligands for PPARα are also known to bind PPARβ/δ, but their activation
is lower than the PPARα. PUFAs also serve as ligands for PPARγ and are involved in the
activation of PPARγ. For example, n-3 fatty acid activates the PPARγ and can result in the
prevention of high-fat-diet-induced inflammation in adipose tissues [115]. Collectively,
PUFAs are the natural ligands for all the subtypes of PPARs, but their subsequent activation
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potential varies. These molecules control the PPARs activity in the body and thus have
a role in regulating metabolic networks. Although various studies have reported their
mechanism of action to activate PPARs, further research is still needed to elucidate the
mechanisms of PPARs activation and their distribution.

Figure 3. The effect of different nutrients on PPAR. Different nutrients regulate PPAR either by its
upregulation or downregulation. The arrow up shows the upregulation of PPAR, while the arrow
down shows the downregulation by respective nutrients.

4.2. Conjugated Linoleic-Acids (CLAs)

CLAs are the fatty acids mainly found in foods obtained from ruminant animals [116]
and are positional (cis- or trans-double bond positioning at 7, 9; 8, 10; 9, 11; 10, 12; or 11,
13) and geometrical isomers of the parent linoleic acid molecule (cis-9, cis-12-18:2, n-6).
Rumenic acid (9Z, 11E-octadecenoic acid, C18:2) is the most abundant natural CLA isomer
(over 75–80%) produced through the biohydrogenation of nutritive LAs by ruminant
microflora. Because of their numerous health benefits, CLAs are currently being used as
nutritional supplements for changing body composition in livestock and humans [117,118],
but the mechanisms of the useful properties of CLAs are yet to be explored. CLA isomers
serve as ligands for PPARγ, PPARβ/δ and PPARα [119,120], showing differential PPAR
activation and health benefits [118,121] (Table 2).

Additionally, a mixture of CLA isomers, i.e., 9Z, 11Z-CLA and 9Z, 11E-CLA, can
notably activate the PPARβ/δ in preadipocytes [122]. Therefore, minor structural changes
in many CLA isomers can be differentiated by important cellular mechanisms to allow
specie and tissue-specific responses [123]. These findings concluded that CLA affects
the production of eicosanoids directly or indirectly, abolishes the NF-κB pathway, im-
provises the activation of PPARγ and decreases proinflammatory cytokines for useful
effects on inflammation, ultimately manipulating metabolic syndrome-related conditions,
including IR, atherosclerosis and obesity [124]. Therefore, CLAs can directly employ anti-
inflammatory properties by modulating the expression of inflammatory mediators through
PPARγ-dependent or NF-κB-dependent pathways.
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4.3. Dietary Amino Acids

Some of the dietary amino acids have shown the potential to modulate the activity of
PPARs, in which glutamine and arginine are the major ones. Glutamine is considered an
essential amino acid in situations of metabolic stress and is found to be a special substrate
of enterocytes. To date, only a single study has reported the impact of glutamine on PPARγ
articulation. Sato et al. examined the impacts of luminal glutamine and arginine on the
activity of PPARγ in gut ischemia-reperfusion of a rat model. Luminal glutamine increased
the expression of PPARγ, while arginine did not show any significant effect on PPARγ.
Furthermore, they also evaluated the effect of a PPARγ antagonist (GW9662) on the action
of glutamine. The pre-treatment with GW9662 revokes the impact of glutamine, revealing
that glutamine may likewise be a PPARγ agonist, thus signifying its role in metabolic
stress [125].

Moreover, the effect of arginine on a gut injury has been investigated, and the supple-
mentation of arginine, which is considered an immune-nutrient, demonstrated a beneficial
effect on LPS-induced gut injuries in a pig model [81]. Additionally, upon treatment with
arginine, there was a decrease in jejunal TNFa, and an increase in the expression of PPARγ
was also observed.

4.4. Vitamins and Minerals
4.4.1. Beta Carotene, Vitamin A, and Its Derivatives

In mammals, beta carotene (BC) is the precursor of apo-carotenoid molecules, i.e., retinoids
(vitamin A and its derivatives) [126]. There is an increasing sign that BC and retinoids
can affect the physiology of adipocytes as signaling molecules by acting on adiposity in
humans [127]. The levels of circulating BC are inversely associated with the risk of human
type-2 diabetes [128–130], while the decreased levels of plasma carotenoids, including BC,
are usually found in obese children [131].

The BC 15,15′-monooxygenase (Bcmo1) is the major contributing enzyme for the
production of retinoid, which converts BC into all-trans-retinal [132]. Its expression is
controlled by PPAR-γ [133,134] induced during the differentiation of adipocyte [135], and
Bcmo1 knockout mice showed an enhanced expression of PPAR-γ genes in fat-deposits
and are very susceptible to fat-induced obesity [132]. Retinaldehyde, the primary product
of BC cleavage, inhibits the activity of PPAR-γ both in mouse models and adipocyte cell
cultures [136]. The role of Bcmo1 is verified in signaling of the RA receptor (RAR) and the
production of Retinoic acid (RA) in adipocytes [135]. Furthermore, BC-derived long-chain
apo-carotenoids, such as β-13-apocarotenone, proved to inhibit the activity of retinoid X
receptor-alpha (RXRα), while β-apo-149-carotenal hinders the adipogenesis and activity of
PPAR-γ in cell culture [137]. BC supplementation can reduce the activity of PPAR-γ and
downregulate its target genes, decreasing the adiposity of mice. Thus, BC can significantly
control the adiposity in mice, and Bcmo1 critically regulates the PPAR-γ, which is the key
element for the connection between PPAR-γ and RAR-signaling pathways that ultimately
control the body adiposity [138].

4.4.2. Vitamin E: Alpha Tocopherols and Tocotrienols

Vitamin E is the fat-soluble vitamin family comprised of 8-lipophilic natural com-
pounds including four tocotrienols with an unsaturated-isoprenoid sidechain designated as
α, β, γ, and δ, and four tocopherols with a saturated phytyl-tail [139,140]. Soybean, cotton-
seed and corn are the commercially produced vegetable oils that have high amounts of most
common dietary tocopherols (α- and γ-tocopherols) [141,142]. Both α- and γ-tocopherol
shown to activate expression of PPAR-γ and transactivation of cancer cells in the colon,
but α-tocopherol modulate PPAR-γ expression better than γ-tocopherol [143,144].

Tocotrienols are non-toxic naturally occurring compounds used as dietary supple-
ments to prevent damage with aging due to dysregulated inflammatory responses. Re-
cently, in vivo anti-inflammatory properties of dietary supplements evaluated in mice and
chickens with two natural proteasome-inhibitors, i.e., δ-tocotrienol and quercetin [145,146],
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revealed decreased levels of nitric oxide [147] and serum tumor necrosis factor-alpha
(TNF-α). Furthermore, the direct effect of tocotrienols on lipidic metabolism, with an
anti-atherogenic effect on rats, humans and mice, has been also reported.

In vitro studies revealed that tocotrienols inhibit the 3-hydroxy-3-methyl-glutaryl-
CoA reductase and consequently decrease cholesterol synthesis. For instance, the body
fats in rats were decreased by the oral administration of a tocotrienol-rich fraction (TRF) of
palm oil containing γ-tocotrienol, while in an in vitro study, the phosphorylation of Akt
in 3T3-L1 preadipocytes and adipocyte differentiation was suppressed by TRF through
the reduced expression of insulin-induced PPAR-γ [148]. Tocotrienol can serve as an anti-
adipogenic vitamin due to nutrient-mediated regulation of body fat, but further research is
required in this regard.

4.4.3. Retinoic Acid and 1,25-Dihydroxy Vitamin D3 (1,25(OH)2D3)

Some of the properties of RA, such as the deposition of fats [149], adipocyte differ-
entiation [150,151] and the expression of adipokines, such as resistin, leptin and serum
retinol binding protein, is facilitated by RAR, which interferes with the activity of PPAR-
γ [149,151]. The 1,25-dihydroxy vitamin D3 (1,25 (OH)2 D3) is an active form of vitamin
D and has been shown to restrict the adipogenesis in the bone marrow of SAM-P/6 mice
associated with decreased expression of PPAR-γ2 [152]. The suppressed expression of
PPAR-γ2 by RA and 1,25-dihydroxy vitamin D3 inhibit the differentiation of adipocytes in
3T3-L1 preadipocytes [153].

Table 2. Effect of different nutrients on PPARs modulation.

Nutrients PPARs Regulation References

Polyunsaturated fatty acids (PUFA)

n-3 fatty acids Activate both PPARα and PPARγ and lead to
prevention of inflammation in adipocytes [109,115]

n-6 fatty acid Inhibitors of PPAR receptor signalling and regulate
metabolic network [109]

Oleoylethanolamide Activate PPARα and induce lipolysis [114]

Palmitoylethanolamide Activate PPARα and provide
anti-inflammatory activity [114]

Conjugated Linoleic acid (CLA) Isomers

9Z, 11E-CLA Enhance PPAR-γ activation and exerts strong
anti-cancer effects [119,154]

10E, 12Z-CLA Inhibits the PPAR-γ activation causing inflammation,
IR and adipocyte delipidation [155]

9Z, 11Z-CLA and 9Z, 11E-CLA Enhanced activation of PPARβ/δ in preadipocytes [122]

Dietary Amino acids

Glutamine Increase the expression of PPARγ and prevent
metabolic stress [125]

Arginine Decrease the jejunal TNFa and increase the expression
of PPARγ and beneficial against gut injury [81]

Vitamins

Vitamin-A [Beta Carotene (BC)] BC supplementation can reduce the activity of PPAR-γ [138]

Vitamin- E (Tocopherols) α-tocopherol modulate PPAR-γ expression better
than γ-tocopherol [143,144]

1,25-dihydroxy vitamin-D3 Decrease the expression of PPAR-γ2 and regulate
lipid metabolism [152]
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Table 2. Cont.

Nutrients PPARs Regulation References

Phytochemicals

Isoflavone Act as a ligand for PPAR to regulate lipid metabolism [156]

Quercetin Inhibits the activity of all isoform of PPARs except that
of PPAR-γ and prevent accumulation of fat in the liver [119]

Lectins Up-regulate the PPAR-γ2 and provide an adipogenic
effect on mesenchymal cells [155]

Alliin Activates the PPAR-γ and provides a
cardioprotective effect [157]

Allicin
Inhibit the PPAR-γ2 and therefore inhibits the

differentiation and inflammation of the
human preadipocytes

[158]

Curcumin Activates the PPAR-γ and confer antioxidant and
anti-inflammatory activity [159]

Resveratrol
Down-regulate PPAR-γ1−3 mRNA expression in

humans and provide anti-diabetic and
anti-obesity effects

[160]

Triterpenes Suppress PPAR-γ expression and prevent
cancer development [161]

Polysaccharides Suppress PPAR-γ expression and exert
anti-cancerous activity [161]

4.5. Phytochemicals

Plants possess biological active chemical compounds that are known as phytochemi-
cals [162]. Importantly, flavonoids, lectins, alliin, allicin, curcumin, triterpenes and resvera-
trol have been observed to regulate lipid and glucose metabolism through the modulation
of PPAR [127].

A soy isoflavone, genistein, regulates lipid metabolism by activating the PPAR-γ or
PPAR-γ-independent mechanism [156]. On the contrary, quercetin is a flavonol that inhibits
the activity of all isoforms of PPAR except PPAR-γ and prevents fat accumulation in the
liver [119]. In literature, chicken feed supplemented with quercetin has prevented dysregu-
lation of inflammatory responses by downregulating NO and TNF-α during aging, while
isoflavones have the potential to induce cancer via hormone-dependent regulation [154].

The bioactivity of lectins from vegan sources has been reported several times related
to immune responses or gastrointestinal tract during allergens exposure. Moreover, its
adipogenic effect has also been reported in humans and animal tissues [155]. Banana,
garlic and dietary lectins boosted the hematopoietic stem progenitor cell pool in addition
to an adipogenic effect on mesenchymal cells of mice by enhancing PPAR-γ2 expression.
Furthermore, these dietary lectins interact with insulin receptors and activate the Mitogen-
activated protein kinase (MEK)-dependent Extracellular signal-regulated kinase (ERK)
pathway [163].

For more than 5000 years, garlic has been used as a culinary spice and medicinal
herb. It has abundant antioxidant and organosulfur compounds that impart antibacterial
and anti-infectious properties to it. Alliin and allicin are organosulfurated compounds
extracted from garlic that possess a cardioprotective effect and anti-inflammatory effect,
respectively [157]. Alliin lowers the TNF-α serum level in humans while allicin lowers or
inhibits the expression of the CCAAT-enhancer-binding protein, CCAAT-enhancer-binding
protein-alpha (C/EBP)-α and PPAR-γ2 during human preadipocytes differentiation [158].

Curcumin is the principal component of turmeric with potent anti-inflammatory,
anti-cancerous, and antioxidant activities. Curcumin can suppress sepsis through PPAR-
γ and decrease IFN-γ production in primed lymphocytes and iNOS gene expression in
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infected macrophages [159]. On the other hand, resveratrol, which has strong antioxidant
properties, along with anti-obesity, anti-carcinogenic, neuroprotective, anti-aging, anti-
diabetic and analgesic activity, targets PPAR-γ [164]. Resveratrol modulates white adipose-
tissue metabolism and prevents dysregulation of advanced glycosylation end-products
(AGE) via PPAR-γ mediated suppression of receptor for AGE in macrophage. It upregulates
SIRT1, FOXO1 and adiponectin and downregulates PPAR-γ1−3 mRNA expression in
human visceral adipocytes [160].

Polysaccharides and triterpenes have been used as a treatment for atherosclerosis
and inhibit invasive behavior, angiogenesis and proliferation in cancer models. Moreover,
they significantly promote adiponectin production and adipocyte differentiation by the
downregulation of PPAR-γ, SREBP-1c and C/EBP and suppress the expression of genes
involved in lipid transport, synthesis and storage [161].

5. Biological Benefits of PPARs Modulation in Dairy Animals

Overall, the comparison of the function of PPARs in humans, mice and ruminants has
revealed that PPAR isotypes have a similar role in the metabolism of lipids in different
species, including dairy animals. However, some differences are found in their specific roles
across species as PPARs are found to be more specific for unsaturated FAs in monogastric
species, while in ruminants, the PPARs are more specific for saturated long-chain FAs [165].
Aside from their role in the metabolism of lipids, the PPARs also influence immune
responses through the modulation of immune signaling pathways such as AP-1, STAT-1
and NFkb through protein–protein DNA-independent interactions, a greater yield of milk
production and controlling metabolic stress in dairy animals [166].

5.1. Energy Metabolism and Lipid Oxidation in Various Organs

PPARα is known to have an important role in fatty acid catabolism in mitochondria,
peroxisomes and microsomes in the liver. PPARs are also believed to have a role in
maintaining energy balance in various animals, such as ruminants and goats. Among its
energy metabolism roles, carnitine homeostasis is well established in a diverse range of
mammalian species, such as chicken, humans, mice, pigs, rats and diary animals [165].
Aside from PPARα, a few studies on the role of PPARβ/δ in energy metabolism have
also been conducted. However, one role that is continuously associated with it is lipid
metabolism. In the mammalian skeletal and heart muscles, the PPARβ/δ regulates fatty
acid catabolism. These PPAR isotypes have also been found to have a crucial role in all of the
reproductive tissues that have been investigated so far. In addition to this, research shows
that PPARβ/δ has an important function in the metabolism of lipids in goat mammary
cells, specifically lipid oxidation and secretion [83].

5.2. Adipogenesis and Milk Production

In ovines and bovines, PPARγ performs a critical role in adipogenesis, and its ex-
pression in the adipose tissues of these animals is high. PPARγ appears to be the critical
mediator of lipogenesis by reacting quickly to stimuli signals in response to dietary energy
intake [165]. For adipogenesis, PPARγ expression is both a requirement and a necessity.
In bovines, PPARγ activation in bovine adipose tissue results in the upregulation of the
genes that permit pre-adipocytes to differentiate into mature adipocytes or cells capable of
storing triacylglycerol (TAG). One of the significant roles it plays in dairy animals from an
economic benefit point of view is controlling the synthesis of milk fat in bovines. The PPAR
expression increases during the transition state, which prevents the animal from metabolic
stress [167]. The PPARγ gene is conserved in bovines, goats, humans and mice, as revealed
by homology alignments. The research by Shi et al. confirmed the importance of PPARγ in
modulating milk fat production. These findings showed that PPARγ is involved in regulat-
ing TAG production and release in the mammary cells of goats, highlighting the PPARγ’s
functional significance of milk production in mammary cells. PPARγ affects the expression
of genes involved in the regulation of milk fat in primary goat mammary epithelial cells as
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revealed by using a combination of experimental approaches, including gene expression
analysis, PPARγ-specific activation, luciferase-PPRE tests and siRNA interference [82].

5.3. Controlling Inflammation

In dairy animals, PPARs activation is also associated with anti-inflammatory effects
in dairy cows during their transition period [168]. A Japanese group showed for the
first time that PPARγ could perform an anti-inflammatory effect in dairy animals by
injecting human recombinant TNF with agonist Thiazolidinedione TZD into dairy steers
for 9 days. They discovered that TZD therapy partially restored TNF-induced insulin
resistance [169]. The TZD impact was most likely due to increased insulin signaling
via PPARs activation, which also counteracted TNF [170]. In dairy animals, the anti-
inflammatory impact of PPAR is evoked not just by mitigating the effects of TNF but also
by lowering TNF synthesis. Bovine peripheral blood mononuclear cells treated in vitro
with 100 M of conjugated linoleic acid isomer (t10, c12-CLA) inhibited the TNF production,
thus controlling the inflammation and overexpression of pro-inflammatory cytokines [171].
These pieces of evidence highlight the importance of PPARs modulated through their
agonists and antagonists to control inflammatory stress in dairy animals and can be further
used as targets to reduce metabolic stresses.

5.4. PPARs and Fatty Liver Syndrome of Dairy Animals

Since PPARs bind to and are activated by long-chain fatty acids and their metabo-
lites, the PPARs play an extremely important role in nutrient metabolism. Due to the
industrialization of the dairy industry and extensive farming that aims to maximize profits
from each dairy animal, milk and meat production of dairy animals, such as cattle and
bovines, has increased. Among many factors, one such factor is the use of energy-rich
diets containing high amounts of carbohydrates and lipids. However, the intake of such
high caloric diets in combination with the sedentary rearing system in the industrial farms,
diseases such as non-alcoholic fatty liver (NAFLD) have become common, which has
substantially increased the morbidity and mortality rates of these animals around the
world. Among various NAFLD conditions, fatty liver syndrome constitutes one of the most
common disorders that affect dairy cows and buffaloes during the perinatal period, and
it is triggered by a negative nutritional balance following calving. Dairy cows are a good
model for studying pathologies such as fatty liver syndrome and various other NAFLD
types and their etiology [172]. A recent piece of research revealed that fatty liver disease
in dairy cows during early lactation is linked to poor hepatic mitochondrial activity (like
abnormal acetylation of amino acid lysine). PPARγ has a role in NAFLD through regulation
of glucose and lipid metabolism and differentiation of adipocytes as well as modulation of
inflammatory responses in the liver. PPARγ controls the expression of various target genes
in adipocytes, participates in the adipocyte differentiation, influences lipid metabolism and
principally controls signal transduction in the pancreatic islet cells, all of which contribute
to the onset and progression of NAFLD. PPARγ is important in modulating lipid oxidation
and lipogenesis, in addition to its role in adipocyte development [173].

5.5. PPARs Interaction with Gut Microbiome and Animal Health

There is a dearth of information related to the role of PPARs and gut microbiome in
dairy animals and how their dysregulation leads to various pathologies related to metabolic
stress. A recent review by Hassan et al. has provided interesting information regarding
the interaction between gut microbiome and PPARs and their overall effect on the health
of humans. As high-calorie diets containing high carbohydrates diminish good bacteria
that aid in metabolizing various nutrients, low-energy diets containing high fiber do the
opposite. It increases the population of certain bacteria such as Bifidobacterium, Lactococcus
and Streptococcus that have been shown to alleviate fatty liver syndrome. This is attributed
to the increase in the population of folate-producing bacteria whose metabolic product,
folate, induces PPARα, which is involved in lipid oxidation in the liver [174]. Since isotypes
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such as PPARγ are highly conserved among mammals, some of the information should be
implicated in dairy animals to improve their economic output and health.

One of the effects of high-calorie diets in all mammals is the modulation of gut
microbiota. High-calorie intake is thought to affect gut microbial balance via the TLR4–
PPAR pathway. This can lead to (1) a rise in the number of microorganisms that produce
inflammasomes (lipopolysaccharides) and (2) a reduction in the short-chain FAs. As a result,
systemic inflammation rises, whereas the synthesis of short-chain FAs falls. Short-chain
FAs activate PPARs in adipose tissue to control lipolytic genes, such as adipose triglyceride
lipase and hormone-sensitive lipase, as well as lipogenic genes such as glycerol kinase and
phosphoenolpyruvate carboxykinase, which aid in the appropriate metabolization and
utilization of lipids. PPARs activity, on the other hand, declines as a result of a shortage of
short-chain fatty acids, resulting in the formation of extra fat and subsequently its storage
and increased inflammation [175].

5.6. Other Benefits

Extra-hepatic signals, including hepatokines such as fibroblast growth factor 21 (FGF21)
and angiopoietin-like 4 (ANGPTL4) [176,177], have been described in monogastrics as
PPARs targets that perform a key role in bovines related to the adaptation of tissues
to low-energy state levels of the body, such as undernutrition, fasting and transition to
lactation [178,179].

The downregulation of the glucose transport mechanism in the bovine endothelial
cells caused by excessive glucose has been also shown to be regulated by PPAR/δ [180].
It has been previously demonstrated that activated PPARδ suppresses the solute carrier
family 2 member 1 (or facilitated glucose transporter GLUT1) expression while, at the
same time, increasing the calreticulin expression, a protein that promotes GLUT1 mRNA
degradation. Given the low levels of circulating glucose in ruminants (<4 mM in dairy
cows) [181] against ca. 5 mM in humans and >6 mM in mice), the condition investigated in
the study (high glucose) has presumably minimal significance for ruminants. However,
GLUT1 is among the most significant glucose transporters whose expression rises dramati-
cally during the lactation period in mammary tissue of dairy cows [182]. Moreover, the
modulation of glucose transport by PPARβ/δ might have ramifications in milk synthesis.
As a result, these PPARs isotypes could be crucial in providing glucose for lactose produc-
tion. Moreover, PPAR β/δ expression is significantly decreased in the mammary glands
during lactation [183], which coincides with an upsurge in the expression of numerous glu-
cose transporters, particularly GLUT1. If it is true, it opens up the possibility of employing
PPARβ/δ antagonists to boost milk production.

Since PPARs have been identified as promising targets for improving metabolism and
general wellbeing through nutritional interventions and various agonists and antagonists,
further investigations are essentially required to provide physiological insights into the
therapeutic role of PPARs in addressing various metabolic disorders in dairy animals.

6. Conclusions

PPARs are considered to be major nuclear receptors to control energy homeostasis
in the body through various mechanisms in different body parts. Various nutrients can
act as a ligand for PPARs for their modulation, in which PUFAs, dietary amino acids,
vitamins and phytochemicals are the major ones. These nutrients modulate PPARs by
regulating their expression and signaling in different body parts and lead to the control of
metabolic networks.
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Abstract: Cardiovascular diseases lead to retinal ischemia, one of the leading causes of blindness.
Retinal ischemia triggers pathological retinal glial responses and functional deficits. Therefore,
maintaining retinal neuronal activities and modulating pathological gliosis may prevent loss of vision.
Previously, pemafibrate, a selective peroxisome proliferator-activated receptor alpha modulator, was
nominated as a promising drug in retinal ischemia. However, a protective role of pemafibrate remains
untouched in cardiovascular diseases-mediated retinal ischemia. Therefore, we aimed to unravel
systemic and retinal alterations by treating pemafibrate in a new murine model of retinal ischemia
caused by cardiovascular diseases. Adult C57BL/6 mice were orally administered pemafibrate
(0.5 mg/kg) for 4 days, followed by unilateral common carotid artery occlusion (UCCAO). After
UCCAO, pemafibrate was continuously supplied to mice until the end of experiments. Retinal
function (a-and b-waves and the oscillatory potentials) was measured using electroretinography
on day 5 and 12 after UCCAO. Moreover, the retina, liver, and serum were subjected to qPCR,
immunohistochemistry, or ELISA analysis. We found that pemafibrate enhanced liver function,
elevated serum levels of fibroblast growth factor 21 (FGF21), one of the neuroprotective molecules
in the eye, and protected against UCCAO-induced retinal dysfunction, observed with modulation
of retinal gliosis and preservation of oscillatory potentials. Our current data suggest a promising
pemafibrate therapy for the suppression of retinal dysfunction in cardiovascular diseases.

Keywords: common carotid artery occlusion; electroretinography; fibroblast growth factor 21;
pemafibrate; peroxisome proliferator-activated receptor alpha; retinal ischemia

1. Introduction

Ocular ischemic syndrome (OIS) is a vision-threatening disease caused by carotid
artery stenosis or occlusion [1]. The first case was reported in 1963 as a disease associated
with internal carotid artery occlusion [2]. About 7.5 cases per million are annually diag-
nosed with OIS [3]. It is most common in old males, and patients with underlying diabetes,
hypertension, and hyperlipidemia are more likely to have this disease. Atherosclerosis
has also been known to be one of the most common causes for the development of OIS [4].
Besides, carotid artery dissection, giant cell arteritis, and trauma can have high chances to
cause OIS [5–10]. Unfortunately, there is no current effective treatment in OIS. Moreover,
precise mechanisms of OIS have not been fully unraveled yet.

Experimental murine models of carotid artery occlusion have been applied to study
OIS [11–18]. From an anatomical point of view, the retina is supplied with oxygen/blood
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from the ophthalmic artery, one of the internal carotid artery’s branches of the common
carotid artery. In this regard, occlusion of the carotid artery can cause retinal ischemia
leading to vision loss [19,20]. There have been several ways of developing murine models
of carotid artery occlusion depending on the species. Two common carotid arteries could
be occluded to induce retinal ischemia in rats. As the circle of Willis in rats is well-
structured, the rats which receive bilateral common carotid artery occlusion (BCCAO)
could be developed as experimental models of retinal ischemia [11–13,15]. Two common
carotid arteries could not be occluded in mice because of a high rate of mouse death
(almost 100%) as they may have a lack of posterior communicating arteries in the circle
of Willis [17,21,22]. Therefore, bilateral common carotid artery stenosis (BCCAS) has been
alternately attempted to induce severe retinal ischemic injuries in mice [14]. However, the
concern about a high rate of death during and after BCCAO or BCCAS in rats or mice has
not been solved in that the experimental models still die easily. Hence, unilateral common
carotid artery occlusion (UCCAO) has been tried and developed in mice for studying retinal
ischemia more stably [17,18,23]. Even though several phenotypes for retinal ischemia have
been described [17,18,23], a rescue for retinal ischemia has not been considerably studied
in this model. In this regard, the development of a cure for retinal ischemia in this model
could be intriguing.

Peroxisome proliferator-activated receptor alpha (PPARα) is a well-known drug
against hyperlipidemia. This agent can potentially reduce triglyceride levels and increase
high-density lipoprotein cholesterol (HDL-C) levels [24]. The Fenofibrate Intervention and
Event Lowering in Diabetes (FIELD) and The Action to Control Cardiovascular Risk in
Diabetes (ACCORD) eye studies showed that fenofibrate, a well-known PPARα agonist,
reduced the need for laser therapy and progression of diabetic retinopathy [25,26]. Thus,
this drug was recently approved for preventing diabetic retinopathy in Australia. Several
studies have shown that fenofibrate has therapeutic effects on retinal diseases in animal
models [27–29]. However, fenofibrate may potentially induce renal dysfunction, and it
may cause rhabdomyolysis when administered with a statin. Thus, clinicians needed to
take care of this part when they prescribed fenofibrate for diabetic patients with renal
dysfunction.

Pemafibrate, a novel selective PPARα modulator (SPPARMα), has been developed as
a therapeutic agent against hyperlipidemia to reduce this side effect. Our previous study
showed that pemafibrate might prevent pathological neovascularization in a murine model
of oxygen-induced ischemic retinopathy and preserve retinal function in a streptozotocin-
induced diabetic mouse model [30,31]. Another group showed that pemafibrate might
prevent retinal inflammation and vascular leakage in a rat’s diabetic model and pre-
vent apoptosis in the ganglion cells damaged by N-methyl-D-aspartate (NMDA)-induced
excitotoxicity [32,33]. Taken together, we assumed that pemafibrate could be used for
neuroprotection against various retinal ischemic injuries.

In this study, we aimed to investigate the protective effects of pemafibrate in a murine
model of retinal ischemia induced by UCCAO, which resembles OIS.

2. Results
2.1. Suppression of Retinal Dysfunction by Pemafibrate Administration in a Mouse Model of
UCCAO-Induced Retinal Ischemia

According to our timeline of experiments, pemafibrate was orally administered to
adult male mice (0.5 mg/kg/day) for 4 days before UCCAO (Figure A1). The administra-
tion of pemafibrate did not significantly change the body weight of adult male mice. After
4 days of oral administration of pemafibrate, retinal ischemia was induced by occlusion of
the right common carotid artery which is connected to the internal carotid artery stretched
toward the ophthalmic artery (Figure A1). We found that the body weight of adult male
mice dramatically decreased 1 day after UCCAO (Figure A1). Pemafibrate (0.5 mg/kg/day)
was consecutively supplied to UCCAO-operated mice, and we found that administration
of pemafibrate did not dramatically change the body weight of UCCAO-operated mice.
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However, there was a slightly decreasing tendency in the body weight of UCCAO-operated
mice after continuous oral administration of pemafibrate.

Next, to investigate the protective effects of pemafibrate against retinal dysfunction in
UCCAO-operated mice, electroretinography (ERG) was performed (Figures 1 and 2). Before
UCCAO, there was no significant difference in the amplitudes of a-and b-waves and the
oscillatory potentials (OPs) between PBS-administered and pemafibrate-administered naïve
mice (Figure A2). Previously, we demonstrated that retinal dysfunction was started from
day 3 to day 7 after UCCAO [23,27]. Therefore, we primarily checked retinal dysfunction
5 days after UCCAO. We found that reduction in the amplitudes of a-and b-waves in
UCCAO-operated mice was slightly suppressed by the oral administration of pemafibrate
(Figure 1A,B). However, there was no statistical significance between PBS-administered
UCCAO-operated mice and pemafibrate-administered UCCAO-operated mice. Next, we
found that reduction in the amplitudes of OPs in UCCAO-operated mice was significantly
suppressed by the oral administration of pemafibrate (Figure 1C,D).
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Figure 1. Protective effects of pemafibrate against retinal dysfunction on day 5 after UCCAO.
(A,B) Representative waveforms (10 cd·s/m2) of a-and b-waves and quantitative analyses (n = 9–10
per group) showed that oral administration of pemafibrate had a slight suppressing tendency in a
reduction in the amplitudes of a-wave and b-wave in the UCCAO-operated eye 5 days after UCCAO.
The data were analyzed using two-way ANOVA followed by a Bonferroni post hoc test. The data
were presented as mean ± standard error of the mean. (C,D) Representative waveforms (10 cd·s/m2)
of oscillatory potentials (OPs) and quantitative analyses showed that pemafibrate significantly
suppressed reduction in the amplitudes of OPs (OP1, OP2, OP3, and ΣOPs) in UCCAO-induced
retinal ischemic mice (n = 9–10 per group). * p < 0.05. The data were analyzed using two-tailed
Student’s t-test. The data were presented as mean ± standard deviation. Pema; pemafibrate. UC;
unilateral common carotid artery occlusion. ns; not significant.
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Figure 2. Protective effects of pemafibrate against retinal dysfunction 10 days after UCCAO.
(A,B) Representative waveforms (10 cd·s/m2) of a-and b-waves and quantitative analyses (n = 5 per
group) showed that oral administration of pemafibrate had a suppressing tendency in the reduction
in the amplitudes of a-wave and b-wave in the UCCAO-operated eye 10 days after UCCAO with
statistical significance. The data were analyzed using two-way ANOVA followed by a Bonferroni
post hoc test (a-wave and b-wave). One datum was further analyzed using two-tailed Student’s t-test
(b-wave; p = 0.06). The data were presented as mean ± standard error of the mean. (C,D) Represen-
tative waveforms (10 cd·s/m2) of oscillatory potentials (OPs) and quantitative analyses showed that
pemafibrate significantly suppressed reduction in the amplitudes of OPs (OP1, OP2, OP3, and ΣOPs)
in UCCAO-induced retinal ischemic mice (n = 5 per group). * p < 0.05, ** p < 0.01. The data were
analyzed using two-tailed Student’s t-test. The data were presented as mean ± standard deviation.
Pema; pemafibrate. UC; unilateral common carotid artery occlusion. ns; not significant.

Furthermore, reduction in the amplitudes of a-and b-waves in UCCAO-operated
mice was slightly kept suppressed by the oral administration of pemafibrate 10 days
after UCCAO (Figure 2A,B). Finally, we found that reduction in the amplitudes of OPs
in UCCAO-operated mice was maintained to be suppressed by oral administration of
pemafibrate (Figure 2C,D).

Next, we examined the molecular mechanism underlying pemafibrate-mediated
preservation of retinal function against UCCAO. Previously, we found that UCCAO de-
creased the expression of synaptophysin, one of the well-known synaptic vesicle pro-
teins [27]. This protein is plentifully expressed in inner retinal neuronal cells which are
the cellular source for OPs [34–36]. Even though there was no statistical significance, we
found a decreasing synaptophysin expression after UCCAO was slightly suppressed in the
pemafibrate-administered UCCAO-operated retina (Figure A3).

2.2. Suppression of Pathological Retinal Gliosis by Pemafibrate Administration in a Mouse Model
of UCCAO-Induced Retinal Ischemia

Reactive gliosis has been used as a responsive marker for retinal ischemic damages [37].
For further investigation of protective roles of pemafibrate against ischemic retinal dys-
function in UCCAO-operated mice, immunohistochemistry (IHC) was performed for
detecting pathological reactive gliosis in the retina. Previously, we demonstrated that
retinal gliosis was started from day 1 and more clearly seen on day 7 after UCCAO [17,23].
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Therefore, we checked retinal gliosis from day 2 to day 5 after UCCAO (Figure 3). We
found that slightly increased pathological glial responses on day 2 after UCCAO, observed
by morphology scoring, were reduced in pemafibrate-administered UCCAO-operated
mice (Figure 3A). Furthermore, as expected, dramatically increased pathological glial re-
sponses were seen 5 days after UCCAO, and these responses were significantly reduced in
pemafibrate-administered UCCAO-operated mice (Figure 3B).
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Figure 3. Modulation of pathological reactive gliosis after oral administration of pemafibrate.
(A) Representative images and quantitative analyses (n = 4 per group) showed that slightly increased
reactive retinal gliosis stained by GFAP in UCCAO-operated mice was reduced by administration of
pemafibrate on day 2 after UCCAO. (B) Representative images and quantitative analyses (n = 4–5
per group) showed that dramatically increased reactive retinal gliosis stained by GFAP in UCCAO-
operated mice were reduced by the administration of pemafibrate on day 5 after UCCAO. Scale bar:
50 µm. The data were analyzed using two-tailed Student’s t-test. Graphs were presented as mean
with ± standard deviation. * p < 0.05. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer
nuclear layer. Pema; pemafibrate. UC; unilateral common carotid artery occlusion.

2.3. Screening of Hypoxia-Ischemia-Related Gene Expressions after Pemafibrate Administration in
a Mouse Model of UCCAO-Induced Retinal Ischemia

Previously, it was reported that several hypoxia-ischemia-related gene expressions
(Epo, Bnip3, Vegfa, Ccl2, Ccl12, and Glut1) were induced 1 day after UCCAO [17,27]. There-
fore, we screened changes in these gene expressions after oral administration of pemafibrate
(Figure 4). We found that the expression of Glut1 significantly increased in the retina of
pemafibrate-administered UCCAO-operated mice. Expressions of the other genes were not
significantly altered by oral administration of pemafibrate.
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Figure 4. Screening of alterations in retinal hypoxia-ischemia-related gene expressions by oral ad-
ministration of pemafibrate in UCCAO-operated mice. Primarily, genes reported to be slightly or
dramatically altered after UCCAO were selected; Epo, Bnip3, Vegfa, Ccl2, Ccl12, and Glut1. Quantita-
tive analyses (n = 6 per group) showed that oral administration of pemafibrate significantly reduced
the expression of Glut1 in the retina 1 day after UCCAO. However, the other genes’ expressions were
not changed by oral administration of pemafibrate. *** p < 0.001. The data were analyzed using
two-tailed Student’s t-test and presented as mean ± standard deviation. Pema; pemafibrate. ns; not
significant.

2.4. Induction of PPARα Target Genes by Pemafibrate Administration in a Mouse Model of
UCCAO-Induced Retinal Ischemia

We examined whether expressions of PPARα downstream genes could be induced by
the oral administration of pemafibrate. The retina was targeted as it is our primary region
of interest. We could not find any significant change in Ucp3, Fabp4, Vldlr, Fgf21, and Acox1
between the PBS-administered retina and the pemafibrate-administered retina on the day
of UCCAO surgery (Figure 5A). Furthermore, we could not find any significant change in
Ucp3, Fabp4, Fgf21, and Acox1 1 day after UCCAO. Even though a significant increase in
Vldlr expression was detected, the fold change was not dramatic at all.

Next, the liver was targeted as it has been known as a region for pemafibrate-induced
PPARα activation [24,38,39]. The livers in pemafibrate-administered UCCAO-operated
mice seemed larger than those in PBS-administered UCCAO-operated mice while we
collected the samples. Therefore, the liver weight was calculated with the body weight, and
we found that the relative liver weight gradually increased after consecutive administration
of pemafibrate with statistical significance, in comparison with that in PBS-administered
UCCAO-operated mice (Figure 5B). Furthermore, PPARα downstream genes (Ucp3, Fabp4,
Vldlr, Fgf21, and Acox1) in the liver increased significantly and dramatically, in comparison
with those in PBS-administered UCCAO-operated mice (Figure 5C). Especially, two genes
(Ucp3 and Vldlr) were gradually increased in a time-dependent manner. Even though
there was fluctuation, Fabp4 was also time-dependently increased after long-term repetitive
oral administration of pemafibrate. When it comes to Fgf21, its gene expression was
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dramatically induced at the early stage of repetitive oral administration of pemafibrate and
gradually decreased after long-term repetitive administration of pemafibrate. There was a
gradual increasing tendency in the expression of Acox1 until 5 days after UCCAO, and its
expression was detected to the basal level on day 10 after UCCAO.
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Figure 5. Induction in PPARα downstream gene expressions in the liver by oral administration
of pemafibrate in UCCAO-operated mice. (A) Quantitative analyses (n = 4–6 per group) showed
that oral administration of pemafibrate did not dramatically increase PPARα downstream gene
expressions in the retina. The data were analyzed using two-tailed Student’s t-test and presented as
mean ± standard deviation. (B) Quantitative analyses (n = 4–6 per group) showed that the relative
liver weight (the liver weight/the body weight) in pemafibrate-administered mice was significantly
higher than that in PBS-administered mice. The data were analyzed using two-tailed Student’s t-test
and were presented as mean ± standard error of the mean. (C) Quantitative analyses (n = 4–5 per
group) showed that oral administration of pemafibrate significantly increased PPARα downstream
gene expressions in the liver. The data were analyzed using two-tailed Student’s t-test and presented
as mean ± standard deviation. The value for PBS-administered mice was indicated as a dotted line;
1. * p < 0.05, ** p < 0.01, *** p < 0.001. Pema; pemafibrate, UC; unilateral common carotid artery
occlusion. ns; not significant.

Moreover, we examined whether pemafibrate is able to increase serum levels of
FGF21. Increases in serum FGF21 levels by PPARα agonists have been reported in various
experimental models and clinical studies [27,30,31,40–42]. As expected, elevated serum
levels of FGF21 were dramatically seen after oral administration of pemafibrate on the
day of the UCCAO surgery (Figure 6A). Furthermore, increased serum FGF21 levels were
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continuously observed in pemafibrate-administered UCCAO-operated mice until the end
of experiments, in comparison with PBS-administered UCCAO-operated mice.
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Figure 6. Changes in serum levels of FGF21, TG, and TC by oral administration of pemafibrate in UCCAO-operated mice.
(A) Quantitative analyses (n = 3–9 per group) showed that oral administration of pemafibrate significantly increased serum
levels of FGF21. The data were analyzed using two-tailed Student’s t-test and presented as mean ± standard error of
the mean. (B,C) Quantitative analyses (n = 3–8 per group) showed that oral administration of pemafibrate significantly
decreased serum levels of TG and increased serum levels of TC. The data were analyzed using two-tailed Student’s t-test
and presented as mean ± standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001. Pema; pemafibrate, UC; unilateral
common carotid artery occlusion, TG; triglyceride, TC; total cholesterol.

Next, triglyceride (TG) and total cholesterol (TC) levels in the serum were examined
(Figure 6B,C), as TG and TC levels have also been reported to be changed by administration
of pemafibrate in various experimental models and clinical studies [31,43–45]. Expectedly,
we detected continuous decreases in serum TG levels and increases in serum TC levels in
pemafibrate-administered UCCAO-operated mice in comparison with PBS-administered
UCCAO-operated mice.

2.5. Observation of Retinal Thickness Changes by Pemafibrate Administration in a Mouse Model of
UCCAO-Induced Retinal Ischemia

Previously, we could not find changes in retinal thickness 14 days after UCCAO [17,23].
In case of unknown effects of pemafibrate on retinal thickness, we examined whether
retinal thickness could be changed by the oral administration of pemafibrate using optical
coherence tomography (OCT) (Figure A4). Expectedly, we could not find any particular
change in the retina and retinal thickness after oral administration of pemafibrate on day
10 after UCCAO.
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3. Discussion

We revealed that the consecutive oral administration of pemafibrate, a selective PPARα
modulator, suppressed pathological retinal gliosis and functional neuronal deficits in a
murine model of retinal ischemia by UCCAO. Furthermore, we found significant increases
in PPARα target gene expressions in the liver, not in the retina, reduction in serum levels of
TG, and elevation in serum levels of FGF21 and TC. Previous single-cell data demonstrated
that PPARα had low expression in the retina [46]. On the other hand, FGFR1, a crucial
receptor for FGF21 function, was highly expressed in several types of cells in the retina.
That could be the reason that pemafibrate did not activate PPARα extensively in the retina.
On the other hand, it is reported that PPARα is a key modulator of hepatic FGF21 [47]. This
is consistent with our previous reports and other studies that PPARα agonists (pemafibrate
or fenofibrate) increase serum levels of FGF21 as well as boost liver function to exert
therapeutic effects in ischemic retinopathies such as diabetic retinopathy or ocular ischemic
syndrome [27,30,31,48].

FGF21 comprises 209 amino acids, and its protein regulates critical metabolic path-
ways [49–52]. FGF21 is produced in various tissues, especially in the liver [52], and
improves lipid profiles in patients with type 2 diabetes [53]. So far, several studies have
shown FGF21’s therapeutic roles in the retina in vitro and in vivo (Table 1). Fu et al. showed
that long-acting FGF21 suppressed neovascularization in mice by suppressing TNF-α ex-
pression via increasing adiponectin levels [54]. They also showed that long-acting FGF21
preserved retinal function (analyzed using ERG) in streptozotocin-induced diabetic mice
and Akita mice which mimic type 1 diabetes [55]. Additionally, they showed that FGF21
suppressed oxidative stress-induced inflammation in 661W cells. Our group showed that
long-acting FGF21 reduced retinal vascular leakage in a murine model of retinal vascu-
lar leakage and demonstrated that long-acting FGF21 maintained claudin-1 expression
in human endothelial cells [56]. We recently reported that long-acting FGF21 improved
retinal neuronal function through Müller glial remodeling in P23H mice, studied along
with in vitro rat retinal Müller glial cells [57]. On top of that, we showed that pemafibrate
showed therapeutic effects against pathological neovascularization in a murine model of
oxygen-induced retinopathy and rescued retinal function in streptozotocin-induced dia-
betic mice through increasing FGF21 levels in the blood [30,31]. Taken together, increases
in serum FGF21 levels induced by pemafibrate administration may also have the same
protective effects on the UCCAO-induced ischemic retina. However, further studies are
needed to see if direct FGF21 injection could exert cellular protection in the ischemic retina.

Table 1. Therapeutic Roles of FGF21 in the Eye (studied using PF-05231023, a long-acting FGF21 analog).

Author Year of
Publication

Journal In Vitro
Effect

In Vivo
EffectCell Type Experimental Model

Fu et al. [54] 2017 Cell Reports HRMEC Promotes cell migration OIR; VldlrKO;
Laser-induced CNV

Suppresses NV via
decreasing TNF-α
expression

Fu et al. [55] 2018 Diabetes 661 W
Inhibits oxidative
stress-induced
inflammation

STZ; Akita mouse
Rescues retinal
morphology and
function

Tomita and Ozawa et al. [30] 2019 IJMS 661 W Inhibits a HIF activity - -

Tomita et al. [56] 2020 IJMS HRMEC Prevents vascular
permeability

mVEGF164-induced
retinal vascular leakage
mouse

Preserves an expression
of tight junction protein

Tomita and Lee et al. [31] 2020 IJMS PC12D Increases synaptophysin
protein expression - -

Fu and Qiu et al. [57] 2021 iScience rMC-1 Increases SRF protein
expression P23H mutation mouse Modulates retinal glial

responses

HRMEC: human retinal microvascular endothelial cell; 661W: cone photoreceptor cell; PC12D: pheochromocytoma 12D neuronal cells;
rMC-1: rat retinal Müller glia; HIF: hypoxia-inducible factor; SRF: serum response factor; OIR: oxygen-induced retinopathy; Vldlr KO:
very-low-density lipoprotein receptor knock out; CNV: choroidal neovascularization; NV: neovascularization; STZ: streptozotocin-induced
diabetes; mVEGF164: mouse vascular endothelial growth factor 164.

Based on our current data, an increase in Glut1 expression was seen in the pemafibrate-
administered UCCAO-induced ischemic retina. Previously, we also demonstrated that
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Glut1 expression increased in the retina of the same ischemic murine model after consec-
utive oral administration of fenofibrate, a well-known PPARα agonist [27]. We assume
that elevation in serum levels of FGF21 is one of the reasons for the induction of Glut1 in
the retina. FGF21 has been suggested to exert a therapeutic effect on glucose and lipid
metabolisms in mice [58]. Regarding this effect, a clinical trial has been studied using a
novel long-acting FGF21 pegbelfermin which may have therapeutic effects on nonalcoholic
fatty liver disease and nonalcoholic steatohepatitis [24]. Previously, FGF21 showed a syner-
gistic effect with insulin on glucose absorption associated with an enhancement in Glut1
expression [59]. FGF21 could regulate glucose and lipid metabolisms through the induc-
tion of FGF21 downstream signaling molecules including Glut1 [60,61]. In adipocytes, an
increase in Glut1 mRNA expression has been along with upregulation of FGF21 [62]. More-
over, cardiac protection by administering FGF21 against ischemia/reperfusion-induced
cardiac damages has been explained by the upregulation of GLUT1 [63]. Suppressed
Glut1 expression may impair an entry of glucose into photoreceptors, which results in
a lack of lipid and glucose fuel for retinal function [64]. In this regard, elevated serum
levels of FGF21 may support the induction of Glut1. This effect may bring positive out-
comes to the damaging retina under acute hypoperfused states through modulation of
glucose metabolism. However, previous reports suggested that the suppression of dia-
betic retinopathy could be involved with GLUT1 inhibition [65,66]. There may have a
discrepancy between experimental models of our OIS and diabetic retinopathy in that
blood glucose levels between them are totally different and the duration of diseases are not
the same either. In fact, controversial reports on GLUT1 expression in diabetic retinopathy
itself already exist. In the retina and its microvessels of streptozotocin-induced diabetes,
downregulated GLUT1 expression was detected [67]. As determined by GLUT1 immuno-
gold staining, compensatory downregulation of GLUT1 on the inner blood-retinal barrier
was not seen in diabetic rats [68]. Chronic hyperglycemia led to a decrease in GLUT1
protein expression without alteration in its mRNA expression in the retina of diabetic Goto
Kakizaki rats and alloxan-treated diabetic rabbits [69]. Taken together, more studies are
needed for understanding the potential role of GLUT1 depending on the disease states.

It is reported that gliosis and loss of the amplitudes of OPs could be a hallmark of
the early phase in a streptozotocin-induced diabetic mouse model and OIS mouse mod-
els [14,23,70]. Based on our preliminary data, there was a high correlation between patho-
logical gliosis and loss of the amplitudes of OPs in the UCCAO-operated eye (Figure A5).
This implies that retinal functional deficits may be along with the induction of pathological
gliosis. Previously, fenofibrate modulated pathological gliosis and improved ERG abnor-
malities in db/db mice [48,71]. Similarly, pemafibrate modulated pathological gliosis and
preserved retinal function in the ischemic retina based on our current data. In fact, we
previously reported that pemafibrate maintained the amplitudes of OPs in a murine model
of diabetes via maintaining the expression of synaptophysin, a marker of synapse [31].
Even though the expression of synaptophysin had a slight increase by pemafibrate admin-
istration, we assume that our current results have a consistency with the results in our
previous study [31] and other PPARα studies [48,71].

In our current research, pemafibrate maintained the amplitude of a-wave in the
UCCAO model, which indicates that the function of photoreceptors was protected by
pemafibrate administration [72,73]. Müller glial cells have an important role in maintaining
photoreceptors as well as retinal pigment epithelium [74]. We recently reported that
FGF21 preserved photoreceptor function via modulating Müller glial cells in P23H mice
which mimic human retinitis pigmentosa [57]. Additionally, FGF21 increased the synapse
formation pathway in the retina and induced Müller glial axon development genes. The
synaptic connection between the inner retina and the outer retina was also preserved by
FGF21 treatment. Taken together, pemafibrate may have the potential to rescue inner
and outer retinal cells via modulating Müller glial cells, observed by the preservation of
OPs and a-wave. However, we need further studies to clarify the mechanism. On the
other hand, pemafibrate did not affect retinal thickness as seen in our current data. In
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fact, we did not observe dramatic changes in retinal thickness in UCCAO-operated mice
in comparison with that in sham-operated mice [23]. Taken together, pemafibrate could
primarily influence retinal function, which is consistent with our previous report [31].

In our study, reduced levels of TG were seen after administration of pemafibrate.
Furthermore, increased levels of TC (speculated as HDL-C [31,44,75]) were shown after the
administration of pemafibrate. High levels of TG are suggested as one of the risk factors in
human cardiovascular diseases [76–78]. Furthermore, it was reported that the TG/HDL-C
ratio was highly associated with an increased risk of developing retinopathy [79,80]. It has
also been reported that the high TG/HDL-C ratio could act on endothelial dysfunction,
chronic low-grade inflammation, and coagulation [79,81]. Although the experimental
UCCAO mouse model may not have dramatic metabolic stresses systemically, high levels
of TG may exacerbate stenosis of CCA in human metabolic cardiovascular disease states,
and pemafibrate could have preventive and protective roles on the stenosis of CCA via
decreasing high TG levels in the blood. Similarly, metabolic changes could be considered
as important factors in the development of retinal diseases [82,83]. Although we did not
deeply cover systemic metabolic changes by the administration of pemafibrate, PPARα
activation has been suggested as a regulator of β-oxidation [38,84]. WY16463, one of the
selective PPARα agonists, showed reducing effects on the number of retinal angioma-
tous proliferation-like vascular lesions in the Vldlr−/− retina via the possible mechanism
of enhancement of β-oxidation [64]. Pemafibrate also has been suggested to enhance
β-oxidation [85,86]. Taken together, we speculate that more therapeutic effects of pemafi-
brate could be seen if we develop a new murine model of retinal ischemia by UCCAO in
metabolic disorder models (which are more clinically relevant) and treat pemafibrate in
those ischemic retinas. This will be further studied.

In the current study, the oral administration of pemafibrate was tested. Even though
various methods for drug administration such as intraperitoneal injection, or intravitreal
injection could be tested in our UCCAO model, we believe that our current method is
patient-friendly (in terms of repetitive administrations of pemafibrate) and pain-free in the
eye or body (as it is a non-invasive procedure) [87].

Now, Pemafibrate to Reduce Cardiovascular OutcoMes by Reducing Triglycerides IN
patiENts With diabeTes (PROMINENT) study in patients with type 2 diabetes mellitus and
dyslipidemia is undergoing all over the world (ClinicalTrials.gov Identifier: NCT03071692,
accessed on 20 July 2021). Unfortunately, PROMINENT eye study, which tried to evaluate
patient with diabetic retinopathy, was terminated because of a lack of recruited patients.
Another clinical trial for pemafibrate has been completed for nonalcoholic fatty liver disease
(NAFLD) and clinical scientists are waiting for the results (ClinicalTrials.gov Identifier:
NCT03350165, phase 2, accessed on 20 July 2021). If the positive effect of pemafibrate on
cardiovascular diseases or NAFLD could be seen, pemafibrate might have chances to be
repositioned for retinal diseases in the future.

In conclusion, even though we need more links regarding retinal protection by acti-
vating PPARα in the liver, we suggest a promising pemafibrate therapy in carotid artery
occlusion-induced ischemic retinopathy, with boosting liver function, regulating serum
levels of FGF21, TC, and TG, and suppressing retinal dysfunction (Figure 7).
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Figure 7. A working hypothesis of the protective mechanism against retinal dysfunction by adminis-
tering pemafibrate in a murine model of retinal ischemia by UCCAO. The possible mechanisms for
suppression of retinal dysfunction induced in cardiovascular diseases are that consecutive admin-
istration of systemic selective PPARα modulator (SPPARMα) pemafibrate enhances liver function
and upregulates PPARα target genes in the liver, and elevated levels of serum FGF21 (one of the
strong neuroprotective agents) modulate pathological gliosis and maintain the amplitudes of OPs.
Indirectly, a reduction in levels of TG and an induction in levels of TC may have a risk-decreasing
effect on developing retinopathy in humans. TG; triglyceride, TC; total cholesterol.

4. Materials and Methods
4.1. Animal

A number of 6–8 weeks old male C57BL/6 mice were obtained from CLEA Japan
(Tokyo, Japan) and supplied freely with food and water under a twelve-hour light-dark
cycle in a temperature-managed room. All protocols were permitted by the Ethics Com-
mittee on Animal Research of the Keio University School of Medicine (Approved number
#16017/2020). All procedures complied with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and the international standards of animal care and
use, Animal Research: Reporting in Vivo Experiments (ARRIVE) guidelines (accessed on
20 July 2021, http://www.nc3rs.org.uk/arrive-guidelines).

4.2. A Murine Model of UCCAO-Induced Retinal Ischemia and Oral Administration of
Pemafibrate

Randomized mice were orally provided 0.5% DMSO-dissolved PBS or pemafibrate
(0.5 mg/kg in 0.5% DMSO-dissolved PBS) for four days daily before UCCAO. A mouse
model of UCCAO-induced retinal ischemia was induced, as previously described [17].
Briefly, deep anesthesia was induced to mice with a combination of midazolam (40 µg/
100 µL; Sandoz, Tokyo, Japan), medetomidine (7.5 µg/100 µL; Orion, Espoo, Finland), and
butorphanol tartrate (50 µg/100 µL; Meiji Seika Pharma, Tokyo, Japan) [22]. The mouse
neck was incised to observe the common carotid artery. Then, the common carotid artery in
the right side was permanently occluded using 6–0 silk sutures. Wounds of the neck were
clearly sutured, and the mouse was recovered. Pemafibrate was continuously supplied
to mice daily 1 day after UCCAO until the end of experiments. The body weight was
measured during the whole experimental period, and the liver weight was measured on
the day of sample collection.
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4.3. Optical Coherence Tomography (OCT)

OCT (Envisu R4310, Leica, Wetzlar, Germany) was conducted as previously de-
scribed [22,27]. Briefly, mice were subjected to mydriasis by a combination of 0.5% tropi-
camide and 0.5% phenylephrine (Santen Pharmaceutical, Osaka, Japan). After 5 min, mice
were anesthetized as same as Section 4.2. Anesthetized mice were quickly subjected to
OCT analyses. B-scan images were obtained from equatorial slices of en-face scans, and
images in 0.2, 0.4, and 0.6 mm from the optic nerve head were taken. Retinal thickness was
measured from the outer retina to the inner retina as we described [27].

4.4. Electroretinography (ERG)

ERG was conducted as previously described [27]. Briefly, mice were placed for more
than 12 h for dark adaptation. Pupils were dilated as Section 4.3. Mice were anesthetized
as Section 4.2 after 5 min incubation. Recording of scotopic ERG responses was processed
using a Ganzfeld dome and LED stimulators with an acquisition system (PuREC, MAYO,
Inazawa, Japan). The amplitudes of a-wave and b-wave were measured with various light
stimuli. Furthermore, the amplitudes of OPs were measured at the four peaks of OPs as
previously described [23].

4.5. Immunohistochemistry (IHC)

IHC was performed as previously [23]. Briefly, eyes were fixed with PFA (4%), and
O.C.T. Compound (Sakura Tissue-Tek, Tokyo, Japan) was applied to embed the eyes for
frozen sectioning. The sagittal sectioning slides using Cryostat (Leica CM3050S, Leica,
Wetzlar, Germany) were incubated in a blocking solution (PBS + 0.1% Triton + 0.1% BSA).
Then, a primary antibody (GFAP 1:400, Cat #13-0300, Thermo Fisher Scientific, Waltham,
MA, USA) was added to the eyes. The eyes were washed with PBS + 0.1% Triton and
soaked into a solution of a species-appropriate fluorescence-conjugated secondary antibody
(Thermo Fisher Scientific, Waltham, MA, USA) for several hours. After washing with PBS
+ 0.1% Triton three times, DAPI was shortly incubated. After washing with PBS again, the
eyes were mounted and examined via a fluorescence microscope (LSM710, Carl Zeiss, Jena,
Germany), as previously described [22]. The fluorescence immunoreactivity was quantified
by a morphology score as previously described [12,17,23] with a minor modification:
0 = no signal, 1 = labeled processes in the ganglion cell layer, 2 = weakly labeled processes
in the inner retinal layer, including the ganglion cell layer, and 3 = strongly labeled processes
in the entire retinal layer including the inner and outer retinas.

4.6. Measurement of Serum FGF21, TC, and TG Levels

After blood collection and serum extraction as previously described [27,31], serum
samples were evaluated with an FGF21 ELISA kit (Cat #RD291108200R, BioVendor Labora-
tory Medicine, Brno, Czech Republic), a TC kit (Cat #STA-384, Cell Biolabs, Inc., San Diego,
CA, USA), and a TG kit (Cat #STA-396, Cell Biolabs, Inc., San Diego, CA, USA) following
the manufacturer’s instructions.

4.7. Quantitative PCR

Quantitative PCR was conducted, as previously described [27]. Briefly, the retina
and the liver mRNA were extracted using an RNeasy Plus Mini Kit (Qiagen, Venlo, The
Netherlands). RT-PCR was conducted with a ReverTra Ace® qPCR RT Master Mix with
gDNA Remover (TOYOBO, Osaka, Japan). Quantitative PCR was conducted using a
THUNDERBIRD® SYBR® qPCR Mix (TOYOBO, Osaka, Japan) with the Step One Plus
Real-Time PCR system (Applied Biosystems, Waltham, MA, USA). The primers that we
used are entered in Table 2. The fold alteration between levels of different transcripts was
calculated by the ∆∆CT protocol.
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4.8. Western Blotting

Western Blotting was conducted as described in our previous paper [27]. We used
anti-synaptophysin (1:1000, Cat #SAB4502906, Sigma, Tokyo, Japan) and anti-β-Actin
(1:5000, #3700, Cell Signaling Technology, Danvers, MA, USA). After incubation of primary
antibodies, HRP-conjugated secondary antibodies (1:1000 for anti-synaptophysin; 1:5000
for anti-β-Actin, GE Healthcare, Chicago, IL, USA) were put to the membrane. Intensities
of the bands were quantified via NIH ImageJ program (National Institutes of Health,
Bethesda, MD, USA).

Table 2. Primer list.

Name Direction Sequence (5′ → 3′) Accession Number

Hprt Forward TCAGTCAACGGGGGACATAAA
NM_013556.2Reverse GGGGCTGTACTGCTTAACCAG

Epo Forward GGCCATAGAAGTTTGGCAAG
NM_007942Reverse CCTCTCCCGTGTACAGCTTC

Bnip3 Forward GCTCCCAGACACCACAAGAT
NM_009760.4Reverse TGAGAGTAGCTGTGCGCTTC

Vegfa Forward CCTGGTGGACATCTTCCAGGAGTACC
AY707864.1Reverse GAAGCTCATCTCTCCTATGTGCTGGC

Glut1
Forward CAGTTCGGCTATAACACTGGTG

NM_011400.3Reverse GCCCCCGACAGAGAAGATG

Ccl2
Forward CCCAATGAGTAGGCTGGAGA

NM_011333.3Reverse TCTGGACCCATTCCTTCTTG

Ccl12
Forward GCTACAGGAGAATCACAAGCAGC

NM_011331.3Reverse ACGTCTTATCCAAGTGGTTTATGG

Ucp3 Forward GGAGTCTCACCTGTTTACTGACAACT
NM_009464.3Reverse GCACAGAAGCCAGCTCCAA

Fabp4 Forward CCGCAGACGACAGGA
NM_024406.3Reverse CTCATGCCCTTTCATAAACT

Fgf21 Forward AACAGCCATTCACTTTGCCTGAGC
NM_020013.4Reverse GGCAGCTGGAATTGTGTTCTGACT

Vldlr
Forward GAGCCCCTGAAGGAATGCC

NM_001161420.1Reverse CCTATAACTAGGTCTTTGCAGATATGG

Acox1
Forward TCTTCTTGAGACAGGGCCCAG

AF006688.1Reverse GTTCCGACTAGCCAGGCATG

4.9. Statistical Analysis

Data were analyzed with GraphPad Prism 5 (GraphPad Program, San Diego, CA,
USA) and calculated by using a two-way Student’s t-test or two-way ANOVA followed by
a Bonferroni post hoc test depending on the dataset. Any p-values of less than 0.05 were
regarded as statistically significant.
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crease in the body weight after consecutive administration of pemafibrate without any statistical significance. p > 0.05. 

The data were analyzed using two-way ANOVA followed by a Bonferroni post hoc test. The data were presented as 

mean ± standard deviation. Pema; pemafibrate. ns; not significant. 

  

Figure A1. General monitoring for adult mice after consecutive oral administration of pemafibrate. A schematic illustration
shows oral administration of pemafibrate (0.5 mg/kg/day) to mice and a time point of the UCCAO surgery and experiments
followed. ELISA; enzyme-linked immunosorbent assay, qPCR; quantitative PCR, BW; body weight, IHC; immunohisto-
chemistry, LW; liver weight, ERG; electroretinography, OCT; optical coherence tomography, UCCAO; unilateral common
carotid artery occlusion. A schematic illustration of retinal ischemia induction by UCCAO. Retinal ischemia could be
induced by occlusion (a blue bar) of the common carotid artery (CCA) as the ophthalmic artery (OpA) is originated from
the internal carotid artery (ICA) of CCA. ECA; external carotid artery. Quantitative analyses (n = 5–10 per group) showed
that the body weight of mice became lower after UCCAO. There was no dramatic difference in the body weight between
pemafibrate-administered mice and PBS-administered mice. However, mice showed a slight decrease in the body weight
after consecutive administration of pemafibrate without any statistical significance. p > 0.05. The data were analyzed using
two-way ANOVA followed by a Bonferroni post hoc test. The data were presented as mean ± standard deviation. Pema;
pemafibrate. ns; not significant.
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Figure A2. General measurements of retinal function for adult mice after consecutive oral admin-

istration of pemafibrate right before UCCAO. Quantitative analyses (n = 5 per group) showed that 

oral administration of pemafibrate had no effect on retinal function (a-wave, b-wave, and OPs) in 

adult naïve mice. p > 0.05. The data (a-and b-waves) were analyzed using two-way ANOVA fol-

lowed by a Bonferroni post hoc test and presented as mean ± standard error of the mean. The data 

(OPs) were analyzed using two-tailed Student’s t-test and presented as mean ± standard deviation. 

Pema; pemafibrate, OPs; oscillatory potentials. ns; not significant. 
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Figure A3. A slight increase in retinal synaptophysin (SYP) expression by oral administration of 

pemafibrate in UCCAO-operated mice. A representative image and quantitative analysis (n = 4 per 

group) showed that SYP expression slightly increased by oral administration of pemafibrate 10 

Figure A2. General measurements of retinal function for adult mice after consecutive oral adminis-
tration of pemafibrate right before UCCAO. Quantitative analyses (n = 5 per group) showed that oral
administration of pemafibrate had no effect on retinal function (a-wave, b-wave, and OPs) in adult
naïve mice. p > 0.05. The data (a-and b-waves) were analyzed using two-way ANOVA followed
by a Bonferroni post hoc test and presented as mean ± standard error of the mean. The data (OPs)
were analyzed using two-tailed Student’s t-test and presented as mean ± standard deviation. Pema;
pemafibrate, OPs; oscillatory potentials. ns; not significant.
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Figure A3. A slight increase in retinal synaptophysin (SYP) expression by oral administration of 
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group) showed that SYP expression slightly increased by oral administration of pemafibrate 10 

Figure A3. A slight increase in retinal synaptophysin (SYP) expression by oral administration of
pemafibrate in UCCAO-operated mice. A representative image and quantitative analysis (n = 4 per
group) showed that SYP expression slightly increased by oral administration of pemafibrate 10 days
after UCCAO. p = 0.06. The data were analyzed using Student’s t-test and presented as mean ±
standard deviation. Pema; pemafibrate, UC; unilateral common carotid artery occlusion.
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Figure A4. No alteration in retinal thickness by oral administration of pemafibrate in UCCAO-
operated mice. Representative OCT images (b-scan) in the PBS-and pemafibrate-administered
UCCAO-operated retinas and quantitative analyses (n = 5 per group) showed that there was no
change in retinal thickness (total, outer, and inner retinal layers) on day 10 after UCCAO. The values
in the horizontal axis of the graph stand for 0.2, 0.4, and 0.6 mm distance from the optic nerve head (0)
that was detected by the green line (en-face scan). Representative OCT images were taken at 0.4 mm
from the optic nerve head. The data were analyzed using two-way ANOVA followed by a Bonferroni
post hoc test and presented as a spider diagram (mean ± standard deviation). p > 0.05. Scale bars are
200 (en-face scan; vertical and horizontal bars) and 200 and 100 (b-scan; vertical and horizontal bars)
µm, respectively. Pema; pemafibrate, OCT; optical coherence tomography. ns; not significant.
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Figure A5. A relationship between pathological retinal gliosis and retinal dysfunction 7 days after 

UCCAO. Representative images of morphology scoring for pathological retinal gliosis (acquired 

from our preliminary experiments) and visualization in a correlation between pathological retinal 

gliosis and the amplitudes of ΣOPs showed that there was a high correlation between pathological 

gliosis and loss of the amplitudes of ΣOPs in the UCCAO-operated eye, determined by regression 

analyses. Dots (n = 8) represent each morphology scoring and the amplitude of ΣOPs. A line rep-

resents the linear fit of the data points. Scale bar: 50 µm. Slope: −0.0028; Y-intercept: 3.06; r2: 0.68. p 

< 0.05. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer, UC; unilateral 

common carotid artery occlusion. 
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Abstract: Peroxisome proliferator-activated receptor α is a potent regulator of systemic and cellular
metabolism and energy homeostasis, but it also suppresses various inflammatory reactions. In this
review, we focus on its role in the regulation of innate immunity; in particular, we discuss the PPARα
interplay with inflammatory transcription factor signaling, pattern-recognition receptor signaling,
and the endocannabinoid system. We also present examples of the PPARα-specific immunomodu-
latory functions during parasitic, bacterial, and viral infections, as well as approach several issues
associated with innate immunity processes, such as the production of reactive nitrogen and oxygen
species, phagocytosis, and the effector functions of macrophages, innate lymphoid cells, and mast
cells. The described phenomena encourage the application of endogenous and pharmacological
PPARα agonists to alleviate the disorders of immunological background and the development of
new solutions that engage PPARα activation or suppression.

Keywords: pattern-recognition receptors; phagocytosis; nitric oxide synthase; fenofibrate;
oleoylethanolamide; palmitoylethanolamide

1. Introduction

Innate immunity comprises a sophisticated set of defensive processes, which are
evolutionarily very old and originated concomitantly with the development of multicellular
organisms. The defense against invading pathogens is a crucial physiological mechanism
that guarantees survival. The development of these mechanisms is a manifestation of a
constant race between pathogens (including unicellular pro- and eukaryotic invaders) and
host. The biological processes involved in the innate immune response are very complex
and tightly regulated on multiple levels, because they may be very harmful when left
unsupervised. Recent advances in the elucidation of such a regulation revealed a dense
network of connections among immune cell functions, signaling pathways, and cellular
metabolism. Peroxisome proliferator-activated receptor α (PPARα) has emerged as an
important player in this network, and this review aims to present several aspects of its
involvement in the regulation of innate immunity.

2. The New Perspective on Innate Immunity

Innate immunity has evolved to react very rapidly to injury or invasion, and it in-
volves an immediate mobilization of a broad range of inflammatory responses of rather low
specificity. Traditionally, the lack of memory was regarded as an intrinsic feature of innate
immunity; nevertheless, recent discoveries in this field have led to a thorough revision of
this picture and a presentation of the concept of ‘innate immune memory’ (reviewed in [1]).
The innate immune memory differs substantially from its adaptive counterpart, because it
lacks somatic gene rearrangement processes and specific epitope-recognizing receptors.
Due to the gradual improvement depending on the history of host–pathogen interactions,
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it is also called ‘trained immunity’, with genetic recombination events being substituted
by the development of epigenetic imprinting and/or changes in miRNA transcriptome.
The observations of the innate immune cells’ behavior during the exposure to various
unrelated pathogens revealed the ‘priming’ phenomenon, whereby previous contact with
one microbial component modulates the response to other pathogenic challenges [1,2].
This modulation can form a certain kind of cross-protection, which is manifested by a
nonspecific improved resistance to second infection after an episode of pathogen-associated
molecular pattern (PAMP) recognition by pattern-recognition receptors (PRRs) [2]. Such
phenomena have been reported in insects (Tenebrio mollitor larvae) [3], in planaria (Schmit-
dtea mediterranea) [4], and in Pacific oyster Crassostrea gigas [5]. Notably, invertebrates,
which lack lymphocyte-based adaptive immunity mechanisms and rely solely on innate
responses to fight infections, have developed a high level of sequence diversity and struc-
tural complexity of PRRs (e.g., lectins, Toll-like receptors (TLRs), and NOD/NLR-like
proteins (see Section 4.4)), as well as soluble or extracellular fibrinogen-related proteins
(FREPs) [6,7]. Recognition of PAMPs, such as β-1,3-glucans and peptidoglycan, triggers
specific invertebrate antimicrobial effector mechanisms, for instance, activation of pro-
phenoloxidase (and related hemocyanins) that catalyze melanin formation from reactive
dihydroxyphenylalanine (DOPA) and DOPAquinone intermediates [8,9].

The three main steps of the innate response are (1) building of a physical and chemical
barrier, (2) recognition of foreign invaders and distinguishing from ‘self’ structural ele-
ments, and (3) phagocytosis and production of cytotoxic compounds that help to destroy
engulfed particles or are released to damage objects too large to be phagocytosed. For
example, various epithelial cells not only form a physical barrier of epithelium protecting
the body from the external environment but also secrete hydrolytic enzymes and alarmins
such as various antimicrobial peptides (AMPs) [10]. To distinguish between self and foreign
molecules and cells, PRRs bind particular molecules characteristic for certain groups of
common pathogens of viral, bacterial, or fungal origin, such as nucleic acids and their com-
ponents (e.g., double-stranded RNA, nonmethylated CpG contacting DNA, nucleotides,
and nucleosides), saccharide cell-wall components (e.g., peptidoglycan, lipopolysaccharide,
chitin, and zymosan), phospholipids (i.e., cardiolipin of microbial origin), or particular
proteins (e.g., formylmethionine-containing peptides and flagellin), usually regarded as
PAMPs. The same mechanisms are responsible for the response to disrupted cell contents
released during necrosis, which are immunogenic, such as mitochondrial formylated pep-
tides, cardiolipin-containing inner mitochondrial membrane, and ATP (damage-associated
molecular patterns, DAMPs) [11,12]. In a localization where invasion or sterile injury take
place, phagocytosis leading to the elimination of a danger is triggered. It is carried out
by professional phagocytes (polymorphonuclear neutrophils, mononuclear monocytes,
and macrophages residing in tissues), para-professional phagocytes (dendritic cells), and
nonprofessional phagocytes (epithelial cells and fibroblasts) [13,14].

During phagocytosis, the engulfed particles or microbial cells need to be destroyed
intracellularly by a variety of microbicidal molecules stored in cytoplasmic granules, such
as antimicrobial peptides (AMPs, e.g., azurocidin and defensins), proteolytic enzymes
(e.g., elastase, cathepsin G, collagenase, gelatinase, and metalloproteinases), and reactive
oxygen, nitrogen, and halogenated species [15]. Cytotoxic reactive oxygen species are
generated during respiratory burst and include the superoxide anion (O•−), produced
by NADPH oxidase, as well as hydrogen peroxide generated by superoxide dismutase
from O•−. NADPH oxidase, which is assembled from the transmembrane cytochrome
b558, numerous cytosolic phox (phagocyte oxidase) subunits, and small GTPase Rac2,
releases O•− directly into the phagosome or the extracellular space [16]. A small fraction of
superoxide (about 1%) may give rise to a highly reactive hydroxyl radical in reaction with
ferric ions (Fe3+) [16,17]. Neutrophil myeloperoxidase uses hydrogen peroxide and halides
to form hypochlorous or hypobromous acids, as well as highly bactericidal chloramines.
Mononuclear phagocytes express inducible nitric oxide synthase and produce cytotoxic
nitric oxide (NO) from arginine. During the active phase of oxidative burst, NO, which
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freely diffuses across membranes, reacts with O•−, giving rise to peroxynitrite (ONOO−),
a strong oxidative agent able to induce nitrative or oxidative damage to proteins and
lipids of microbial cells [18]. At later stages of phagocytosis, the phagosome fuses with
strongly acidic lysosomes to form phagolysosomes which also contain numerous hydrolytic
enzymes, such as proteinases, lipases, and lysozyme.

3. The Main Populations of Innate Immune Cells

Professional phagocytes, such as neutrophils, monocytes/macrophages, or microglia,
play a central role in innate immunity, because they perform both regulatory and effec-
tor tasks. Macrophages of peripheral tissues belong to the reticuloendothelial system
and are known under various customary names according to localization: Kupffer cells
(liver), Langerhans cells (skin), osteoclast (bone), etc. Microglia are also skilled phago-
cytes of myeloid origin that reside exclusively in the central nervous system and share
numerous common features with macrophages [19]. The phagocytic capacity of mono-
cytes and monocyte-derived macrophages depends on the expression pattern of specific
surface markers, as well as their phenotypic polarization. A recent report [20] showed
that M2 macrophages (stimulated with IL-4 and IL-10) presented a twofold higher phago-
cytic capacity of E. coli than M1 macrophages (IFNγ, LPS-stimulated), and the expression
level of a surface marker CD209 directly correlated with a high phagocytic capacity. The
plethora of stimuli determine which pathway the cell follows, called ‘polarization’. M1-
polarized macrophages respond to so-called ‘classical’ activation by typical proinflamma-
tory cytokines, such as IFNγ, secrete other proinflammatory factors (TNFα, IL-1β, IL-6,
and IL-12) and chemokines (e.g., CCL1, CCL5, and CXCL10) to recruit other leukocyte
populations, and release cytotoxic NO (see below). M2 macrophages represent an opposite,
anti-inflammatory phenotype as a result of the so-called ‘alternative’ activation by IL-4,
IL-13, parasitic (helminth, fungal) infections, or immunosuppressing factors, such as IL-10
and glucocorticoids. They express mannose receptor (CD206) and arginase-1, and they
secrete the anti-inflammatory IL-10 cytokine, TGF-β, and trophic polyamines (putrescine,
spermidine, etc.), collectively contributing to inflammation resolution and tissue regener-
ation [21,22]. The M1/M2 paradigm was recently broadened and enriched with further
details, such as division of the M2 group into more specific M2a, M2b, M2c, and M2d
phenotypes [23,24]. However, an opinion currently prevails that, due to macrophage plas-
ticity, there is rather a continuum of phenotypes than distinct, exclusive, and restricted cell
profiles [25].

In addition to the aforementioned professional and nonprofessional phagocytes, other
cell populations take part in the innate immune defense, namely, innate lymphoid cells
(ILCs) from lymphoid lineage and mast cells, eosinophils, basophils, and myeloid-derived
suppressor cells from myeloid lineage [25]. Mast cells, secreting heparin and histamine,
reside in many tissues and organs, such as connective tissue, skin, lungs, gastrointestinal
mucosa, and in proximity to blood vessels [26].

Myeloid-derived suppressor cells (MDSCs) form a heterogenous and plastic pop-
ulation of cells of myeloid origin that inhibit T-cell responses and are able to promote
differentiation toward Tregs [25,27]; therefore, they actively contribute to inflammation
resolution by being recruited to the site of inflammation by proinflammatory cytokines,
such as IL-6.

The last, most recently discovered, and somewhat elusive group of innate immunity
effectors comprises so-called innate lymphoid cells (ILCs) [25,28]. They show a common
pattern of surface markers (CD45+ CD127+ CD3− CD19−) and are divided into three main
groups (ILC1, ILC2, and ILC3) on the basis of the expression of particular transcription
factors and a distinct profile of secreted cytokines [28–30]. Natural killer (NK) cells and
large granular lymphocytes (LGLs) belong to ILC1 [31,32], whereas ILC2 and ILC3 cells
are mainly associated with mucosal membranes [29,33]. ILC3 cells derived from fetal liver
are among the first lymphoid cells that populate gastrointestinal tract, and they play an im-
portant role in the development of tolerance to commensal microbiota [34,35]. They secrete

145



Int. J. Mol. Sci. 2021, 22, 10545

IL-17, IL-22, and lymphoid tissue inducer (LTi), which are critical factors for maintaining
mucosal barrier function, sustaining the balance between the inflammatory response to
pathogenic microbes, and creating the tolerogenic milieu for probiotic bacteria [28,35].
Collectively, ILC cells are involved in the coordination of various aspects of innate immu-
nity and contribute to immune homeostasis regulation; therefore, they are regarded as an
equivalent of Th lymphocytes in adaptive immunity.

4. Peroxisome Proliferator-Activated Receptor alpha (PPARα) and Its Role in Inflammation

Tissue injury and the onset of infection immediately evoke an innate immune response
and trigger inflammation. As pointed out by Roman scholar Aulus Cornelius Celsus in
the first century, local acute inflammation is manifested by calor, rubor, dolor, and tumor,
i.e., increased temperature, redness, pain, and edema [36]. These symptoms reflect the
action of proinflammatory lipid mediators, histamine, and cytokines released by tissue-
infiltrating leukocytes that induce vasodilation and increase endothelial permeability and
expression of adhesion molecules on the endothelial surface and in the extracellular matrix
underneath. These events lead to extravasation of circulation leukocytes, chemotaxis, and
accumulation of interstitial fluid, causing edema (tumor). The increased interstitial flow
and metabolic activity of proliferating cells generate local heat and flushing (calor and
rubor). Inflammatory pain (dolor) is evoked by activation of transient receptor potential
cation channel vanilloid subfamily member 1 (TRPV1), which is present on sensory neu-
rons of the peripheral nervous system [37]. The TRPV1 activation leads to an influx of
Ca2+ and membrane depolarization, followed by the opening of voltage-gated sodium
channels and creation of an action potential [37]. TRPV1 receptors are present not only
on neurons, but also on immunocompetent cells (T lymphocytes, mast cells), epithelia,
keratinocytes, and vascular endothelial cells [38]. TRPV1 channels are activated by various
lipid inflammatory mediators, such as COX-2 products (prostaglandins), lipoxygenase
15-LOX products (e.g., 15-hydroperoxyeicosatetraenoic acid, 15-HPETE), and polyamines
of molecules released after cell injury, e.g., ATP and adenosine [37]. The links between
PPARα and molecular events that spark inflammation and underlie its main symptoms are
outlined below (Figure 1).

Figure 1. The involvement of PPARα in the modulation of inflammation through interfering
with the main inflammatory transcription factors (NF-κB, nuclear factor κB; AP-1, activation pro-
tein 1; STATs, signal transducers and activators of transcription) through activating lipid catabolic
pathways and participating in the endocannabinoid system (see Section 7). iNOS, inducible ni-
tric oxide synthase; FAO, fatty-acid oxidation; LTB4, leukotriene B4; OEA, oleylethanolamide;
PEA, palmitoylethanolamide.
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4.1. PPARα as a Nuclear Receptor Present in Peripheral Tissues and Immunocompetent Cells

Peroxisome proliferator-activated receptors (PPARs) belong to a family of nuclear
receptors that act as transcription factors activated by lipid-soluble ligands. Such ligands
are able to cross the plasma membrane directly and bind the intracellular target proteins.
PPARs are represented by three isotypes, PPARα, PPARβ/δ, and PPARγ, encoded by
separate genes. They show tissue-specific expression patterns and mainly govern lipid,
carbohydrate, and amino-acid metabolism, as well as exert other pleiotropic functions,
including immunomodulatory activities. All three PPAR isotypes exhibit potent anti-
inflammatory properties and have a strong impact on various aspects of the physiology of
the immune system. In this review, we focus on peroxisome proliferator-activated receptor
alpha (PPARα), which is particularly responsible for the regulation of fatty-acid catabolism
and ketogenesis [39,40], also in addition to being deeply involved in the modulation
of innate immunity responses. Below, we outline the active participation of PPARα in
physiological processes that operate behind all four cardinal symptoms of inflammation,
i.e., alleviating edema and pain and contributing to resolution of acute phase.

As a transcription factor, PPARα is involved in the activation of gene transcription,
which is carried out by binding the heterodimer of PPARα and the pan-PPAR oblig-
atory partner, retinoid X receptor (RXR), to consensus motifs in the target promoters.
The active heterodimer is formed when both partners have their agonists bound. The
most potent endogenous PPARα agonists include fatty acids and their derivatives: satu-
rated stearic and palmitic acids, fatty acyl amides such as oleylethanolamide (OEA) and
palmitoylethanolamide (PEA), LOX products such as 5-(S)-HETE and 8-(S)-HETE, and
leukotriene B4 (LTB4) [41–44]. There is the only one bona fide RXR ligand known so far,
which is 9-cis-13,14-dihydroretinoic acid, successfully identified after many years of search-
ing, whereas 9-cis-retinoic acid, frequently used experimentally, is one of the most potent
pharmacological RXR agonists [45,46]. Pharmacological PPARα agonists, such as fibrates,
are clinically used to normalize blood lipid profile, particularly to lower concentrations of
cholesterol and low-density lipoprotein fractions [47]. Fenofibrate and gemfibrozil are the
most widely prescribed drugs from a fibrate group, and they are generally very well toler-
ated [48]. Nevertheless, some adverse effects have been reported in patients chronically
taking fibrates, with myopathy and rhabdomyolysis being the most common problems [49].
The structures of endogenous ligands, as well as the most important synthetic agonists and
antagonists, are presented in Table 1.

Interestingly, in addition to the tissues with a high rate of fatty-acid catabolism,
such as the liver, cardiac muscle, and kidneys, PPARα is generally expressed in CD45+

leukocytes [50], including numerous innate immune cell populations: basophils [51],
eosinophils [52], monocytes and macrophages [30,53–55], Kupffer cells [56], Langerhans
cells [57], osteoclasts [58], and microglia [59].

The classical PPARα targets include the genes encoding enzymes from the fatty-acid
mitochondrial and peroxisomal β-oxidation (acyl-CoA dehydrogenases, acyl-CoA oxi-
dases),ω-oxidation andω-hydroxylation (cytochromes P450), and ketogenesis (3-hydroxy-
3methylglutaryl-CoA synthase) [60–62]. Importantly, in addition to this canonical mode of
action, PPARα is able to transrepress certain genes through at least three mechanisms [63]:
(i) initiating protein–protein interactions and sequestration of coactivators that are common
to PPARα and other pathways, (ii) cross-coupling of the PPARα/RXR complex with other
transcription factors, which leads to mutual cross-inhibition of both participating proteins,
and (iii) interference with signal-transducing proteins, i.e., where the PPARα/RXR complex
inhibits phosphorylation of MAP-kinase cascade members.
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Table 1. Chemical structures of PPARα endogenous agonists, synthetic agonists used in experimental studies, clinically
used pharmacological agonists, and synthetic antagonists, including examples of novel N-phenylsulfonylamide compounds
(the structures of 3- and 10- series according to [64]).

PPARα Agonists and Antagonists

Natural agonists

Synthetic agonists

Agonists applied in clinic:
fibrate derivatives

Synthetic antagonists
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4.2. PPARα-Mediated Transrepression of Main Inflammatory Transcription Factors

Transrepressive activity toward nuclear factor κB (NF-κB), activation protein (AP-1),
and signal transducers and activators of transcription (STATs) is responsible for PPARα’s
profound anti-inflammatory action. PPARα physically interacts with the p65 Rel homology
domain through its C-terminal fragment and simultaneously binds the JNK-responsive part
of c-Jun with its N-terminal fragment (Figure 2a) [65]. Formation of this complex sequesters
p65 and c-Jun from binding to the IL-6 promoter and blocks IL-1-induced IL-6 production.
The direct inhibitory interaction between PPARα and NF-κB p65 subunit was also reported
in cardiomyocytes [66]. In this case, sirtuin 1 (Sirt1) initiated formation of the Sirt1–PPARα–
p65 complex, which led to PPARα-dependent p65 inactivation and transrepression of
proinflammatory NF-κB-regulated genes, such as monocyte chemoattractant protein 1
(MCP1, Figure 2b) [66]. Sirt1 induced p65 deacetylation, which also had a negative impact
on NF-κB activity because acetylation is required for its activity [67]. The deacetylation
effect was absent after treatment with PPARα antagonist GW6471 or in PPARα−/− cells,
which indicates PPARα involvement [66].

Figure 2. The molecular mechanisms responsible for PPARα-mediated suppression of proinflammatory signaling pathways
(see the main text for explanation) (a) through a direct interaction with p65 and c-Jun, (b) through interaction with Sirt1
and subsequent deacetylation of p65, (c) through activation of IκB, and (d) through transactivation of long noncoding
RNA Gm15441, which interferes with the stability of thioredoxin-interacting protein (TXNIP) mRNA and blocks NLRP3
inflammasome activation.

An additional mechanism responsible for PPARα interference with the NF-κB pathway
was also identified in hepatocytes, where PPARα bound and transactivated NF-κB inhibitor
alpha (IκBα), which increased the amount of this protein [68]. Accumulated IκBα binds
NF-κB, thereby masking its nuclear localization signal, which arrests it in the cytoplasm
and blocks its activity as a transcription factor [69]. PPARα was also responsible for
the decreased phosphorylation of NF-κB subunits p65 and p50 [68], which was another
event with a negative impact on NF-κB activity, because phosphorylation of its subunits is
necessary for their optimal function [70]. The interference of PPARα with NF-κB action
prevented IL-1 induced IL-6 expression in liver tissues (Figure 2c) [68].

The antagonism between PPARα and NF-κB and AP-1 underlies blocking of the ex-
pression of proinflammatory cytokines and effector proteins in various cell and animal
models. PPARα ligand K-111 (2,2-dichloro-12-(4-chlorophenyl)-dodecanoic acid) inhib-
ited LPS-induced IL-6 production in Raw 264.7 macrophages on the mRNA and protein
level [71]. This effect was exerted through the inhibition of stress-activated protein kinase
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(SAPK)/c-Jun N-terminal kinase (JNK), NF-κB p65 phosphorylation, and induction of
IκBα protein level [71]. PPARα activation in monocytes was shown to inhibit LPS- or
IL-1β-induced expression of tissue factor (TF), a membrane glycoprotein responsible for
initiation of coagulation cascade [72,73]. The mechanism involved a previously mentioned
blockade of the target gene promoter activity through the antagonism between PPARα and
NFκB and AP-1 [72].

Interleukins released by immune cells exert their biological functions through specific
cell surface receptors, which transduce signals through the Janus family of kinases (JAK)
and phosphorylation STAT transcription factors [74]. Various STAT proteins are negatively
regulated by PPARα. For example, a bidirectional cross-inhibitory relationship between
PPARα and STAT5b was described [75–77]. STAT5b is responsible for signal transduction
from the IL-2 receptor [78]. IL-2 is a very important cytokine, crucial for both innate and
adaptive immunity, being indispensable for NK cell proliferation and maturation, as well
as promoting the development, differentiation, and proinflammatory response of both Th1
and Th2 cells [78,79].

4.3. PPARα and Inflammatory Lipid Mediators

Another important mechanism of the anti-inflammatory action of PPARα involves
the catabolism of lipid mediators, such as leukotriene B4 (LTB4). The elegant study by
Devchand and colleagues [80] revealed that LTB4 is a potent and specific PPARα ligand
that induces expression of PPARα-transactivated genes of the peroxisomal β-oxidation
pathway, namely, acyl-CoA oxidase, which is a rate-limiting enzyme of LTB4 catabolism.
PPARα−/− mice subjected to a topical application of 5-LOX-inducing inflammatory agent
and LTB4 showed signs of tissue inflammation much longer (by about 30–40%) than wt
mice, which were able to clear LTB4 from circulation much faster [80]. This experiment
illustrates the importance of PPARα in the resolution of inflammation. This role of PPARα
is necessary for regulation of the innate immune response, because proinflammatory lipid
mediators, such as LTB4, are not only strong chemotactic agents for neutrophils and other
leukocytes, but they also facilitate PMNs extravasation and diapedesis at the local site
of inflammation and increase vascular permeability in this region [81,82]. By restricting
LTB4 duration, PPARα alleviates three out of four inflammation symptoms (heat, flushing,
and edema). Moreover, PMNs are not only recipients of LTB4 signals, but they are also
activated to its production via a positive autocrine feedback loop [83]. Therefore, the
PPARα-regulated LTB4 clearance protects from an overexaggerated inflammatory response
and its transition from acute to destructive chronic state. The other eicosanoids, the
products of either COX, i.e., prostaglandins PGD1, PGD2, PGA1, and PGA2, or 5-LOX
product 8-(S)-HETE, also activate PPARα [84], which opens the possibility of modulating
their impact on the cells with PPARα expression, whether in immunocompetent cells, such
as monocytes/macrophages that express high levels of this receptor, or in the inflamed
tissue. Such an activity contributes to tissue protection from inflammatory damage and
facilitates regeneration.

4.4. PPARα Crosstalk with Pattern Recognition Receptors

Vertebrates take advantage of the PRR functions and employ them to sense all sorts of
factors that induce tissue homeostatic imbalance. The PRR receptors are activated by the
numerous compounds comprising specific structural entities referred to as the microbial-
associated molecular patterns (MAMPs) or the Damage-associated molecular patterns
(DAMPs). Several types of PRRs are broadly present in both immune and nonimmune
cells, and their activation sparked by contacts with microorganisms, viruses, and some
fragments of damaged cells or an alteration in the functioning of cell components (e.g.,
cytoskeleton or mitochondria malfunction or endoplasmic reticular stress) is the main
trigger of the innate immunity response [85]. The PRRs can be divided into four main
subfamilies: the Toll-like receptors (TLRs), the nucleotide-binding oligomerization domain
(NOD)–leucin-rich repeat (LRR)-containing receptors (NLRs), the retinoic acid-inducible
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gene 1-like receptors (RLRs), and the C-type lectin receptors (CLRs) [11]. Nevertheless,
some other cellular proteins can serve as PRRs in certain situations, e.g., the glycolytic
enzyme, hexokinase II, which is able to spot the microbial sugar, N-acetylglucosamine,
when this building block of peptidoglycan happens to be present in the cytoplasm [86]. In
this section, we address the question of how PPARαmay be involved in the MAMP and
DAMP recognition process in various tissues and cells.

The noteworthy information on TLR and PPARα crosstalk comes from the studies on
PPARα knockout (KO) mice and cells derived from these animals. The colonic macrophages
from KO mice did not produce the regulatory IL-10, but secreted IL-6, IL-1β, and IL-12,
potent inducers of Th1 and Th17 differentiation. Moreover, innate immune ILC3 cells
isolated from the colon of PPARα KO mice produce lower levels of IL-22 compared with
those from WT mice, which results in the impaired secretion of antimicrobial peptides and
commensal dysbiosis. This indicates that PPARα regulates the ILC3 effector functions,
which are important for both fighting infections and sustaining tolerance to commensal
microbiota. The absence of PPARα affects the species composition of the microbiome and
leads to increased representation of segmented filamentous bacteria (SFB). All these facts
render the KO mice prone to gut inflammation development and are indirect proof of the
critical role of PPARα activation in gut immunological homeostasis [30].

It is well known that interactions between the microbiota and intestinal cells engage
Toll-like receptors [87], e.g., SFB regulate the process of Th17 differentiation in the intestine
via activation of TLR5 by flagellin [88], and TLR4 ligand LPS from Gram-negative bacteria
stimulates Th17 differentiation in vitro [89]. It seems that these events can be modulated by
PPARα ligands. Accordingly, it was shown that macrophages from PPARα knockout mice
are characterized by higher expression levels of mRNA for proinflammatory cytokines
IL1β and IL6, as well as for COX-2 and NF-κB (p65) upon TLR4 ligand stimulation (LPS
50 ng/mL, 5 h), as compared to wild-type cells. It seems that PPARα deficiency speeds
up LPS-induced inflammatory responses in murine macrophages [54]. Another study
on PPARα KO mice indicated that PPARαwas essential for the anti-inflammatory effect
of acute exercises. Its absence induced overexpression of proinflammatory cytokines in
LPS-treated macrophages isolated from mice 24 h post exercise [90].

TLR ligands can regulate PPARα activity, and PPARα agonists influence the expression
of TLRs, as well as proteins involved in signaling from TLRs in various cells of both immune
and nonimmune types. Becker et al. studied the involvement of LPS in the regulation
of PPARα in murine lungs and showed that 24 h on from a prolonged LPS challenge
(daily intranasal administration of 1 µg LPS for 4 consecutive days), a profound inhibition
of PPARα mRNA expression took place [91]. LPS, peptidoglycan, and flagellin (ligands
of TLR4, TLR1/2, and TLR5, respectively) strongly suppressed PPARα activity in rat
astrocytes acting at the mRNA and protein expression level [92]. On the other hand, it
was shown that fenofibrate, a pharmacological PPAR agonist, significantly inhibited the
TLR4, MYD-88, and NF-κB mRNA expression, as well as TNFα production, in murine
melanoma B16F10 LPS-stimulated cells [93]. The strong relationship between TLR4 and the
PPARα signaling pathway was also clearly demonstrated in a model of endotoxin-induced
uveitis. This study suggested that fenofibrate can also attenuate LPS-induced cytokine
production, inhibit NF-κB signaling, and suppress TLR4 expression in retinal pigment
epithelial cells. Simultaneously, LPS could act as a direct PPARα antagonist in a PPARα
reporter cell line [94]. All these experimental data point to a subtle tuning and complicated
interplay between activation of PPARα and the TLR signaling pathway, which is needed for
the homeostatic balance between triggering and resolution of the inflammatory response
in tissues.

4.5. PPARα and the Regulation of Inflammasomes

The inflammasomes, the complex molecular platforms formed in the cytoplasm
(mainly in macrophages, but also in other nonimmune cells, such as endothelial and
epithelial cells encountering various DAMPs and MAMPs), are now considered the key
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element of innate immunity. They are the multiprotein complexes composed of cyto-
plasmic sensors (mainly NLR family members), adaptive proteins (apoptosis-associated
speck-like protein, ASC, or PY-CARD), and effectors (such as cysteine proteinase precursor
or pro-caspase-1). In the case of some nonconventional inflammasomes, pro-caspase-1 is
substituted by pro-caspase-11 in murine cells and pro-caspase 4/5 in human cells. The
complex formation enables the proteolysis of pro-IL1β and pro-IL18 and the release of
active cytokines into the cell microenvironment and bloodstream, which drives local or
systemic inflammation [95]. Alternatively, the inflammasome formation induces a chain of
events leading to pyroptosis—the special type of a programmed cell death connected to
an inflammatory state. The molecular mechanisms contributing to inflammasome activity
are not yet completely understood, but it is believed that the process of their formation
requires two subsequent signals, e.g., LPS binding to TLR4 on the cell membrane as the
primary signal and K+ efflux, cytosolic release of lysosomal cathepsins, or mitochondria-
derived factors and reactive oxygen species generation as the secondary signal [96]. The
regulation of inflammasome activation can occur at both signals on the post-transcriptional
and post-translational levels [97].

It was shown in some animal models that PPARα activation can profoundly sup-
press the inflammasome-induced tissue injury, thereby contributing to the resolution of
inflammation. This can be partially attributed to the downregulation of TLR expression by
PPARα and interference with the primary step of inflammasome activation. However, in
PPARα KO mice with lung inflammation caused by Pseudomonas aeruginosa introduction,
a significant increase in expression of NLRP-3, ASC-1, and caspase-1, as compared with
infected wt mice, was observed [98]. This indicates that PPARα expression background is
also important for the supply of inflammasome building blocks.

Acute liver injury is a disease strongly connected with NLPR3 inflammasome activ-
ity. In the context of this pathology, Brocker et al. proposed a mechanism connecting
fasting, PPARα, and the reduction in liver inflammation and injury. They showed that
the long noncoding RNA gene Gm15441 contained a PPARα-binding site within its pro-
moter, and the Gm15441 RNA expression was activated by PPARα ligand Wy-14643.
Gm15441 suppressed its antisense transcript, encoding thioredoxin-interacting protein
(TXNIP). This subsequently decreased TXNIP-stimulated NLRP3 inflammasome activation
(Figure 2d) [99].

Moreover, it was shown that OEA, an endogenous bioactive lipid and a natural
ligand of PPARα, prevented tissue damage in the onset of LPS/D-galactosamine (D-Gal)-
induced acute liver injury. OEA administration increased PPARα expression in murine
liver subjected to LPS/D-Gal treatment. In turn, the liver protein levels of IL-1β and
NLRP3 inflammasome components, NLRP3 protein and pro-caspase-1, were enhanced
after LPS/D-Gal injection in mice. The increase in these proteins was alleviated by OEA
addition to the diet [100]. The OEA anti-inflammatory effects were also evident in dextran
sulfate sodium (DSS)-induced mice colitis, and the effect was mediated by the inhibition of
NLRP3, NF-κB, or MyD88-dependent pathways [101].

5. PPARα’s Role in the Innate Immunity Effector Processes: ROS/RNS Production

An important component of the innate immunity in animals is generation of active
forms of oxygen (mainly superoxide) and active forms of nitrogen, mainly nitric oxide
and its derivatives [102]. The form of nitric oxide synthase (NOS) traditionally associated
with inflammation is the so-called inducible nitric oxide synthase (iNOS or NOS 2). NOS 2
belongs to the enzymatic family of nitric oxide synthases (NOS), being the evolutionarily
most distant member of the family. NOS 2 may be expressed in numerous types of cells and
tissues [103]. The other two, NOS 1 and NOS 3, also called ‘constitutive’ or Ca2+-dependent
enzymes, are present constitutively in many tissues and cells of the organism, mainly
but not solely in some neurons (NOS 1), as well as endothelial cells (NOS 3) [104]. They
generate a lower level of NO than NOS 2, despite their comparable enzymatic activity
in vitro [102]. Importantly, under various conditions, all NOS enzymes are a source of
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active forms of nitrogen and oxygen; in the absence of L-arginine, they simply produce
superoxide and may be an important source of oxidative/nitrosative stress [105].

PPARα agonists may downregulate NOS 2 [106,107], while they stimulate both
NOS 3 [108], which plays a protective role in the cardiovascular system, and NOS 1
(see [109,110]). NOS 2 is expressed de novo under the influence of proinflammatory
factors [102], and, as it is not dependent on calcium, it can only be down regulated by inhi-
bition of the enzymatic activity or proteolytic degradation of the enzyme. NOS activity also
depends on competition with the alternate substrate consumer arginase, which produces
urea and L-ornithine instead of L-citrulline and nitric oxide [111,112]. The possibility of
switching the main path of L-arginine metabolism from the generation of NO and citrulline
to the generation of urea and ornithine is a basis for the functional diversification of M1 and
M2 macrophages. M1 macrophages, unlike M2 macrophages, generate free radicals and
are the proinflammatory type of these cells (as mentioned in Section 3). They contribute
to the development of inflammation-driven tumors [107]. PPARα, as an attenuator of
inflammation and free-radical production, acts in this case as an antitumor agent. Parallel
to tumor progression and diversification of the tumor macrophageal phenotype toward
M2, the situation becomes more ambiguous and unpredictable. The actual effect of activa-
tion of PPARα clearly depends on the type of tumor and its phase of development [108].
Indeed, fenofibrate inhibited the development of micrometastases of melanoma BHM in
Syrian hamster lung, but did not affect the kinetics of the primary tumor growth, nor the
progression of macro-metastases [113]. It must be added that, recently, particular attention
has been paid to the possibility of manipulation of NOS 2 activity by its selective inhibitors
in order to achieve a desirable level of human monocyte physiological response [114].

The second mechanism of innate defense that involves the production of highly reac-
tive small chemical molecules is respiratory (or oxidative) burst carried out by phagocytes.
PPARα agonists were shown to increase macrophage microbicidal activity through intensi-
fication of ROS production during respiratory burst. This was caused by PPARα-dependent
elevated expression of crucial transmembrane (gp91phox) and cytosolic (p47phox and
p67phox) components of NADPH oxidase [115]. Interestingly, increased ROS produc-
tion led to the generation of oxidized low-density lipoproteins (oxLDL), which further
stimulated PPARα activation. Activated PPARα downregulated NO production via tran-
srepression of iNOS [115]. This is an example of PPARα differently regulating various
innate immunity effector molecules, in this case, ROS and RNS. An unexpectedly inter-
esting transcriptional regulation occurs in the promoter of another gene crucial for the
generation of reactive species during respiratory burst, namely, myeloperoxidase (MPO).
The human promoter of this gene contains primate-specific Alu elements that are repet-
itive DNA mobile fragments spread throughout the human genome in about 1 million
copies [116]. The Alu fragment in the MPO gene promoter contains four hexamer se-
quences identical to or closely resembling canonical PPAR response elements (PPREs):
AGGTCA, with 2 or 4 bp spacing between them [117]. The third and fourth hexamers serve
as PPREs and accommodate PPARα/RXR or PPARγ/RXR heterodimers, which enables
transcriptional regulation by PPAR ligands. Surprisingly, MPO expression is regulated by
PPARα agonist GW9578 and PPARγ agonist MCC-555 in opposite directions in human
macrophages, depending on the differentiation pathway; MPO is significantly downregu-
lated in macrophages derived from MG-CSF-treated monocytes and upregulated in M-CSF
differentiated cells [117]. The difference could probably be attributed to the differential
utilization of nuclear co-repressors, such as NCoR or silencing mediator of retinoid and
thyroid receptors (SMRT), in macrophages differentiated with GM- vs. M-DAMP [117].
Notably, such a mode of regulation is entirely human-specific, because mice do not possess
Alu elements in their genome.

6. PPARα as an Immunomodulator during Infections

Truly immunomodulatory action does not lie in the unilateral inhibition or activation
of all inflammatory processes, but in selective influence on the chosen aspects of innate
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immunity. Such an immunomodulatory action of PPARα has been observed in parasitic
or microbial infections. One example of such an activity relates to the induction of M2
polarization in macrophages of patients infected with Trypanosoma cruzi, a parasitic eu-
glenoid, which is responsible for Chagas disease development. The experiment carried
out on the infected mice showed that PPARα agonist Wy-14643 elevated the expression
of M2 macrophage markers, arginase-1, mannose receptor (CD206), Ym1, and TGFβ, and
decreased the production of proinflammatory molecules characteristic of the M1 pheno-
type, such as iNOS, NO, IL-1β, IL-6 and TNFα [118]. However, this phenotypic switch
was accompanied by a PPARα (but not PPARγ)-dependent increase in phagocytic capacity
and efficiency of parasite phagocytosis [118]. These results indicate that PPARα activation
might have therapeutic significance, because its immunomodulatory action, on the one
hand, strengthens macrophage effector capacity, but, on the other hand, helps to allevi-
ate severe chronic inflammation associated with Chagas disease, which is destructive to
various organs.

Similar immunomodulatory activity of PPARα in the context of phagocytosis was
described in primary peritoneal macrophage and microglia cultures treated with several
PPARα agonists: endogenous cannabinomimetic (see below), PEA, fenofibrate, or palmitic
acid [119]. These compounds, particularly PEA, significantly enhanced phagocytosis
and intracellular killing of E. coli by macrophages and microglial cells. Although PEA
pretreatment reduced the levels of proinflammatory cytokines (IL-1β, IL-6, and TNFα) and
chemokines (CXCL1) in the tissues of mice subjected to intracerebellar or intraperitoneal
E. coli infection, it induced a very effective bacterial clearance from blood, spleens, and
cerebelli, which translated into improved survival of these animals [119]. These results
suggest a prophylactic potential of PPARα activation in the case of bacterial infections.

Another example illustrating that the exaggerated inflammatory response is not ben-
eficial for the host is tuberculosis infection. In this case, PPARα’s immunomodulatory
and metabolic roles are connected, leading to a better outcome for wt mice infected with
mycobacteria (Bacillus Calmette–Guerin or M. tuberculosis) in comparison with PPARα KO
mice [120]. The absence of PPARα resulted in more rapidly increasing intracellular bacterial
load in macrophages, heavier bacteremia in the lungs, spleen, and liver, and a significantly
higher level of inflammatory cytokines TNFα and IL-6 in the lungs, as compared to wt
PPARαmice. The exaggerated inflammatory response was associated with a higher number
of granuloma lesions in the lungs of PPARα KO mice. Granuloma lesions are the mani-
festation of unsuccessful host defense against mycobacteria, because they are full of dead
leukocytes, damaged lung tissue multinucleated giant cells, and macrophages converted to
foam cells, filled with lipid-containing vesicles, which create a favorable energy source for
surviving and proliferating mycobacteria [121]. Pharmacological PPARα agonists GW7647
and Wy-14643 induced phagosomal maturation through activation of transcription factor
EB (TFEB) and significantly reduced the survival of intracellular bacteria, which resulted
from increased fatty-acid β-oxidation and elimination of lipid-rich bodies [120]. This is
an example of the interconnection between PPARα-mediated lipid catabolism and its
immunomodulating effects, which support effective antimicrobial innate defense.

Despite a large body of evidence documenting the beneficial outcomes of PPARα
activation in various diseases with an inflammatory background, there are also certain
conditions in which PPARα-mediated immunomodulation is hazardous. The illustrative
example is a situation where, after viral influenza infection, a subsequent bacterial (e.g.,
staphylococcal) superinfection occurs. Antibiotic-resistant Staphylococci are frequent cause
of life-threatening nosocomial infections in patients hospitalized due to viral pulmonary
infections. Tam and colleagues [122] found out that the presence of PPARαwas responsible
for a more severe course of superinfection and a higher mortality in wt mice as compared
to PPARα KO mice. Viral infection that was induced prior to challenge with S. aureus led to
increased PPARα expression in lungs. Moreover, the lipidomic analysis of bronchoalveolar
lavage fluid from infected mice revealed that superinfection resulted in a significant en-
richment of several inflammatory lipid mediators, such as LOX product LTE4 and CYP450
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products 11,12-dihydroxyeicosatrienoic acid (11,12-diHETrE) and 14,15-diHETrE, as com-
pared to single infection, whether viral or bacterial. 14,15-diHETre is a very potent PPARα
agonist [123]. The inhibition of NF-κB signaling mediated by activated PPARα led to a
blunted proinflammatory response to bacteria and loss of control over bacterial growth,
which inflicted higher mortality [122]. Superinfection caused the decreased expression of
macrophage inflammatory genes IL-1β, IL-6, CXCL5, and MMP-9, as well as a scavenger
receptor Marco, which resulted in less efficient phagocytosis and heavier bacterial burden.
Moreover, PPARα activation led to increased necroptosis (a programmed RIPK3 kinase-
dependent lytic cell death), which was responsible for lung tissue damage and dramatically
worsened the condition of infected animals [122].

The still scarce, but gradually emerging experimental data indicate that PPARα affects
the innate host response to viral infections. Such an involvement is beneficial in certain
situations, but could be detrimental in other conditions. The overexpression of PPARα
homolog in a grouper fish (Epinephelus coioides, EcPPARα) blocked interferon- and NF-κB-
induced cytokine expression during viral infections, which led to acute cytopathic injuries
and heavier multiplicity of infection [124]. The topic of viral infection onset is currently
very important due to its relationship with the ongoing COVID-19 pandemic. A study
performed on primary human bronchial epithelial cells infected with SARS-CoV-2 revealed
severe alterations in the gene transcription pattern that manifested endoplasmic reticular
and mitochondrial stress, metabolic reprogramming toward intensive lipid synthesis and
accumulation, impaired fatty-acid oxidation, and upregulated aerobic glycolysis via activa-
tion of the NF-κB pathway [125]. Such a metabolic signature suggests that infection impairs
PPARα signaling. Therefore, the restoration of PPARα activity could be beneficial through
reversal of these changes and metabolic ‘repair’. Indeed, the treatment of the infected cell
cultures with PPARα ligand fenofibrate alleviated the dysregulation of lipid metabolism,
blocked infection-induced phospholipid accumulation, and remarkably decreased viral
load by 100-fold within 3 days and 1000-fold within 5 days [125]. These results seem
to support the hypothesis that fenofibrate treatment could alleviate the acute infection
symptoms during COVID-19 by supporting fatty-acid metabolism in alveolar epithelial
cells, improving pulmonary endothelial cell function, and calming down the cytokine
storm, leading to a better outcome for the patients [126].

7. Interplay between PPARα and the Endocannabinoid System: Implications for
Inflamma-Tion, Neuroprotection, and Analgesia
7.1. Analgesic Lipid Mediators as PPARα Agonists

Mechanical tissue damage, hypersensitivity reactions or local infection result in inflam-
mation, which evokes a nociceptive response and pain. Pain signals are elicited by proal-
gesic lipid mediators, such as lysophospholipids and PDE2, or hydroxylated derivatives of
linoleic acid (e.g., 13-hydroxyoctadecanoic acid, 13-HODE), which increase the excitability
of nociceptive neurons [127]. Nevertheless, another group of endogenous lipid mediators
possesses opposite, analgesic activity. Acting through cannabinoid receptors CB1 and/or
CB2, they mitigate the excitability of sensory nociceptive neurons. This is a part of the so-
called endocannabinoid system, which includes the ligands N-arachidonoylethanolamine
(AEA, anandamide) and 2-arachidonoyl-glycerol (2-AG), which were first discovered,
and their receptors, cannabinoid receptors CB1 and CB2 expressed in the CNS and im-
munocompetent cells, respectively, as well as TRPV1 and endocannabinoid-synthesizing
and -degrading enzymes [128,129]. Later, other fatty-acid ethanolamides (FAEs), such
as N-palmitoylethanolamide (PEA) and N-oleoylethanolamide (OEA), were detected in
mammalian and invertebrate tissues [130–132]. OEA and PEA are biologically relevant
and potent PPARα agonists, with EC50 values of 0.12 µM and 3 µM, respectively [44,133],
which links PPARα with the endocannabinoid system. Numerous biological hormone-like
functions of OEA and PEA are widely known, including analgesic and anti-nociceptive
cannabinomimetic activities, although they are not bona fide CB1 or CB2 agonists [134].
Endocannabinoids and cannabinomimetics are synthesized on demand from membrane
phospholipids, but can also be accumulated intracellularly in lipid droplets [135,136].
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They are abundantly present in the brain, leukocytes, gastrointestinal tract, and other
tissues [137–139].

The most common FAE biosynthesis route involves the formation of N-acyl-
phosphatidylethanolamine from phosphatidylethanolamine by calcium-dependent N-acyl-transferase
and subsequent conversion to N-acyl-ethanolamine by N-acyl-phosphatidylethanolamine-
hydrolyzing phospholipase D (NAPE-PLD) [140]. Several other biosynthesis pathways
that engage other phospholipases and glycerophosphodiesterases are also possible (for a
review, see [128]). Endocannabinoids are absorbed by cells and metabolized by intracellu-
lar fatty-acid amide hydrolase (FAAH) or N-acylethanolamine-hydrolyzing acid amidase
(NAAA) [141].

OEA and PEA exert analgesia and reduce nociception in various animal models of
inflammatory pain [142,143]. PEA and synthetic PPARα ligands (GW7647, Wy-14634,
perfluorooctanoic acid) produce analgesic effects and strongly reduce edema in chemically
induced models of inflammation [142,144–146]. Although, in some cases, OEA acted in-
dependently of PPARα presence [143], PEA-induced nociception and anti-inflammatory
actions were exerted through PPARα [142,145]. Importantly, PEA-mediated activation
of PPARα in CNS through intracerebroventricular PEA application was able to reduce
peripheral inflammatory response (a paw edema after carrageenan injection) [146]. This
demonstrated a distant endocrine action of PEA, despite the molecular mechanism involv-
ing inhibition of the NF-κB signaling pathway in CNS tissue [146]. A PPARα involvement
was also demonstrated in the experiments with a synthetic PPARα agonist GW7647, which
induced synergistic enhancement of AEA analgesic properties in a chemically induced
inflammatory pain model [145,147]. The antinociceptive action of GW7647 depended on
the activity of large conductance potassium channels, which further supported an involve-
ment of endocannabinoid system [145,147]. The potentiation of endocannabinoid binding
to CB1 and CB2 receptors by cognate molecules, which are not agonists themselves, was
observed and named ‘the entourage effect’ [148]. In the case of AEA, PEA, and OEA,
such an effect could be explained by FAAH engagement in PEA and OEA hydrolysis,
sparing the large pool of AEA from degradation and allowing it to activate CB receptors.
Indeed, the entourage effect has been described as an enhanced vasodilation activity of
AEA through TRPV1 by PEA and OEA in the endothelium [149]. In summary, all these
results indicate that PPARα signaling contributes to inflammatory pain control through
cannabinomimetics OEA and PEA (Figure 3) [127].

Figure 3. Endocannabinoids OEA and PEA exert analgesic, anti-inflammatory, and neuroprotective
actions through PPARα activation. A detailed explanation is provided in the text.

7.2. PPARα Involvement in Resolution of Neuroinflammation

The presence of OEA and PEA in CNS implicates their activity in the physiology
of neurons and glial cells. Both compounds were shown to exert beneficial effects by
counteracting the glial inflammatory responses and by providing cytoprotection over
neuronal cells and their activities in various neuropathic states. Neuroinflammation and
exaggerated glial reactivity are associated with numerous neurodegenerative diseases,
traumatic injuries, ischemia/reperfusion stress, and neuropathic pain [150–152]. The brain
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is regarded as ‘an immune-privileged’ organ, protected from peripheral proinflammatory
stimuli by the blood–brain barrier, but microglia, astrocytes, and mast cells are capa-
ble of triggering neuroinflammation [153]. Aberrant or chronic activation of these cells
in the CNS leads to increased expression of TLRs, cytokines (TNFα, IL-6), chemokines
(CXCL6) metalloproteinases, ROS, and RNS, which results in the loss of calcium home-
ostasis, neuronal damage, or apoptosis [151–153]. The potential of lipid amides, called
ALIAmides (autacoid local injury antagonists) to counteract neurogenic inflammation and
mast-cell degranulation, was proposed by Rita Levi-Montalcini, a Nobel laureate (1988),
for her discoveries in the field of neurobiology [154]. Indeed, numerous studies demon-
strated that OEA and PEA, classified as ALIAmides, could provide neuroprotection via
downregulation of inflammatory responses in the brain through modulation of glial cell
functions. Benito and colleagues discovered that N-fatty acylethanolamines (OEA, PEA,
AEA) and synthetic agonists of PPARα (Wy-14643) and PPARγ (troglitazone) alleviate the
inflammatory response induced by the treatment of astrocytes with β-amyloid peptide
fragments [155]. The anti-inflammatory effects were mediated by PPARα, PPARγ, and
TRPV1 activity, but not through CB1 or CB2 [155]. The neuroprotective action of PEA
and an endocannabinoid 2-AG was observed in an excitatory model of neuronal damage
in organotypic hippocampal slice cultures [156]. PEA and 2-AG rescued about 50% of
neurons from NMDA-induced cell death, acting on microglial cells, albeit through different
and mutually suppressing mechanisms. PEA blocked microglial inflammatory activities,
such as NO production and the acquisition of ameboid morphology, characteristic of an
activated condition [156]. These effects were associated with PPARα nuclear translocation,
which suggests its involvement in the process.

7.3. PPARα-Mediated Regulation of Microglia and Macrophage Functions

The glia-directed activity of PEA was studied by Scuderi and coauthors, who, in a se-
ries of papers, demonstrated that PEA or synthetic PPARα agonists, in a PPARα-dependent
manner, decreased markers of glial inflammation and improved neuronal viability in an-
imal models of Alzheimer’s disease, as well as in mixed glio-neuronal cell cultures and
organotypic neural cultures [157–159]. The immunomodulatory activity of PEA and the
interplay between PPARα and the endocannabinoid system were also analyzed in primary
microglial and macrophage cultures [160]. This study revealed that CB2 mRNA and protein
levels were significantly increased by the treatment with PEA and a synthetic PPARα ago-
nist GW7647, and this effect was evoked by the PPARα/RXR heterodimer binding to the
promoter and transactivation of the gene encoding CB2 [160]. PEA induced microglial ef-
fector functions in a PPARα-dependent manner and improved the phagocytosis and killing
of Porphyromonas gingivalis by microglia and chemotaxis to 2-AG [160]. In addition to the
modulation of antimicrobial phagocytosis-based defense, PEA can modulate regenerative
functions of macrophages, such as efferocytosis (i.e., phagocytosis and clearance of apop-
totic cells) [161]. PEA is produced endogenously by M2c-polarized but not M1-polarized
macrophages [161]. Exogenous chronic administration of PEA limited early plaque for-
mation, protected from accumulation of the proinflammatory M1 macrophage within
the plaque, and promoted efferocytosis by M2a- and M2c-polarized macrophages, which
delayed the onset of arteriosclerosis [161]. These results show that endogenous PPARα
ligand PEA is capable of modulating microglia and macrophage biological functions.

7.4. PPARα’s Role in Restoration of Neural Function after Injury or Infection

Neuroprotective OEA activity was also demonstrated as an inhibition of so-called
glial scar (i.e., zones enriched with reactive inflammatory astrocytes, microglia, fibroblasts,
and accumulated extracellular matrix components) formation, after focal cerebral ischemia
injury [162]. Glial scar is a natural physiological reaction to injury, but it impedes neurite
formation, axon regrowth, and recovery after brain stroke. OEA increased PPARα expres-
sion in the cerebral cortex and downregulated glial scar markers (S100B, glial fibrillary
acidic protein GFAP, metalloproteinases MMP-2, MMP-9, and neurocan) in the ischemic
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region through a PPARα-dependent mechanism [162]. Importantly, these biological pro-
cesses translated into a better recovery of motor function in mice after stroke [162]. OEA
also decreases the inflammatory response of endothelial cells (such as IL-6, IL-8, ICAM-1,
and VCAM expression) evoked by TNFα, in a PPARα- and CB2-dependent manner [163].

The biological activities of OEA and PEA seem similar and sometimes overlap, but are
not always identical, as shown in different experimental settings. An intriguing difference
between OEA and PEA actions was observed in a study that analyzed functional impair-
ments of neurological functions in an animal model of neonatal anoxia/ischemia-induced
brain injury [164]. PEA, but not OEA treatment was capable of limiting hippocampal as-
trogliosis markers (e.g., ionized calcium-binding adaptor protein Iba-1, GFAP) and restoring
PPARα protein expression in anoxia/ischemia-affected brain regions [164]. These effects
were associated with improved cognitive abilities and a better recovery of spatial and
recognition memory, as compared to control animals subjected to anoxia/ischemia [164].
Nevertheless, OEA was proved effective in ameliorating cognitive deficits and in support-
ing neurogenesis in ischemia-affected brain regions of rats subjected to middle cerebral
artery occlusion [165].

An important immunomodulatory action of OEA and PEA involves TLR3 signaling
during the innate response to viral infections. A recent report by Flannery et al. [166]
demonstrated that intracerebroventricular administration of a TLR3 ligand, viral mimetic
polyinosinic–polycytidynic acid (poly I:C), led to the induction of hypothalamic interferon-
and NF-κB-regulated pathways of proinflammatory gene expression and hyperthermia.
The treatment with both OEA and PEA attenuated TLR3-mediated hyperthermia, but only
OEA (not PEA) was effective in the downregulation of poly I:C-induced inflammatory gene
expression, including TNFα, iNOS, IL-1β, COX-2, interferon gamma-induced protein 10
(IP-10), and interferon-regulated factor IRF7. The fact that the PPARα antagonist GW6471
attenuated these effects indicated the PPARα involvement in this regulation [166]. These
results have important implications for the current pandemic of SARS-CoV-2 infections,
which often cause complications within the CNS, manifested by neurological and mental
disorders, such as impaired memory, attention, anxiety, depression, and dementia [167].

7.5. PPARα and Endocannabinoid Involvement in the Regulation of Mast-Cell Functions

Mast cells are important innate immunity cells that, due to their rapid degranulation,
can control the onset of inflammation in various tissues. PEA was shown to reduce local
accumulation and the activation of mast cells in various inflammatory models: (i) after
substance P injection to ear pinna [154], (ii) during chemically induced allergic dermatitis
in mice [168], (iii) in myelin basic protein (MBP)-induced neuronal injury in a neuron–glia–
mast cell coculture model of multiple sclerosis [169], (iv) in rat mast cell line RBL-2H3 [170],
(v) after ischemia/reperfusion inflammatory injury of intestine after splanchnic artery
occlusion in mice [171], and (vi) during chemically induced colitis which serves as an
animal model of inflammatory bowel disease [172]. In all these experimental models, PEA
suppressed a variety of effector reactions produced by mast cells or other leukocytes, such
as chemotaxis, degranulation, enzyme release, and induction of proinflammatory cytokines.
This suppression of mast-cell activity led to alleviation of inflammatory tissue damage
and improved physiological tissue function. A common molecular mechanism could be
involved in these effects, because, regardless of the model used, they were mediated, at
least partially, by PPARα and CB2 activation [168–170], as well as, in some cases, by GPR55
and TRPV1 [172], which further supports the role of PPARα in the modulation of innate
immunity and its connections with the endocannabinoid system.

However, a very intriguing recent discovery has shed new light on the connection
among cannobinomimetics, mast cells, and metabolism, namely, ketogenesis. The publica-
tion from Daniele Piomelli’s group revealed the unexpected role of histamine secreted by
mast cells as a mediator necessary to induce ketogenesis in the liver in the state of food
deprivation [173]. The mode of metabolic regulation involves an OEA-mediated action
on hepatocytes. Routinely, after feeding, OEA is produced in the small intestine from

158



Int. J. Mol. Sci. 2021, 22, 10545

consumed dietary lipids and takes part in food intake control as a satiety mediator via
PPARα activation [133,174]. However, during food deprivation, ketogenesis depends on
liver-derived OEA. A crucial role in this process is played by a population of mast cells
that reside in the gastrointestinal tract and release histamine in the fasting state. Histamine
enters the liver through portal circulation and stimulates hepatocytes to OEA secretion via
activation of histamine H1 receptors [173]. Furthermore, OEA binding to PPARα in hepa-
tocytes activates transcription of PPARα-target genes that control ketogenesis, including
ACAT1, HMGSC2, and Fgf21 [173]. These results provide a novel link between mast cells as
innate immunity effectors, cannabinomimetic PPARα ligand OEA, and PPARα-dependent
ketogenesis as a metabolic response to fasting.

8. Evolutionary Aspects of PPARα-Mediated Immunomodulation

One of the crucially important features of the innate response is the speed and im-
mediateness of the reaction to menacing invaders. In higher vertebrates, the accurate and
prompt launching of the innate mechanisms buys time for the preparation of systemic
adaptive immunity. In invertebrates, the effectiveness of innate immunity is a matter of
life and death. The precise regulation of the innate responses is a multithreaded process
that engages various signaling pathways, including the activity of nuclear receptors, such
as PPARs. Such a regulation determines the success in coping with parasitic, viral, and
bacterial infections, in addition to providing a hospitable environment for commensal
microbiota and restricting inflammation-related tissue damage and injury.

PPARs and NOS serve as an illustrative example of how the elements of innate
immunity and their regulatory mechanisms coevolved in the animal kingdom. On the
one hand, NOS belongs to a large family of evolutionarily ancient enzymes that includes
numerous pro- and eukaryotic flavodoxins [175,176]. There have been several hypotheses
of their reciprocal relationship in invertebrates in the function of hemolymph homeostasis
maintenance and the destruction of pathogens, i.e., probably unified in hemocytic NOS, as
is the case for horseshoe crabs [175,177]. On the other hand, PPARs, despite their origin
in the nuclear receptor family that emerged in metazoans, evolved in animals only as late
as in the branch of Deuterostomata, whereas, in chordates, their presence dates from the
evolution of Branchiostomata [178]. Consequently, they are present in all the vertebrates,
but (except for Branchiostomata) absent in invertebrates [178]. Their presence seems to
correspond to the evolution of the immune system and adipose tissue, but their tissue
specificity does not overlap with their functional diversification. The most basic branch
of this family seems to be represented by PPARγ, and the evolution of the whole family
comprised two duplications of the genes, the first moving PPARγ apart, and the other
dividing the other group into the PPARβ and α subfamilies [179]. This must have taken
place on the level of ancient, primitive Teleostei [178,179].

Meanwhile, the diversified NOS family tree must root as deeply as in some Protista, as
present in a differentiated side-branch in slime molds, fungi, and practically all Eukaryota
including (a loosely related variant) high plants (Arabidopsis thaliana [180]). This may
explain the engagement of PPARs in the functioning of various NOS in vertebrates. Upon
evolution, the diversification of the NOS family has been consistently appreciated, whereas
the engagement of PPARs in various aspects of NOS functioning may have been more or
less accidental (Figure 4).
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Figure 4. Long evolution of NOS as a background for shorter vertebrate-related evolution of PPARs
and its involvement in the immune response in various animal phyla. The time scale is only
illustrative and was based on [181].

9. Conclusions and Perspectives

PPARα as a transcription factor exerts a strong impact on cellular metabolism and
intracellular signal transduction events, which alters the physiology and behavior of
PPARα-expressing cells of both immune and nonimmune provenance. These physiological
alterations underlie the immunomodulatory actions of PPARα presented in previous chap-
ters. The broad spectrum of actions of endogenous and pharmacological PPARα agonists
directed toward the immune system encourage the development of more commonly used
therapeutic application of PPARα-targeted solutions in various infectious diseases and
disorders of immunological background. The currently ongoing SARS-CoV-2 pandemic
has created a dire need to revise the canonical approaches to the treatment of viral infec-
tions and has opened an unexpected possibility for new attempts, such as applying PPARα
agonists to calm down the destructive cytokine storm in severe COVID-19 cases.
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2-AG, 2-arachidonoyl-glycerol; ACAT1, acetoacetyl-CoA thiolase 1; AEA,
N-arachidonoylethanolamine; AMPs, antimicrobial peptides; AP-1, activation protein 1;
CB, cannabinoid receptors; CLRs, C-type lectin receptors; COX, cyclooxygenase; CSF,
colony-stimulating factor; DAMPs, damage-associated molecular patterns; DOPA, di-
hydroxyphenylalanine; FAAH, atty-acid amide hydrolase; FAEs, fatty-acid ethanolamides;
FAO, fatty-acid oxidation; FGF21, fibroblast growth factor 21; FREPs, fibrinogen-related pro-
teins; HETE, hydroxyeicoatetraenoic acid; HMGCS2, 3-hydroxy-3-methylglytaryl-CoA syn-
thetase 2; HPETE, hydroperoxyeicosatetraenoic acid; IDO, indoleamine-2,3-dioxygenase;
IL, interleukin; ILCs, innate lymphoid cells; IRF, interferon-regulated factor; JAK, Janus-
activated kinase; JNK, c-Jun N-terminal kinase; KO, knockout; LOX, lipoxygenase; LPS,
lipopolysaccharide; LT, leukotriene; MAMPs, microbial-associated molecular patterns;
MBP, myelin basic protein; MCP1, monocyte chemoattractant protein 1; MDSCs, myeloid-
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derived suppressor cells; MMP-9, matrix metalloproteinase 9; NAAA, N-acylethanolamine-
hydrolyzing acid amidase; NAPE-PLD, N-acyl-phosphatidylethanolamine-hydrolyzing
phospholipase D; NCoR, nuclear receptor co-repressor; NF-κB, nuclear factor κB; NLR,
nucleotide-binding oligomerization domain (NOD)–leucin-rich repeat (LRR)-containing
receptors; NO, nitric oxide; NOD, nucleotide-binding oligomerization domain; NOS, nitric
oxide synthase; OEA, oleylethanolamide; PAMPs, pathogen-associated molecular patterns;
PEA, palmitoylethanolamide; PG, prostaglandin; PPAR, peroxisome proliferator-activated
receptor; PPRE, peroxisome proliferator response element; PRRs, pattern-recognition recep-
tors; RIG1, retinoic acid inducible gene 1; RLR, retinoic acid inducible gene 1 (RIG1)-like
receptors; RNS, reactive nitrogen species; ROR, retinoid orphan receptor; ROS, reactive
oxygen species; RXR, retinoid X receptor; SAPK, stress-activated protein kinase; SMRT,
silencing mediator of retinoid and thyroid receptors; STAT, signal transducer and activator
of transcription; TF, tissue factor; TFEB, transcription factor EB; TGF, transforming growth
factor; TLR, Toll-like receptors; TNF, tumor necrosis factor; TRPV1, transient receptor poten-
tial cation channel vanilloid subfamily member 1; TXNIP, thioredoxin-interacting protein.
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Abstract: In our previous work, we built the model of PPARγ dependent pathways involved in the
development of the psoriatic lesions. Peroxisome proliferator-activated receptor gamma (PPARγ) is a
nuclear receptor and transcription factor which regulates the expression of many proinflammatory
genes. We tested the hypothesis that low levels of PPARγ expression promote the development of
psoriatic lesions triggering the IL17-related signaling cascade. Skin samples of normally looking and
lesional skin donated by psoriasis patients and psoriatic CD3+ Tcells samples (n = 23) and samples of
healthy CD3+ T cells donated by volunteers (n = 10) were analyzed by real-time PCR, ELISA and
immunohistochemistry analysis. We found that the expression of PPARγ is downregulated in human
psoriatic skin and laser treatment restores the expression. The expression of IL17, STAT3, FOXP3,
and RORC in psoriatic skin before and after laser treatment were correlated with PPARγ expression
according to the reconstructed model of PPARγ pathway in psoriasis.In conclusion, we report that
PPARγ weakens the expression of genes that contribute in the development of psoriatic lesion. Our
data show that transcriptional regulation of PPARγ expression by FOSL1 and by STAT3/FOSL1
feedback loop may be central in the psoriatic skin and T-cells.

Keywords: psoriasis; peroxisome proliferator-activated receptor gamma (PPARγ); real-time PCR;
ELISA; immunohistochemistry; signaling pathway

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) form a group of nucleus receptors
that play an important role in the mammalian physiological system and function as a
transcription factor [1]. There are three known PPAR isoforms, PPARα, PPARβ/δ, and
PPARγ, which have significant sequence and structure homology, but exhibit different
tissue distribution, selectivity, and sensitivity to ligands, which leads to the regulation of
different gene sets by different receptors [2,3].

After binding to the ligand, PPARs form a heterodimer with the liver X receptor
(LXR), then heterodimerize with the retinoid X receptor (RXR) and bind to the peroxisome
proliferator response elements (PPRE) in the promoter regions of target genes [4,5].

PPARγ is the most studied PPAR subtype, which is expressed predominantly in the
heart, adipose tissue, colon, kidneys, spleen, intestine, skeletal muscle, liver, macrophages,
and skin. In the skin, PPARγ controls the genetic regulation of gene network expression
involved in cell proliferation, differentiation, and inflammatory response [6].
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There is an increased expression of PPARγ in skin adipocytes, where it plays a critical
role in their differentiation [7,8]. PPARγ also has an important functional role in the
regulation of skin barrier permeability as an inhibitor of keratinocyte cell proliferation and
a promoter of terminal differentiation of the epidermis. In addition, being an important
regulator of lipid metabolism, it stimulates the production of cholesterol and ceramides in
keratinocytes [1,9].

As far as psoriasis is an inflammatory skin disease characterized by epidermal hy-
perproliferation and abnormal keratinocyte differentiation, proteins involved in PPARγ
signaling can be considered as potential targets for treatment. Specific PPARγ ligands (such
as BRL49653/rosiglitazone or pioglitazone) have been shown to inhibit the production of
many inflammatory mediators and cytokines in various cell types, including monocytes,
lymphocytes, and epithelial cells [10,11]. Studies in a mouse model of hyperproliferative
skin disease have shown that local administration of PPARγ ligands thiazolidinediones
family (ciglitazone and troglitazone) reduces epidermal hyperplasia [12].

Therefore, PPARγ can impede the progress of psoriasis, downregulating the expression
of proinflammatory genes in a ligand-dependent manner, counteracting the activity of
transcription factors.

Previously, we reconstructed several pathway models of molecular mechanisms of
psoriasis. Models describe the transition to TH17 cell signaling during the differentiation of
psoriatic T cells. In summary, genetic mutations in interleukin receptor (IL23R) may cause
shift to the TH17 cells production which results in elevated levels of IL17 and IL22 expres-
sion, which, in turn, activates keratinocytes to release different cytokines and chemokines
for attracting neutrophils and other inflammatory cells in the psoriatic lesion [13,14]. In
the last work we build the model that describes a hypothesis that low activity of PPARγ
signaling may promote psoriasis. We applied network analysis to build the model and
we used public microarrays data to find statistically significant molecular cascades, cell
processes, molecular regulators and expression targets of PPARγ [15] (see Supplementary
Materials).

In this work, to test the hypothesis of low activity of PPARγ signaling in psoriasis, we
measured gene expression of PPARγ and several key members of the reconstructed model
in skin samples and in CD3+ T cells from patients with psoriasis. Additionally, we tested
the expression of PPARγ signaling in human psoriatic skin before and after laser treatment.

2. Materials and Methods
2.1. Patients and Samples

We analyzed biopsies and peripheral blood samples from patients who were treated in
the V G Korolenko Hospital, Moscow Scientific and Practical Centre of Dermatovenerology
and Cosmetology. Total were analyzed from 23 patients with plaque-type psoriasis and
10 healthy controls. The age of patients varied from 25 to 56 years (Table 1). Patients were di-
agnosed with Psoriasis vulgaris. The diagnoses were confirmed by the pathomorphological
examination of skin biopsies.

Table 1. Clinical parameters of patients with psoriasis (Psoriasis vulgaris).

Sex, n (%) Age PASI Disease History in Years

Patients
M/F (n = 23) 43.5 ± 8.8 22 ± 6.2 17.4 ± 5.7
M, 10 (43.5%) 42.9 ± 9.9 18.4 ± 5.5 15.9 ± 4.7
F, 13 (56.5%) 44.9 ± 9.2 24.8 ± 4.2 17.6 ± 6.7

Healthy volunteers
M/F (n = 10) 40.9 ± 9 n/a n/a
M, 4 (40%) 40.2 ± 7.3 n/a n/a
F, 6 (60%) 41.3 ± 10.6 n/a n/a
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Local anesthesia and dermatological punch (4 mm) were used for the collection of
skin samples. Healthy skin samples were taken at a distance of 3 cm from a psoriatic
lesion. The research was approved by the Local Ethical Committee at the Center for
Theoretical Problems of Physical-Chemical Pharmacology, Russian Academy of Science,
and complies with the principles of the Helsinki Declaration. The laser treatment was
provided 2–3 times a week. Skin samples were collected before the treatment and one day
after the 7th laser seance.

2.2. Cells Isolation

For peripheral blood mononuclear cells (PBMC) isolation from the whole blood
density gradient centrifugation was performed. Ficoll isolation method promoted cell
extraction. 7 mL of Ficoll solution (density 1.077 g/cm3, “DIA-M”) was placed into a 15 mL
Eppendorf conical tube and then carefully overlaid with 7 mL of the whole blood. After
that the tube was centrifuged for 25 min at 1200× g at 4 ◦C. The interphase containing the
cellular layer was collected from the tube and placed into a new 15-mL tube for further
washing procedure. 15 mL of DPBS buffer (10× without Ca and Mg, with 0.5%Tween 20,
pH 7.4) were added to the cell pellet and then centrifuged for 15 min at 400× g at 20 ◦C.
The supernatant was carefully removed and the wash was repeated once with the only
difference of the DPBS buffer volume (10 mL). After the last centrifugation and 500 µL of
culture media (RPMI) addition, cell count and viability assessment were performed.

Isolation of total CD3+ T cells were obtained from PBMCs of patients and controls
using a total CD3+ T cell isolation kit (Miltenyl Biotec, Bergisch Gladbach, Germany).

For better presentation we summarized all methods in one scheme (Figure 1).

Figure 1. Scheme of experiment procedure.

2.3. PCR

Qiagen spin column and standard RNeasy Mini Kit® for the skin were used for the
RNA isolation. Additional treatment of samples with the DNAase (Qiagen®, Germantown,
MD, USA) was used to remove DNA traces. RNA concentration was measured with
NanoDrop 1000 (Thermo Scientific®, Waltham, MA, USA).

Reverse transcription was done in 200 µL volume; the mixture included the buffer,
dNTP, 100 units of reverse transcriptase (M_MLV, Promega®, Madison, WI, USA), 20 units
of RNAses inhibitor (RNasin, Promega®, Madison, WI, USA), 500 ng of oligo(dT) primers
(DNA-Synthes®, Moscow, Russia), and RNA sample (no more than 100 ng/µL). The
mixture was incubated at 37 ◦C for 1 h.
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Real-time PCR was performed in 96-well optical plates using fluorescent dyes SYBR
Green (Eurogen®) and custom primers (DNA-Synthesis®). Primer sequences: PPAR-γ F:
5′-TCTGGCCCACCAACTTTGGG-3′ R: 5′-CTTCACAAGCATGAACTCCA-3′; STAT3 F:
5′-ACCAGCAGTATAGCCGCTTC-3′ R: 5′-GCCACAATCCGGGCAATCT-3′; IL17A F: 5′-
ACAACCGATCCACCTCACCTT-3′ R: 5′- CTTTGCCTCCCAGATCACAGA-3′; RORC F:
5′- GTAGAACAGCTGCAGTACAATC-3′ R: 5′-CTTCCAGGTCACTTGGAC-3′; FOXP3
F: 5’-TCCCAGAGTTCCTCCACAAC-3′ R: 5′-ATTGAGTGTCCGCTGCTTCT-3′. PCR am-
plifier (Bio-Rad, CFX96™) was used for the amplification with the following program:
(1) denaturation at 95 ◦C for 4 min, (2) denaturation at 94 ◦C for 15 s, (3–4) annealing and
elongation at 60 ◦C for 30 s, (5) steps 2–4 were repeated 40 times. Levels of the GAPDH
gene were used as a control for the expression of targeted genes. Amplification of the
GAPDH gene and the studied genes was performed in different test tubes.

To calculate the results, we used numbers from real-time PCR reactions with primer
efficiency at least 95%, 0.99 correlation coefficient and the curve (slope) −3.4 ± 0.2. PCR
results were analyzed using the 2−∆∆CT method to compare the levels of expressions
detected in affected and unaffected samples [16]. Each ∆Ct was calculated as ∆Ct = Ct
(tested gene)−Ct (GAPDH). ∆∆Ct was calculated as ∆∆Ct = ∆Ct (psoriatic skin sample)—
∆Ct (health skin sample). The experiments were repeated three times for each sample.
Intergroup differences were calculated using the Mann-Whitney U-test.

2.4. ELISA

Human PPAR-γ (Peroxisome Proliferator Activated Receptor Gamma) (MBS2503174),
Signal Transducer and Activator of Transcription 3 (STAT3) (MBS2024094) and Interleukin
17 (IL17) (MBS2019491) ELISA Kits (MyBioSource, Inc., San Diego, CA, USA) was applied
to detect the PPARγ levels in lesional and healthy skin according to the manufacturer’s
protocol. Briefly, standards and tested samples prepared in assay buffer were loaded on
96-well plate and incubated with immobilized specific antibody for 1 h at 37 ◦C. After
washing with provided solution, the specific antibody conjugated with HRP-streptavidin
was added and incubation continued for another 30 min. Then, the presence of antigen
was visualized with chromogenic substrate (TMB) and assayed using a microplate reader
(RT-2100C, Rayto) at wavelength 450 nm. The antigen was quantified with a standard curve
generated with standards of known concentration. The standard curve was constructed by
plotting the mean absorbance obtained from each standard against its concentration. The
calculation was done using a professional software “Curve Expert 1.4”.

2.5. Immunohistochemistry Analysis

Preparation of a paraffin block. To prepare skin micro-sections, a tissue samples up
to 5 mm in size was fixed on a substrate to prevent wrinkling. The tissue was fixed in
10% neutral buffered formalin for 24 h at room temperature. Then formalin was washed
out of the sample in running water for 6–7 h. Then the tissue was dehydrated in ethyl
alcohols of ascending density: 80%-24 h, 96%-24 h, 100%-4 h. To prepare the paraffin block,
the sample was kept in a 50/50 ethanol/toluene solution for 40 min at room temperature.
Then the skin was kept in 100% toluene for 1 h. The tissue was also kept for 1 day in a
50/50 paraffin/toluene solution at 56 ◦C for successful penetration of paraffin into the
sample. After that, the sample was placed in melted paraffin and kept for 2 days. A paraffin
block with the skin sample enclosed in it was prepared with the use of a mold.

Staining of paraffin sections. Paraffin microsections of the human skin samples
were obtained with the use of MC-2 sledge microtome. Microsections were placed on
positively charged superfrost plus slides. The antigens were visualized by the NOVOLINK
imaging system based on the unique compact polymer RE7290-K, designed to visualize
mouse immunoglobulins M, G and rabbit immunoglobulins G of primary antibodies. For
immunohistochemical staining the sections were dewaxed: toluene for 3 min, 96% ethanol
for 3 min, 80% ethanol for 3 min, H2O for 5 min. Triton X-100 was used to perform antigen
unmasking procedure.
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2.6. Data Analysis

Literature biomedical network Resnet-2020 and software Pathway Studio were used
for enrichment analysis, network analysis and pathway models reconstruction (www.
pathwaystudio.com). Resnet—2020 includes interactions between proteins, drugs, diseases,
mutations, cells and other biomedical entities and is based on results of text-mining of
3.5 Mln full texts papers and 24 Mln abstracts.

3. Results
3.1. PPARγ Expression Is Slightly Downregulated in Psoriatic Skin and CD3+ T Cells

For each of 23 patients, we compared the expression levels of PPARγ in the psoriatic
skin samples and unlesional skin collected at the distance of 3 cm from the nearest psoriatic
plaque. This was necessary to minimize the influence of disease-irrelevant factors on the
molecular profile of selected genes [17].

The results of real-time PCR showed that PPARγ was downregulated in lesional
skin compared to uninvolved skin. The expression level of PPARγ in lesional skin was
slightly reduced in 1.41 ± 0.27 times (Figure 2). We also found a significant increase in
the expression levels of the following genes—IL17 (42.39 ± 16.68), STAT3 (4.42 ± 0.90),
RORC (7.68 ± 1.62, and FOSL1 (9.72 ± 4.98). In contrast, the expression level of FOXP3
was decreased in 1.72 ± 0.14 times.

Figure 2. Comparative analysis of changes in the expression levels of PPARγ, STAT3, IL17A, RORC, FOXP3 and FOSL1 in
lesional skin and CD3+ T cells of psoriasis patients. Dark grey bars—lesional vs. uninvolved skin; Light grey bars—CD3+

cells of psoriasis patients vs. same cells of healthy volunteers. The level of gene expression in control group was set to 1.
Statistically significant changes in gene expression (p < 0.05) are marked with asterisk sign (*).

In the CD3+ T-cells of psoriasis patients, the expression level of PPARγ was reduced in
3.4 ± 0.4 times and FOXP3—in 5.4 ± 0.16 times compared to healthy volunteers (Figure 2).
Moreover, the following genes were upregulated in CD3+ T cells of psoriasis patients—IL17
(105.2 ± 11.01), STAT3 (6.98 ± 1.96), RORC gene in 15.52 ± 2.18, and FOSL1 (5.79 ± 0.99).

Since we proposed that the pathogenicity of downregulated PPARγ-downstream
signalling is different in various types of cells, where this pathway was active, we compared
the expression levels of PPARγ and the related genes in the CD3+ T cells obtained from
the blood of psoriasis patients and lesional skin with similar parameters in CD3+ T cells of
healthy volunteers and uninvolved skin, respectively. We found that the expression levels
of PPARγ and FOXP3 were decreased in psoriatic CD3+ T cells compared to lesional skin
of the same individuals. The observed changes were statistically significant (p = 0.016 and
>0.001, respectively). In contrast, the expression levels of four other genes were increased.
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The changes in the expression levels of IL17A and RORC were statistically significant
(p = 0.004 and 0.033, respectively). In the same time, the changes in the expression levels of
STAT3 and FOSL1 were not significantly different (p = 0.410 and 0.278, respectively).

Using an independent method of analysis, we confirmed the differential expression
of PPARγ, STAT3 and IL17 on protein level. The results of ELISA experiments performed
on the same group of skin samples (Figure 3, upper panel) discovered significantly higher
expression levels of STAT3 and IL17 in lesional skin. The expression levels of STAT3
were 7.91 ± 0.61 and 3.92 ± 0.70 ng/mL (p < 0.001) whereas the expression levels of
IL17 were 1.15 ± 0.06 and 0.09 ± 0.01 ng/mL (p < 0.001), respectively. In contrast, the
expression of PPARγ was reduced in lesional skin, compared to healthy skin 2.06 ± 0.20
and 8.02 ± 0.79 ng/mL, p < 0.001).

Figure 3. The expression levels of selected proteins in the samples obtained from psoriasis patients
(n = 23) and healthy volunteers (n = 10) assessed by ELISA. The upper panel—lesional vs. healthy skin.
The lower panel—samples of CD3+ T cells of psoriasis patients and healthy volunteers. Statistically
significant changes in gene expression (p < 0.05) are marked with asterisk sign (*).

Expectedly, a similar expression pattern was discovered in CD3+ T-cells (Figure 3,
lower panel). The expression levels of STAT3 were 12.35 ± 1.53 and 5.75 ± 0.95 ng/mL (p <
0.001) whereas the expression levels of IL17 were 1.57 ± 0.09 and 0.07 ± 0.02 ng/mL (p <
0.001) in psoriatic and healthy CD3+ T-cells, respectively. In the same time, the expression of
PPARγ was reduced in psoriatic CD3+ T-cells, compared to same cells of healthy individuals
(1.71 ± 0.29 and 12.46 ± 1.47 ng/mL, p < 0.001).

To reveal the differences in gene and protein expression between genders we compared
the data obtained from male and female patients (Table 2), female patients with and without
menopause (Table 3) as well as male and female healthy volunteers (Table 4). The following
analysis did not reveal significant gender-specific changes with two exceptions. Firstly,
female patients that did not experience menopause had a significantly higher expression of
FOSL1 in CD3+ T-cells (Table 3). Secondarily, healthy female volunteers seemed to have a
higher expression of IL17A compared to their male counterparts (Table 4).
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Table 2. Comparative analysis of gene and protein expression in male (n = 10) and female (n = 13) patients.

Group FOSL1 PPARγ FOXP3 STAT3 IL17A RORC

(a) qPCR of skin samples, folds;
males 7.36 ± 3.50 0.66 ± 0.06 0.61 ± 0.07 4.52 ± 0.66 31.27 ± 7.42 6.87 ± 1.26

females 12.29 ± 3.73 0.74 ± 0.10 0.56 ± 0.06 4.39 ± 0.69 47.93 ± 14.02 7.78 ± 1.02
p 0.36 0.52 0.59 0.90 0.35 0.58

(b) qPCR of CD3+ cells, folds;
males 5.80 ± 1.69 0.27 ± 0.15 0.22 ± 0.06 9.83 ± 3.94 123.99 ± 20.38 13.84 ± 3.65

females 5.79 ± 1.24 0.31 ± 0.13 0.16 ± 0.04 4.79 ± 1.62 90.82 ± 10.69 16.82 ± 2.73
p 1.00 0.86 0.38 0.21 0.14 0.51

(c) ELISA of skin samples, ng/mL;
males N.D. 1.94 ± 0.30 N.D. 7.20 ± 1.01 1.23 ± 0.15 N.D.

females N.D. 2.16 ± 0.29 N.D. 8.46 ± 0.78 1.08 ± 0.12 N.D.
p 0.61 0.33 0.45

(d) ELISA of CD3+, ng/mL;
males N.D. 2.05 ± 0.55 N.D. 14.33 ± 2.49 1.50 ± 0.13 N.D.

females N.D. 1.46 ± 0.32 N.D. 10.82 ± 1.97 1.63 ± 0.13 N.D.
p 0.33 0.27 0.49

Table 3. Comparative analysis of gene and protein expression in female patients have (n = 6) and do not have (n = 7)
menopause.

Group FOSL1 PPARγ FOXP3 STAT3 IL17A RORC

(a) qPCR of skin samples, folds;
no menopause 7.15 ± 1.39 0.76 ± 0.12 0.57 ± 0.10 4.79 ± 1.10 43.86 ± 10.54 8.71 ± 1.37

menopause 16.69 ± 7.52 0.73 ± 0.16 0.52 ± 0.07 3.83 ± 0.71 59.23 ± 28.35 7.84 ± 1.93
p 0.21 0.88 0.70 0.41 0.60 0.71

(b) qPCR of CD3+ cells, folds;
no menopause 8.04 ± 1.87 0.24 ± 0.14 0.14 ± 0.04 7.07 ± 2.77 82.59 ± 14.88 16.98 ± 4.68

menopause 3.17 ± 0.75 0.39 ± 0.24 0.18 ± 0.08 2.12 ± 0.60 100.43 ± 15.80 16.64 ± 2.85
p 0.047 0.59 0.61 0.13 0.43 0.95

(c) ELISA of skin samples, ng/mL;
no menopause N.D. 2.45 ± 0.46 N.D. 7.69 ± 0.49 0.98 ± 0.16 N.D.

menopause N.D. 1.81 ± 0.30 N.D. 9.36 ± 1.58 1.21 ± 0.18 N.D.
p 0.29 0.30 0.36

(d) ELISA of CD3+, ng/mL;
no menopause N.D. 1.80 ± 0.42 N.D. 11.41 ± 2.87 1.55 ± 0.21 N.D.

menopause N.D. 1.05 ± 0.48 N.D. 10.13 ± 2.90 1.72 ± 0.15 N.D.
p 0.26 0.76 0.55

Table 4. Comparative analysis of gene and protein expression in healthy male (n = 4) and female (n = 6) volunteers.

Group FOSL1 PPARγ FOXP3 STAT3 IL17A RORC

(a) qPCR of CD3+ cells, folds;
males 1.23 ± 0.52 1.34 ± 0.65 1.26 ± 0.29 1.02 ± 0.55 0.91 ± 0.38 0.47 ± 0.14

females 0.85 ± 0.18 0.77 ± 0.13 0.83 ± 0.16 0.99 ± 0.24 1.06 ± 0.23 1.35 ± 0.46
p 0.44 0.41 0.20 0.96 0.73 0.17

(b) ELISA of skin samples, ng/mL;
males N.D. 9.16 ± 1.64 N.D. 3.95 ± 0.73 0.04 ± 0.01 N.D.

females N.D. 7.27 ± 0.77 N.D. 3.89 ± 1.15 0.07 ± 0.01 N.D.
p 0.27 0.97 0.049

(c) ELISA of CD3+, ng/mL;
males N.D. 13.93 ± 1.37 N.D. 6.45 ± 2.09 0.05 ± 0.02 N.D.

females N.D. 11.47 ± 2.35 N.D. 5.28 ± 0.89 0.09 ± 0.03 N.D.
p 0.46 0.57 0.29
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However, we had several reasons to doubt the significance of these findings. Primarily,
the differences reported in Tables 3 and 4 were not confirmed independently. In the first
case, the significance of qPCR data was not confirmed by ELISA (Table 3). In the second
case, the significance of the findings discovered by ELISA was not confirmed by qPCR
(Table 4). Moreover, there we noticed a high data variability within the groups. As we
believed, the patients’ comorbidities and unreported health issues of volunteers might
influence the gene and protein expression. We also have to acknowledge that levels of
female sex hormones significantly vary on different stages of the menstrual cycle whereas
we drew the blood a day prior discharging the patients and disregarded this matter when
we tested healthy volunteers. In addition, the significance of the changes in the expression
of IL17A could be questioned because of a relatively small sample size (Table 4). Thus,
we suggest that there is no association between gene and protein expression and the
participants’ gender. As we believe, the obtained results do not support the hypothesis that
gender could be a risk determinant of psoriasis.

Immunohistochemical skin section profile show that the accumulation of IL17 is
increased in the skin with the development of psoriatic plaque, as compared with the
visually unaffected and healthy skin. Also, immunostaining of antibodies against IL17
showed the staining of the keratinocyte cytoplasm mostly in the suprabasal epidermal layer.
In the hyperplastic epidermis, the accumulation of IL17 is more intense and heterogeneous.
At the same time, IL17 accumulates to a lesser extent in the visually unaffected skin and is
only slightly detected in the healthy skin.

In the sections presented, a more intense PPARy immunostaining is observed in dif-
ferentiated suprabasal keratinocytes of the unaffected skin, and less in the tissues of the
psoriatic plaque, despite keratinocyte proliferation and hyperplasia development (Figure 4).

Figure 4. Immunohistochemical staining of antigens in the affected and non-affected psoriatic skin in comparison with the
skin of healthy donors. The image was magnified 100×. Black arrows indicate PPARy accumulation in the suprabasal layer
of epidermal keratinocytes.

3.2. Low Laser Treatment Stabilises PPARγ Related Signaling in Psoriatic Skin

For the next step of validation, we studied the expression of PPARγ, STAT3, IL17A,
RORC, FOXP3, and FOSL1 in human psoriatic skin samples and visually healthy skin
samples before and after laser treatment. Patients received low-intensity laser treatment
with 1.27 microns wavelength (infrared short waves). Similar to previously published
results by different groups of medical researchers, the low-laser treatment had a positive
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effect on the health of observed patients and reduction of psoriatic skin inflammation was
achieved (Figure 5).

Figure 5. Visual positive effect after low-level laser therapy. Reduction of psoriatic skin inflammation was achieved.

We detected a reliable reduction in the expression of studied PPARγ, STAT3, IL17A,
RORC, FOXP3 and FOSL1 genes after low level (1.27 microns) laser treatment. The level of
STAT3 expression was decreased in 2.08± 0.33 times (Figure 6D), IL17A in 10.48 ± 3.36 times
(Figure 6E), RORC in 3.20 ± 0.68 times (Figure 6F) and FOSL1 in 0.57 ± 0.17 (Figure 6C).
The level of the expression of PPARγ was increased 2.13 ± 0.47 times (Figure 6A). The level
of FOXP3 was also increased in 2.62 ± 0.39 times (Figure 6B).

Therefore, low laser treatment caused significant growth of the PPARγ and FOXP3
expression while reducing the expression of STAT3, IL17A, and RORC.
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Figure 6. Comparison of PPARγ (A), FOXP3 (B), FOSL1 (C), STAT3 (D), IL17A (E) and RORC (F) genes expression in the
skin of 23 patients with psoriasis before and after low-level laser therapy. The levels of mRNA concentration for genes in
psoriatic skin samples was calculated in relation to the level of the same genes in unaffected skin samples (which was taken
as conditional 1, p < 0.05). See supplemental materials for detailed statistics (“PPARG expression file”).

4. Discussion

Previously, we built the model of PPARγ dependent pathways involved in the devel-
opment of the psoriatic lesions. The model includes significant molecular cascades such as
IL17 signaling, Toll like receptor and PI3K-AKT pathways from literature network analysis
and public microarrays data. In this work we tested the model by measurement mRNA
and protein levels of key molecular players in human psoriatic skin and T-cells.

Several key players according to previously reconstructed models of the PPARγ
signaling were selected for experimental validation of the hypothesis that low levels of
PPARγ may contribute to the development of psoriatic lesions. There were IL17A gene
(interleukin 17A), STAT3 gene (signal transducer and activator of transcription 3), RORC
gene (retinoid-related orphan receptor-gamma), FOXP3 gene (forkhead box P3) and FOSL1
(FOS-like antigen 1) gene (Figure 7).

We detected the repression of PPARγ activity in human psoriatic skin and blood
immune cells (CD3+ T cells) from 23 patients with real-time PCR method, ELISA and
immunohistochemistry analysis. Our results are similar to data from microarray on 58 pa-
tients where average PPARγ gene expression also was slightly downregulated in psoriatic
lesions [18]. Recently, low PPARγ expression in CD4+ T cells from 12 psoriasis patients
than in healthy controls was reported [19]. Other authors however described the higher
level of the PPARγ expression in human psoriatic skin compared to healthy skin. But the
level of PPARγ mRNA was close to the detection limit in their research [20].

In the model we tested in this work IL17A, STATS3, and RORC are statistically sig-
nificant negative targets of PPARγ. We expected that activity of these targets should be
higher in psoriatic lesion and slightly decrease after laser treatment. Our experimental
results support this idea and they are aligned well with detected low activity of PPARγ
in psoriatic skin and CD3+ T cells, since PPARγ may act as a suppressor of the IL17 gene
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transcription by inhibiting his direct transcription factors RORC and STAT3 (Figure 8).
In psoriatic cell STAT3 becomes more active than in healthy cell and, by providing feedback
loop via FOSL1, further strengthens the downregulation of PPARγ expression (Figure 8).

Figure 7. Model of PPARγ pathway in psoriasis (simplified version). Changes in gene expression are highlighted according
to results of analysis in red (over-expressed genes) and in blue (down-expressed genes). In psoriatic lesion, cytokines, growth
factors, pathogens, apoptotic debris as well as dendritic cells activates TLRs, AGER and EGFR among other receptors on the
surface of keratinocytes and T-cells. Activates receptors transfer the signal to their canonical cascades such as G-couple
proteins, PI3K, PKA, MAPK1, or calcium (not shown). As a result, several direct inhibitors of PPARG protein such as
TSC2 or inhibitors of PPARG expression (FOSL1, Jun/Fos) became over activated. When PPARG is inhibited on both RNA
expression and protein levels, this causes higher than normal expression of interleukins (such as IL17A) via STAT3 and
RORC transcription factors. See supplemental materials for references and links to publications that support protein-protein
interactions in the model.

While the prominent role of RORC in psoriasis as the major controller of Th17 cell
differentiation is well described, however, the evidence of RORC expression in psoriasis
is controversial. In mice T-cells and dendritic cells had increased STAT3/RORC expres-
sion [18] and patients with psoriasis had elevated level of RORC (RORG-t isoform) [20].
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In published microarray data, the level of expression of RORC was downregulated in most
of 58 patients [15,21].

Contrariwise, FOSL1 may be important for stabilization of psoriatic inflammation.
FOSL1 was reported to have high level of expression in human psoriasis tissues [22,23] and
be able to inhibit PPARγ directly [24].

Figure 8. Alignment of tested changes in PPARγ signaling before and after laser treatment with the model. Changes in gene
expression after treatment are marked with highlights (red—elevated; blue—lowered). Red X symbolise non-functional
protein-protein interactions. LXR-RXR complex activity was not tested.

Laser treatment diminishes the STAT3->FOSL1->PPARγ feedback loop and restores
PPARγ activity and slightly reduce IL17 production (Figure 8). The molecular mechanism
of laser treatment is not well understood. Low-intensity laser waves are absorbed by
oxygen, CO2, water molecules switching them into an activated state. Proteins with
activated molecules participate in interactions more intensively. There was shown that low
laser treatment stimulates Ca2+-related signaling pathways including general membrane
reparation and cell proliferation. There are expectations that low-level laser treatment will
result in the replacement of “old” cells with new ones thus reducing the inflammation in
the psoriatic lesion [25]. Interesting that ozonated autohemotherapy (OAHT) treatment
also elevated PPARγ expression in CD4+ T cells of patients with psoriasis and decreased
patients’ PASI scores [19].

Functions of IL17 and transcription factors we tested in this work are well studied in
psoriasis (see more details in [22,26,27], and in our previous publications [28–30]). Other
aspects of PPARγ related signalling pathways were also studied. For example, interactions
between different PPARs isoforms are important for their functions. PPARδ directly inhibits
PPARγ, and many pro-inflammatory factors, fatty acid signaling, and “regenerative skin
phenotype” pathways (IFNG, TNFA) linked with PPARδ stimulation [31]. miRNAs may
play important regulator role in PPARγ signaling as well [32].

Single nucleotide polymorphisms in PPARγ gene are commonly associated with in-
sulin resistance and diabetes. There are no significant associations between mutations in
PPARG with psoriasis (based on search in OMIM, ClinVAr and Resnet-2020 databases).
However, the association between rs1801282 in PPARγ and psoriasis, and low level of
PPARγ expression were reported in Egyptian patients with obesity and metabolic syn-
drome. Authors concluded that reduced PPARγ activity could be the factor responsible for
translating the metabolic state among psoriatic patients [33,34].
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Can players of PPARG signalling be considered as drug targets for psoriasis treatment?
We used enrichment analysis with literature biomedical network (Resnet—2020) helps to
identify the significant differences in known drugs mechanisms associated with tested
model of PPARγ signaling. We searched for drugs which were verified in clinical trials
or reported in publications as drugs against psoriasis and simultaneously were reported
as inhibitors of IL17, STAT3, FOSL1, RORC but not PPARγ or FOXP3. Several substances
like corticosteroids and tacrolimus were identified by given criteria. We have found that
two other drugs (calcitriol and paclitaxel) that indeed reduce inflammation in psoriasis,
however, may not be very effective in psoriasis treatment because they inhibit PPARγ or
FOXP3 (Figure 9). Anti-diabetes drugs such as biguanides (metformin) and thiazolidine-
diones (rosiglitazone and pioglitazone) were studied as additional treatment options for
psoriasis. Moreover, it is known that thiazolidinediones act as direct ligand activators of
PPARγ and it normalizes the histological features of psoriatic skin in vitro [35].

Figure 9. Anti-psoriatic drugs that may stabilize PPARγ signaling and supress IL17 expression. Calcitriol and paclitaxel
however have been reported to inhibit PPARγ or FOXP3. See details of interactions and references in files with models in
Supplemental materials.

5. Conclusions

We detected the high level of RORC and STAT3 mRNA in the psoriatic skin of patients
which were reduced after laser treatment. Protein level of STAT3 also were upregulated
in psoriatic skin and CD3+ T cells. Also, we report the downregulation of FOXP3 mRNA
expression which is a direct inhibitor of RORC and positive target of PPARγ. Though,
low expression of PPARγ as well as high level of RORC expression is supported by down-
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regulated FOXP3 expression and validates reconstructed model. Experimental data we
obtained support our model and the hypothesis that in psoriasis low level of PPARγ activity
stimulates IL17 synthesis because STAT3 and RORC became less suppressed.

Our research has several limitations. The number of tested samples was relatively
small. Not all proteins from the model were tested on protein levels. Also, additional
analysis of receptors activation and intermediate cellular cascades may help to evaluate
upstream triggers and regulators of PPARγ. Finally, the interaction of transcription factors
and regulation of gene expression are more complex than tested model. Additional scaf-
folds proteins such as LXR-RXR complex, histones and chromatin remodelling complexes
are involved in gene expression.

In summary, we report that PPARγ weakens the expression of genes that contribute
in the development of psoriatic lesion. It is not clear what upstream pathway is the most
important for PPARγ/IL17 regulation in psoriasis. Our data show that transcriptional
regulation of PPARγ expression by FOSL1 and by STAT3/FOSL1 feedback loop may be
central in the psoriatic skin and T-cells.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are nuclear hormone receptors ex-
pressed in the skin. Three PPAR isotypes, α (NRC1C1), β or δ (NRC1C2) and γ (NRC1C3), have been
identified. After activation through ligand binding, PPARs heterodimerize with the 9-cis-retinoic
acid receptor (RXR), another nuclear hormone receptor, to bind to specific PPAR-responsive ele-
ments in regulatory regions of target genes mainly involved in organogenesis, cell proliferation,
cell differentiation, inflammation and metabolism of lipids or carbohydrates. Endogenous PPAR
ligands are fatty acids and fatty acid metabolites. In past years, much emphasis has been given to
PPARα and γ in skin diseases. PPARβ/δ is the least studied PPAR family member in the skin despite
its key role in several important pathways regulating inflammation, keratinocyte proliferation and
differentiation, metabolism and the oxidative stress response. This review focuses on the role of
PPARβ/δ in keratinocytes and its involvement in psoriasis and atopic dermatitis. Moreover, the
relevance of targeting PPARβ/δ to alleviate skin inflammation is discussed.

Keywords: PPAR; atopic dermatitis; psoriasis; metabolic reprograming; glucose; fatty acids

1. PPARdelta: The Least Studied PPAR Isoform

Peroxisome proliferator-activated receptors (PPARs) are transcription factors belong-
ing to nuclear hormone receptor superfamily. Three PPAR isotypes, α (NRC1C1), β or
δ (NRC1C2) and γ (NRC1C3), have been identified in mammals (henceforth, we refer
to the β/δ isoform simply as PPARδ). After activation through ligand binding, PPARs
heterodimerize with the 9-cis-retinoic acid receptor (RXR), another nuclear hormone re-
ceptor, to bind to specific PPAR-responsive elements in regulatory regions of target genes,
mainly involved in organogenesis, cell proliferation, cell differentiation, inflammation and
metabolism of lipids or carbohydrates. Endogenous PPAR ligands are fatty acids and fatty
acid metabolites.

PPARδ is ubiquitously expressed in murine tissues with highest expression in liver,
muscle, adipose tissue, placenta, small intestine and skin. PPARδ is expressed twofold,
10-fold and 30-fold more in mouse keratinocytes (KCs) compared to mouse liver, quadriceps
muscle and thymus, respectively. In most tissues, PPARδ localizes to the nuclear fraction of
cells and is hardly detectable in the cytoplasm [1]. In humans, PPARδmRNA and protein
are highly abundant in the thyroid gland and placenta whereas high amounts of mRNA
and moderate amounts of protein are detected in the cerebral cortex, skin and esophagus.
Of note, inconsistency between protein and RNA levels of PPARδ has been observed in
many human tissues and cell types (https://www.proteinatlas.org/ENSG00000112033
-PPARD/tissue, accessed on 7 July 2021). There are five human and mouse PPARδ isoforms
generated by alternative splicing, which is a mechanism potentially involved in PPARδ
regulation, as some PPARδ splice isoforms exhibit reduced translation efficiency [2,3].

The ligand-binding pockets of PPARs have a distinct three-armed T shape, which al-
lows not only straight fatty acids to bind them, but also ligands with multiple branches such
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as phospholipids and synthetic fibrates. The ligand-binding pocket of PPARδ is smaller
than that of PPARγ or PPARα, which limits the binding of large ligands when compared to
the other two PPAR isoforms [4]. PPARδ is activated by several endogenous ligands includ-
ing certain long chain fatty acids (regardless of saturation status), dihomo-γ-linolenic acid,
eicosapentaenoic acid, 15(S)-hydroxyeicosatetraenoic acid (HETE), and arachidonic acid,
with affinities in the low micromolar range (Table 1). Supraphysiological doses of 8(S)-,
12(S)-, 12(R)-, and 15(S)-HETE efficiently activate PPARδ. 13(S)-hydroxyoctadecadienoic
acid (HODE) is considered as weak PPARδ activator [5,6]. Controversial results have been
found for prostacyclin (PGI2) and all-trans retinoic acid [7,8]. It has also been reported
that 4-hydroxynonenal (4-HNE) and 4-hydroxydodecadienal (4-HDDE), the peroxidation
products of polyunsaturated fatty acids, can activate PPARδ, although the mechanism re-
mains unknown [9,10]. Synthetic PPARδ ligands include GW501516, GW0742 and L165041,
which preferentially activate PPARδ as compared to PPARα or PPARγ [6]. Recently, 27 new
synthetic PPARδ agonists (13 with low nanomolar EC50 values) have been discovered [11].
However, it is important to stress that preferential ligand does not mean exclusive ligand
and that supraphysiological doses of any of the PPARδ ligands will activate other PPAR
isoforms, and the same is true for all PPAR isoforms. For example, bezafibrate, which is
known as a PPARα ligand, activates all three PPARs at concentrations ranging from 55 to
110 µM [12]. In the absence of ligand binding, the heterodimer PPARδ-RXR is associated
with corepressors and histone deacetylases (HDACs), which inhibit its transcriptional
activity. After ligand binding, PPARδ undergoes conformational changes that induce the
release of the corepressors and allow it to bind coactivators [7].

The transcriptional activity of PPARδ is modulated by several factors, which are
not well characterized but include post-translational modifications such as phosphoryla-
tion. Epidermal growth factor receptor (EGFR) has been recently shown to induce PPARδ
phosphorylation at Y108 in response to epidermal growth factor (EGF) [13]. Although
PPARδ contains several putative phosphorylation sites (Y108, T252, T253, T256), (https:
//www.phosphosite.org/proteinAction.action?id=24004&showAllSites=true (accessed on
9 May 2021)) [14], little is known about phosphoregulation of PPARδ, in contrast to PPARα
and PPARγ. Both cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) ac-
tivators increase the ligand-activated and basal activity of PPARδ and could be upstream sig-
nals that commit PPARδ to the regulation of glucose and lipid metabolism [14]. In contrast,
PPARδ can also be sumoylated at K104, which inhibits its activity [14]. Desumoylation of
PPARδ by small ubiquitin-like modifier (SUMO)-specific protease 2 (SENP2) promotes the
transcriptional activity of PPARδ, which, in turn, upregulates fatty acid oxidation by enhanc-
ing the expression of long-chain-fatty-acid–CoA ligase 1 (ACSL1), carnitine palmitoyltrans-
ferase Ib (CPT1b) and mitochondrial uncoupling protein 3 (UCP3) in muscles of mice fed a
high fat diet [15]. Moreover, PPARδ contains several ubiquitylation sites, which suggests a
potential role of ubiquitin–proteosome degradation in the regulation of its cellular turnover
(https://www.phosphosite.org/proteinAction.action?id=24004&showAllSites=true (ac-
cessed on 9 May 2021)). Degradation of PPARδ via the proteasome might prevent its
accumulation in the nucleus and thereby moderate its cellular activity [16]. In line with
this, overexpression of PPARδ in fibroblasts leads to its polyubiquitylation and rapid
degradation, a process partially prevented by exposure to the PPARδ synthetic ligand
GW501516 [17].

PPARs can also engage in transrepression of other transcription factors. Although
transrepression between nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB), activator protein 1 (AP-1), CCAAT-enhancer-binding protein (C/EBP), signal
transducer and activator of transcription (STAT) and nuclear factor of activated T-cells
(NF-AT) has been well characterized for PPARα and PPARγ, little is known about tran-
srepression in the context of PPARδ [18,19]. L-165041 is a PPARδ ligand that is less potent
and selective than GW501516, yet it promotes the binding of PPARδ to the p65 subunit of
NF-κB exerting anti-inflammatory effects [5,20]. Moreover, in the absence of ligand, PPARδ
binds directly to the transcription factor B-cell lymphoma 6 (BCL-6), leading to increased
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expression of proinflammatory cytokines. Indeed, BCL-6 is a transcription factor repressing
the expression of various inflammatory genes via direct binding to their promoters or via
inhibition of the transcription of nucleotide-binding oligomerization domain-like receptor
(NOD)-like receptor family pyrin domain containing 3 (NLRP3) [21,22]. Binding of PPARδ
to an agonist disrupts the PPARδ-BCL-6 complex, thus reversing the transcriptional repres-
sion of inflammatory genes [23]. Thus, ligand binding to PPARδ alleviates inflammation
by enhancing its binding to NF-kB, hence neutralizing the transcriptional activity of NF-kB
and/or the release of the anti-inflammatory transcription factor BCL-6. However, PPARδ
has also been shown to bind to the N-terminal part of p65 in the absence of exogenous
ligand [5]. Therefore, the pro- vs. anti-inflammatory role of PPARδmight be context- and
ligand-dependent. Moreover, conformational changes experienced by PPARδ after ligand
binding might potentially strengthen or weaken the affinity of PPARδ to p65; however, this
has not been studied to date.

Table 1. PPARδ potential endogenous ligands.

Compounds Weak Ligands Ligands

ω3-PUFA

α-Linolenic acid C18:3

EPA C20:5
γ-Linolenic acid C18:3
Dihomo-γ-linolenic acid
DHA C22:6

ω6-PUFA
Linoleic acid C18:2
Arachidonic acid C20:4

ω9-MUFA

Palmitoleic acid C16:1

Oleic acid C18:1
Elaidic acid C18:1
Erucic acid C22:1
Nervonic acid C24:1

Saturated fatty acids

Myristic acid C14:0

Arachidic acid C20:0
Palmitic acid C16:0
Stearic acid C18:0
Behenic acid C22:0

Eicosanoids

5-HpETE 5(S)-HETE
8(S)-HETE 15(R)HpETE
15(S)HpETE 15(R)-HETE
15(S)-HETE 12-HETE
12-HpETE LTB4
LTA4 LTC4
9(R)-HODE 9(S)-HODE
12-HpODE 5,6-diHETE
13(S)-HODE
5,15-di-HpETE

Prostaglandins

PGA2

PGF1α

PGB1
PGB2
PGD1
PGD2
PGD3
PGF2α
PGF3α
PGI2

Lipoxins LXA4

4-Hydroxyalkenals 4-HDDE
Adapted from [8]. DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; 4-HDDE; 4-hydroxydodecadienal;
HETE: hydroxyeicosatetraenoic acid; HODE: hydroxyoctadecadienoic acid; LT: leukotriene; LX: lipoxin;
PG: prostaglandin.
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Although there is likely a set of core effects and target genes of PPARδ common to all
cell types and organs, PPARδ has also been shown to exert tissue-specific functions. More-
over, some target genes differ between rodents and humans. Canonical PPARδ target genes
are mainly related to lipid metabolism in all cell types [6,19,24–26]. This includes genes
involved in fatty acid oxidation (very long-chain specific acyl-CoA dehydrogenase, mito-
chondrial (ACADVL), acyl-CoA oxidase 1 (ACOX1), acetyl-CoA acyltransferase 2 (ACAA2),
catalase (CAT), enoyl-CoA hydratase 1 (ECH1), pyruvate dehydrogenase kinase 4 (PDK4),
solute carrier family 25 member 20 (SLC25A20), Niemann-Pick C1-like protein 1 (NPC1L1),
thiolase B, CPT1A)) or other aspects of lipid metabolism (angiopoietin Like 4 (ANGPTL4),
fatty acid binding proteins 3-5 (FABP3-5), perilipin 2 (PLIN2), adipocyte protein 2 (aP2)).
Other PPARδ target genes exert non-metabolic functions and are involved in immune
regulation, such as CD300A, CD52, LDL receptor related protein 5 (LRP5), NLRC4 and
phosphatase and actin regulator 1 (PHACTR1) [27]. In muscles, PPARδ controls (i) the entry
of long chain fatty acids into cells via SLC27A1, SLC27A3 and CD36; (ii) their subsequent
activation by forming acyl-CoA via ACSL3, ACSL4, and acyl-CoA synthetases short chain
family member 1 and 2 (ACSS1-2); (iii) mitochondrial β-oxidation via CPT1A, CPT1B,
SLC25A20, ACADVL, and ACADL; (iv) peroxisomal β-oxidation via ACOX1 [28]. In human
macrophages, PPARδ regulates the expression of genes involved in lipid metabolism but
also electron-transfer-flavoprotein, beta subunit (ETFB), electron transfer flavoprotein-
ubiquinone oxidoreductase (ETFDH) and iron-sulfur cluster assembly 1 (ISCA1), which
play important roles in electron transfer and iron-sulfur complex assembly and in the
immune response via upregulation of CD1D, CD36, CD52, CD300A, LRP5, NLRC4 and
PHACTR1 and downregulation of CCL8, CCL13, CXCL1, IL10, IL8 and TNFA [27].

The expression of PPARD is regulated by various cytokines, hormones, lipid metabo-
lites and other transcription factors. The PPARD promoter region contains a vitamin D
receptor (VDR) response element [29,30]. Thus, it is likely that there is cross-talk between
VDR and the PPARδ pathway, but his has not been investigated in detail despite being of
potential pathophysiological interest. AP-1, a transcription factor involved in the inflam-
matory response, and especially junB, both increase PPARD expression [31]. AP-1 mediates
the effects of TNF-α, phorbol 12-myristate 13-acetate (TPA) and ceramides on PPARD/Ppard
expression [32]. Tan et al., in a seminal work, showed that TNF-α promotes the synthe-
sis of ceramides via sphingomyelin hydrolysis, which ultimately activates AP-1 via the
mitogen-activated protein kinase kinase kinase 1 (MEKK1) and stress-activated protein
kinases (SAPK)/Jun amino-terminal kinases (JNK)/p38 mitogen-activated protein kinases
(p38MAPK) pathway [32]. Previous work also showed that PPARD can be upregulated
by T3-thyroid receptor (TR) [33]. The metabolic regulation of PPARδ has been reviewed
elsewhere [7].

2. Metabolic Features of Keratinocytes in Normal Skin

Data on metabolic pathway predominating in keratinocytes is still a controversial
topic. Old literature suggests that, to generate ATP, KCs are predominantly committed
to glycolysis in the presence of glucose or to mitochondrial respiration in its absence [34].
In suprabasal KCs, limited access to glucose from the dermal vasculature is believed to
promote mitochondrial respiration and oxidation of lipids, in contrast to basal KCs, which
preferentially use glucose as their main energy substrate [34–36]. In line with this, GLUT1
is the main GLUT isoform in the epidermis and is abundantly expressed in the basal layer,
although residual expression can be found in suprabasal layers [37–39]. Recent work
showed that decreased glycolysis via inhibition of glucose uptake in KCs promoted cell
differentiation, suggesting a major role of glycolysis in KC fate [40]. However, another
work proposes a predominating role of mitochondrial-derived ROS in basal KCs as a
signal to induce differentiation [41]. This is in line with a recent report showing that
NIX, a transcription factor located in mitochondria, controls mitophagy and, in turn,
KC differentiation, hence emphasizing the role of mitochondria in KC fate [42]. Thus,
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further work is required to clarify the relative contribution of glycolysis versus oxidative
phosphorylation (OXPHOS) in the control of homeostatic processes in the epidermis.

3. PPARdelta in Psoriasis and Atopic Dermatitis

Atopic dermatitis and psoriasis are two chronic and pruritic inflammatory skin dis-
eases exhibiting pathophysiological commonalities, including impaired epidermal barrier
function, immune hyper-responsiveness, and local and systemic symptoms modulated
by environmental factors such as the skin microbiome and stress. Moreover, both dis-
eases are associated with a major genetic risk factor, i.e., Filaggrin (FLG) loss-of-function
mutations in atopic dermatitis and the HLA-Cw0602 allele in psoriasis vulgaris [43,44].
Furthermore, in both atopic dermatitis and psoriasis patients, nonlesional and lesional skin
coexists, but the mechanism of transition from the non-affected to the affected condition
remains unclear. Atopic dermatitis is one of the most common inflammatory skin diseases
worldwide and characterized by skin features such as erythematous and papulovesicular
eruptions with oozing, crusting and pruritus as well as associated systemic signs such as
food allergies, allergic asthma and rhinitis, anxiety and sleep disorders. At the cellular
level, atopic dermatitis is characterized by (a) the complex interplay between impaired
epidermal barrier function owing to altered lipid composition of the stratum corneum lipid
matrix i.e., a reduction in the chain length of structural lipids (fatty acids and ceramides),
(b) a complex Th2-driven inflammation, (c) skin infiltration by eosinophils, basophils and
inflammatory dendritic cells, and (d) an altered skin microbiota [43,45–52]. In psoriasis
vulgaris, genetic risk factors predominantly affect innate immunity, and to some extent
adaptive immunity (IL12p/IL-23R axis, Th1, Th17 cells). Similarly to atopic dermatitis,
skin immunological abnormalities in psoriasis are complex and associated with comor-
bidities (e.g., arthritis and cardiovascular manifestations), pointing to a systemic immune
hyper-responsiveness [44,50,53–56].

PPARδ is expressed in all skin cell types, including KCs, fibroblasts, sebocytes, hair
follicle cells, melanocytes and Langerhans cells [19,57–59]. PPARδ is the predominant
isoform in human KCs and is expressed throughout all epidermal layers [32,60]. Activation
of PPARδ with synthetic ligands promotes the expression of human KC differentiation
markers such as involucrin (INV) and transglutaminase 1 (TGM1) [60]. Although there is
consensus on the pro-differentiative effects of PPARδ ligands and PPARδ activation in KCs,
the effects on KC proliferation are more controversial, with studies showing reduced [60]
or enhanced [31] KC proliferation after treatment with the PPARδ ligand L-165041 or GW-
501516. Treatment of human KCs with L-165041 gave opposite outcomes in two distinct
studies [31,60]. Yet, the use of different treatment regimens of L-165041, i.e., 0.05 µM for
3 days [60] and 1 µM for 7 days [31], might have been responsible for these divergent
results, for example by inducing the recruitment of different cofactors and thus engaging
PPARδ in different metabolic pathways. Moreover, the direct effects of ligands should not
be underestimated because the use of PPARδ siRNA to test the requirement for PPARδ
in the cellular response was not carried out in either studies [31,60]. In line with this,
L-165041 can activate other PPAR isoforms, i.e., PPARα, PPARγ1 and PPARγ2 at doses as
low as 0.05 µM [60]. This underscores that PPAR ligands can exert receptor-independent
effects, that metabolic effects might vary with ligand concentrations (e.g., U- or bell-curves),
and that the relative contribution of other PPAR isoforms after treatment with ligands
might significantly influence experimental results, hence stressing the need for cautious
interpretation of data [46]. Human KCs infected with a lentivirus containing an RNAi
sequence directed toward PPARδ displayed reduced proliferative capacity, suggesting that
PPARδ promotes, rather than dampens, proliferation of human KCs [31]. However, it is
also possible that PPARδ exerts both proliferative and differentiative functions according
to the cellular context, i.e., basal cells (early KCs, progenitor and stem cells) or suprabasal
cells (differentiated cells). As in other cell types, PPARδ is likely a master regulator of fatty
acid metabolism in KCs by increasing the uptake of long-chain fatty acids via upregulation
of CD36 and fatty acid β-oxidation [60] (Table 2). However, the role of PPARδ in epidermal
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lipid and glucose metabolism remains under-investigated. Interestingly, the PPARδ target
genes in KCs are not identical to those in other organs and cell types (Table 2), suggesting
PPARδ has specific cellular functions in the epidermis.

The PPARD/Ppard gene is upregulated in lesional skin of patients with psoriasis
vulgaris [5,31,61–65] and of mouse models of psoriasis [63,64]. However, although PPARD
has been identified as a putative pathogenic gene in psoriasis [65], variants at the PPARD
genomic locus have not been associated with psoriasis. In psoriatic plaques, PPARδ accu-
mulates in KC nuclei in all epidermal layers [5]; however, subcellularly, PPARδ is found
both in the cytoplasm and nucleus of KCs in the basal layer and in the stratum spinosum,
whereas it is strictly found in nuclei in KCs in the stratum granulosum [5,64]. This suggests
that PPARδ is constitutively activated by endogenous ligands in granular KCs of the epi-
dermis in patients with psoriatic lesions [64]. Accordingly, endogenous PPARδ ligands can
be produced in psoriatic lesions from the oxidation of arachidonic acid via ALOX8 (mouse)
or ALOX12 (mouse and human) [64,66], two enzymes located in the stratum granulo-
sum [66–68]. FABP5 is a fatty acid-binding protein expressed in the epidermis and has been
shown to deliver endogenous lipid ligands to PPARδ in KC nuclei and to be a PPARδ target
gene [69]. The expression of FABP5 parallels that of PPARδ at both the mRNA and protein
levels in psoriasis [5,63]. Thus, in the suprabasal epidermis of psoriatic lesions, it is likely
that PPARδ is constitutively activated by endogenous ligands such as arachidonic acid or its
derivatives (eicosanoids), which are transported by FABP5 to the nucleus of granular KCs
to promote PPARδ–mediated KC terminal differentiation and lipid β-oxidation. Specific
overexpression and activation of human PPARδ in suprabasal mouse epidermis has been
achieved by generating transgenic mice expressing a Cyp1A1-driven expression of human
PPARD in KCs followed by topical treatment with the PPARδ agonist GW501516 [62]. In-
terestingly, these mice developed psoriasis-like inflammation associated with an increased
Th17 immune response [62]. In this model, sustained activation of the STAT3 pathway
is critically involved in the development of psoriasis-like disease [62]. The constitutive
activation of PPARδ in suprabasal epidermis not only promotes terminal KC differentiation
but also the production, in KCs, of IL-36 and the pleiotropic pro-inflammatory cytokine
IL-1β. The latter can contribute to the activation of skin dendritic cells, which can in turn,
skew naïve T cells toward a Th17 phenotype [62]. Moreover, suprabasal mouse KCs over-
expressing the constitutively activated human PPARδ probably secrete soluble factors able
to trigger the proliferation of basal KCs [62]. In addition, in psoriatic plaques, some PPARδ
localize to nuclei in basal KCs to potentially sustain KC proliferation [5,64]. In line with
this, previous work suggested that upregulation of PPARδ in the epidermis of psoriatic
lesions might contribute to KC hyperproliferation via the upregulation of heparin-binding
EGF-like growth factor (HB-EGF) at the mRNA and protein levels [31]. HB-EGF is a ligand
that activates EGFR and is expressed in the basal layer of the epidermis, where it has
been shown to accelerate wound healing [70]. This might be relevant for psoriasis because
disease flares can be induced by physical trauma (the isomorphic or Koebner phenomenon)
among other causes. Pioneering work on the pathogenesis of psoriasis showed increased
levels of antimicrobial peptides in psoriatic skin breaks the innate tolerance to self-DNA
which ultimately drives autoimmunity [71]. Moreover, human genomic DNA fragments
enhance TNFA and HBEGF expression as well as KC proliferation, hence mimicking the KC
phenotype in psoriatic skin lesions [72]. Thus, we can speculate that PPARδ in the basal
epidermis of psoriatic plaques sustains KC proliferation via mechanisms involving HB-EGF.
NF-kB has been shown to inhibit PPARδ-dependent transactivation. However, in lesional
psoriasis, p65 NF-kB is sequestered in the cytoplasm of basal KCs, which might allow
PPARδ to exert its transcriptional regulation on various genes, including those involved in
KC proliferation [5].

PPARδ is upregulated in the epidermis of lesional atopic dermatitis when compared
to non-lesional skin but to a lesser extent than in psoriatic lesions [31]. The expression
of FABP5 parallels that of PPARδ in psoriasis and atopic dermatitis [31,73]. Notably, the
expression of Ppard and Fabp5 is markedly increased in the epidermis of mouse models
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of lesional atopic dermatitis [38,74]. Similar to psoriasis, FABP5 is mainly localized to
the nuclei of suprabasal KCs, suggesting efficient local generation of PPARδ ligands to
sustain the activation of PPARδ [38]. Interestingly, the amounts of arachidonic acid, PGF2α
and 5-HETE (PPARδ endogenous ligands) are increased in lesional skin of atopic dermati-
tis patients when compared to healthy skin [75]. The increased cleavage of membrane
phospholipids via cPLA2 in the stratum granulosum can significantly contribute to the
accumulation of arachidonic acid and its derivatives in lesional atopic dermatitis skin
as well as in psoriatic lesions [76–78]. The role of PPARδ has been less investigated in
atopic dermatitis than in psoriasis. However, in both diseases, PPARδ might induce KC
hyperproliferation, enhance differentiation and contribute to inflammatory processes.

However, PPARδ can also be envisaged as a key regulator of metabolism, especially
in the metabolic shift toward anaerobic glycolysis that has been recently evidenced in
psoriatic and atopic lesions [38,79,80]. The production of lactate is largely increased in
the epidermis of flaky tail mice and mice treated with MC903, two mouse models of
lesional atopic dermatitis [38] and of mice treated with imiquimod, a mouse model of
psoriasis [81]. Interestingly, the PPARδ ligand GW610742, when orally administered to
ob/ob mice, induces lactate accumulation in the liver [82]. Indeed, PPARδ has been shown
to regulate the expression of key enzymes involved in glucose metabolism, including in
KCs (Table 2) [83–85]. PPARδ can promote anaerobic glycolysis by upregulating PDK, an
enzyme that inactivates pyruvate dehydrogenase (PDH) via phosphorylation. PDH is the
rate-limiting enzyme involved in pyruvate uptake in mitochondria, which ultimately favors
oxidative phosphorylation [86]. Thus, inactivation of PDH by PPARδ-induced PDK inhibits
pyruvate uptake in mitochondria, which, in turn, promotes anaerobic glycolysis [87]. In
the epidermis of flaky tail mice, there is a shift toward anaerobic glycolysis associated with
an enhanced PPARδ pathway including increased PDK1. In line with this, mitochondrial
function is not enhanced in the epidermis of flaky tail mice despite a dramatic need for
energy to sustain forced KC proliferation and to dampen inflammation [38]. These results
are in line with previous work showing that PPARδ antagonism favors mitochondrial
function [88].

Table 2. PPARδ target genes and associated pathways in keratinocytes.

Upregulated Downregulated

Fatty acid metabolism

FABP5 LASS6
FABP7 GPD1L
ACADVL PRKAB2
ACOX1 CHPT1
CD36
ALOX12B
LDLR
PLA2G3
ECHB
OACT5
BDH1
GDPD3
CRABP2
GM2A

Cholesterol metabolism

HMGCS1
HMGCR
MVD
CYP51
SQLE
FDPS
LSS
FDFT1
DHC7
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Table 2. Cont.

Upregulated Downregulated

KC proliferation HB-EGF

EGFR
EPS15
EPS8
MCC
RBL2
CCNG1
DUSP3
PDGFRA
PDGFC
CDKN1C

KC differentiation

INV DCN
TGM1 KRT15
TGM3 DUSP3
S100A8
S100A9
S100A16
KRT6B
KRT16
KRT17
KRT75
SPRR1B
CNFN
EHF

KC apoptosis CIDEA

Inflammation

MMP9 TGFBR2
IL1F9 TGFBR3
IL1F5 LIFR
IL1B IL1R1
IL1F6
IL1F8
ILA
IL1RA
IL18
IL17
IL23A
IL22
STAT3

Glucose metabolism PDK1 PDK4

Oxidative stress
SOD2
CAT
ABCC3

Other

HAS3 RBL2
GGH AXL
UCK2 RHOC
ATP10B TTC3
CCNB1 LFNG
MAPK13 FXR1
CCNB2 FBLN1
GSPT1 GAB2
XPC

PIK3IP1
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Table 2. Cont.

Upregulated Downregulated

Unknown

AKR1B1 SERINC1
ATP12A EID1
ACPP KLF6
MAP4K4 RAI14
MREG MTCP1
FGFBP1 REEP5
ARL8B NENF
GAS7
CD81
CCDC50
TACC1

OSR2
ABCC3: ATP binding cassette subfamily C member 3; ACAD(V)L: (very) long-chain specific acyl-CoA dehy-
drogenase, mitochondrial; ACOX1: acyl-CoA oxidase 1; ACPP (ACP3): acid phosphatase 3; AKR1B1: aldo-keto
reductase family 1 member B; ALOX: lipoxygenase; ATP10B: ATPase phospholipid transporting 10B; ATP12A: AT-
Pase H+/K+ transporting non-gastric alpha2 subunit; ARL8B: ADP ribosylation factor like GTPase 8B; AXL: AXL
receptor tyrosine kinase; BDH1: 3-hydroxybutyrate dehydrogenase 1; CAT: catalase; CCDC50: coiled-coil do-
main containing 50; CCN: cyclin; CD: cluster of differentiation; CDKN1C: cyclin dependent kinase inhibitor 1C;
CHPT1: choline C phosphotransferase 1; CIDEA: cell death inducing DFFA like effector A; CNFN: cornifelin;
CRABP2: cellular retinoic acid binding protein 2; CYP51: lanosterol 14α-demethylase; DCN: decorin; DHC7
(DNAH1): dynein axonemal heavy chain 1; DUSP3: dual specificity phosphatase 3; ECHB (HADHB): hydroxyacyl-
CoA dehydrogenase trifunctional multienzyme complex subunit beta; EGFR: epidermal growth factor receptor;
EHF: ETS homologous factor; EID1: EP300 interacting inhibitor of differentiation 1; EPS: epidermal growth factor
receptor pathway substrate; FABP: fatty acid binding protein; FBLN1: fibulin 1; FDFT1: farnesyl-diphosphate
farnesyltransferase 1; FDPS: farnesyl diphosphate synthase; FGFBP1: fibroblast growth factor binding protein 1;
FXR1: FMR1 autosomal homolog 1; GAB2: GRB2 associated binding protein 2; GAS7: growth arrest specific 7;
GDPD3: glycerophosphodiester phosphodiesterase domain containing 3; GGH: gamma-glutamyl hydrolase;
GM2A: GM2 ganglioside activator; GPD1L: glycerol-3-phosphate dehydrogenase 1 like; GSPT1: G1 to S phase
transition 1; HAS3: hyaluronan synthase 3; HB-EGF: heparin-binding EGF-like growth factor; HMGCR: 3-
hydroxy-3-methylglutaryl-CoA reductase; HMGCS1: 3-hydroxy-3-methylglutaryl-CoA synthase 1; IL: inter-
leukin; INV: involucrin; KLF6: kruppel like factor 6; KRT: keratin; LASS6 (CERS6): ceramide synthase 6;
LDLR: low density lipoprotein receptor; LFNG: LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase;
LIFR LIF receptor subunit alpha; LSS: lanosterol synthase; MAP4K4: mitogen-activated protein kinase kinase
kinase kinase 4; MAPK13: mitogen-activated protein kinase 13; MCC: MCC regulator of WNT signaling path-
way; MMP9: matrix metalloproteinase 9; MREG: melanoregulin; MTCP1: mature T cell proliferation 1; MVD:
mevalonate diphosphate decarboxylase; NENF: neudesin neurotrophic factor; OACT5 (LPCAT3): lysophos-
phatidylcholine acyltransferase 3; OSR2: odd-skipped related transcription factor 2; PDGFC: platelet derived
growth factor C; PDGFRA: platelet derived growth factor receptor alpha; PDK: pyruvate dehydrogenase kinase;
PIK3IP1: phosphoinositide-3-kinase interacting protein 1; PLA2G3: phospholipase A2 group III; PRKAB2: protein
kinase AMP-activated non-catalytic subunit beta 2; RAI14: retinoic acid induced 14; RBL2: RB transcriptional
corepressor like 2; REEP5: receptor accessory protein 5; RHOC: ras homolog family member C; S100A: S100
calcium-binding protein A; SERINC1: serine incorporator 1; SOD2: superoxide dismutase 2; SPRR1B: small
proline rich protein 1B; SQLE: squalene epoxidase; STAT: signal transducer and activator of transcription;
TACC1: transforming acidic coiled-coil containing protein 1; TGFBR: transforming growth factor beta receptor;
TGM: transglutaminase; TTC3: tetratricopeptide repeat domain 3; UCK2: uridine-cytidine kinase 2; XPC: XPC
complex subunit, DNA damage recognition and repair factor.

PPARδ promotes β-oxidation of fatty acids in all cell types, including KCs (Table 2)
[85,89,90]. In flaky tail mice, peroxisomal β-oxidation is upregulated when compared
to that of healthy mice, with marked increases in the mRNA, protein and activity levels
of ACOX1 [38], a well-known PPARδ downstream target [89,90]. This profile has been
observed in another mouse model of lesional atopic dermatitis, i.e., mice topically treated
with MC903 [38]. This treatment is associated with decreased proportions of very-long
chain fatty acids and ceramides, especially with 24 and 26 carbons [38], as observed in the
epidermis of patients with lesional atopic dermatitis [91]. Interestingly, C24 and C26 fatty
acids are exclusively oxidized in peroxisomes via ACOX1 [92,93]. Thus, the upregulation of
PPARδ in the epidermis of patients with lesional atopic dermatitis might promote peroxiso-
mal β-oxidation of very- and ultra-long-chain fatty acids and ceramides, hence significantly
contributing to disease pathogenesis. Indeed, the efficacy of the stratum corneum barrier
depends, to a large part, on the lipid composition of the lipid matrix surrounding the cor-
neocytes, which consists of more than 50% fatty acids with 24 and 26 carbons. Interestingly,

193



Int. J. Mol. Sci. 2021, 22, 7354

the proportion of very-long-chain ceramides is also decreased in the epidermis of psoriatic
lesions [94] and is associated with increased ACOX1 [38] and PPARδ (see above), thus
corroborating the key role of the PPARδ pathway in lipid abnormalities in both lesional
atopic dermatitis and psoriasis. In contrast to lesional AD [38], mitochondrial β-oxidation
might be increased in psoriasis as suggested by previous work [46] and might further
contribute to lipid abnormities.

PPARδ has been shown to be involved in wound healing [95], which might demon-
strate relevance in both psoriasis and atopic dermatitis. Indeed, both diseases are charac-
terized by epidermal barrier impairment that can be considered as superficial wounds. In
wounded epidermis, PPARδ inhibits KC apoptosis via activation of the phosphoinositide-
3-kinase (PI3K)/PKBα/Akt1 pathway and promotes the re-epithelialization of the skin by
enhancing KC adhesion and migration [95]. The upstream signal promoting the expres-
sion and activation of PPARδ in wounded epidermis is believed to be the accompanying
low-grade inflammation, i.e., increased IL-1β and TNF-α, which promotes the synthesis of
lipids and the release of bioactive lipids activating PPARδ [95]. In human epidermal equiva-
lents (HEEs) topically treated with sodium dodecyl sulfate (SDS) to inflict epidermal barrier
impairment, PPARD expression was upregulated at 24 h but not at 6 h post-treatment [96].
This upregulation of PPARD requires a rather strong epidermal barrier impairment because
a milder epidermal barrier impairment induced by topical treatment of HEEs with acetone,
did not result in PPARD upregulation [96]. Furthermore, the relatively late upregulation of
PPARD suggests that it requires the prior synthesis of modulating factors such as lipids
and/or cytokines. In line with this, IL-1β but not TNF-α, which are both upregulated after
epidermal barrier impairment, is capable of upregulating PPARD in KCs [96]. Moreover,
epidermal barrier impairment leads to excessive transepidermal water loss, a phenomenon
described in both lesional atopic dermatitis and psoriatic plaques as well as in wounded
skin. It is thus possible to speculate that, in this context, IL-1β upregulates PPARδ signaling
including anaerobic glycolysis via PDK1 and peroxisomal β-oxidation via ACOX1 [38].
In line with these data, placement of occlusive dressing onto the skin of flaky tail mice to
reduce transepidermal water loss was found to downregulate ACOX1 [38]. Another candi-
date upstream of PPARδ in the basal epidermis might be silent mating type information
regulation 2 homolog 1 (SIRT1), which is known to promote wound healing [97,98] and
enhance PPARδ transcriptional activity [99]. Thus, the chronic epidermal barrier impair-
ment observed in lesional atopic dermatitis and psoriasis might lead to the constitutive
activation of a sequential cellular compensatory response aimed at repairing the barrier;
this could include upregulation of SIRT1 and production of IL-1β and subsequent release of
bioactive lipids to activate PPARδ. This might ultimately lead to uncontrolled inflammation
and disruption of epidermal homeostasis. Indeed, PPARδ has been shown to upregulate
several genes involved in KC differentiation (e.g., INV, S100A8, S100A9, TGM3, TGM1)
and proliferation (e.g., HB-EGF, IL1B, IL17, IL22) and the inflammatory response (e.g., IL1B,
IL18, IL1A, IL1RA, IL1F, IL17, IL22) (Table 2).

KC hyper-proliferation, accelerated differentiation and the inflammatory response in
psoriatic and atopic lesions require energy that might be provided by enhanced peroxiso-
mal fatty acid β-oxidation and glucose utilization in response to PPARδ activation [38,85].
Anaerobic glycolysis via PPARδ upregulation is an advantageous metabolic pathway to
sustain forced KC proliferation because it is a substantial source of ATP, which does not
promote oxidative stress, in contrast to mitochondrial metabolism. The side effect of PPARδ
upregulation might be the consumption, via ACOX1, of structural lipids, i.e., C24 and C26
fatty acids and ceramides destined to the stratum corneum, thus further compromising
the epidermal inside-out barrier. Thus, upregulation of the PPARδ pathway in atopic and
psoriatic lesions might be a double-edged sword, by sustaining KC proliferation without
worsening oxidative stress but, at the same time, changing the composition of the lipid bi-
layer in the stratum corneum, resulting in less efficient barrier function. Thus, antagonizing
PPARδ to correct metabolic abnormalities in lesional atopic dermatitis and psoriasis plaques
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might be a new and effective therapeutic strategy to reduce both epidermal hyperplasia
and consumption of structural lipids of the stratum corneum lipid matrix.

4. PPARδ as a Therapeutic Target in Atopic Dermatitis and Psoriasis

To date, the therapeutic effects of PPARδ targeting in atopic dermatitis and psoriasis
remain underinvestigated. Intriguingly, both PPARδ ligands and antagonists have been
proven to dampen skin inflammation. Antagonism of PPARδ by topical application of
GSK0660 in transgenic mice expressing Cyp1A1-driven expression of human PPARD in
KCs and topically treated with the PPARδ agonist GW501516 (mouse model of psoriasis)
reduced epidermal thickness, dermal inflammatory infiltrates with CD4+ and CD8+ T lym-
phocytes and expression of Il1b and Lce3e but failed to inhibit the expression of Hb-egf [100].
However, because the half-life of GSK0660 is only 90 min, this might be a limiting factor
for its use as a therapeutic. Consequently, topical treatment with an irreversible PPARδ
antagonist would be more appropriate to alleviate psoriasis symptoms. Indeed, a single
topical treatment with GSK3787, which covalently binds and permanently inactivates
PPARδ showed similar therapeutic efficacy as several topical applications with GSK0660
in mice with psoriasis-like skin inflammation [64,100]. Moreover, GSK3787 reduced the
expression of Il17, Il23a, Il22 and Il1b in these mice [64]. On the other hand, the activation
of PPARδwith tetradecylthioacetic acid (TTA) also showed beneficial effects in psoriasis.
In a small pilot study, topical treatment of psoriatic plaques with 0.5% TTA reduced the
Psoriasis Area and Severity Index (PASI) and skin scaling and inflammation [101]. How-
ever, TTA can activate all PPAR isoforms at high doses [60]. Thus, the beneficial effects of
TTA are likely the net result of the combined activation of all PPAR isoforms or a direct
effect of the molecule. In a mouse model of dermatitis (i.e., mice topically treated with
oxazolone, a chemical inducing Th2-predominant inflammation in mouse skin), topical
application of GW1514, a PPARδ agonist, reduced epidermal hyperplasia, KC proliferation,
transepidermal water loss, skin surface pH, skin infiltration by eosinophils and mast cells,
and serum CCL17 [102]. However, it remains to be determined whether these effects
are PPARδ-dependent. Topical treatment with GW1514 did not reduce serum IgE levels
in oxazolone-treated mice [102], suggesting that this molecule does not reach the blood
circulation after topical application. Thus, given the role of PPARδ in psoriasis and atopic
dermatitis, PPARδ antagonism, rather than activation, might be the preferred therapeutic
approach to treat both diseases. This does not mean that PPARδ ligands would be less
advantageous therapeutic options; however, they should be mainly employed for their
direct, i.e., PPAR-independent, beneficial effects.

Excessive oxidative stress overtaking the cellular antioxidant response is involved
in tumorigenic processes, inflammation and skin aging. Accordingly, both psoriasis and
atopic dermatitis are associated with oxidative stress [47,103–105]. The role of PPARδ in the
antioxidant response is equivocal. Activation of PPARδ with GW501516 or other agonists
has been shown to downregulate the mRNA and protein levels of NF-E2–related factor 2
(NRF2), a master transcription factor controlling the expression of key proteins involved in
the cellular detoxification of reactive oxygen species (ROS) [106,107]. In contrast, PPARδ an-
tagonism has been shown to promote the antioxidant response via upregulation of Nrf2 [88]
and to decrease the production of ROS in mitochondria [99]. In line with this, loss of PPARδ
in intestinal fibroblasts delayed tumorigenesis, induced NRF2 and reduced oxidative
stress [108]. The β-oxidation of very-long-chain fatty acids via ACOX1 produces hydrogen
peroxide. In lesional atopic dermatitis and psoriasis, the marked increase in ACOX1 might
outstrip the detoxification ability of the cellular antioxidant response and contribute to the
epidermal oxidative stress observed in both diseases. Thus, overall, PPARδmight promote
oxidative stress in the epidermis. Specifically, PPARδmight promote hydrogen peroxide
release by peroxisomes (via ACOX1 activity) and, at the same time, dampen mitochon-
drial function and, in turn, the production of mitochondria-derived ROS. However, in
non-skin cells, PPARδ ligands have been shown to prevent endoplasmic reticulum stress,
downregulate NOX4 and reduce ROS production and subsequent inflammation [107,109].
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Thus, we can speculate that PPARδ might exert both pro- and antioxidant functions as
reported for other transcription factors [46], depending on pathophysiological context, cell
type and organelle. Here again PPAR-independent antioxidant effects of PPARδ ligands
might be envisaged. Unfortunately, the role of PPARδ in the oxidative response in KCs
has never been investigated; PPARδ antagonism might have a potent antioxidant effect via
mechanisms that remain to be identified.

Topical treatment with PPARδ agonists or antagonists should be critically evaluated
because data on the role of PPARδ in cancer is controversial [19,85,110]. PPARδ has been
shown to inhibit non-melanoma skin cancer by enhancing KC terminal differentiation and
senescence, blocking KCs in the G2/M phase of the cell cycle, and inhibiting endoplasmic
reticulum stress and specific inflammatory pathways [111–113]. However, PPARδ has
also been shown to promote KC proliferation via HB-EGF and to contribute to epidermal
hyperplasia [38,85]. Moreover, PPARδ can interact with β-catenin, a key mediator in the
regulation of the Wnt pathway, which is involved in multiple cellular functions such as
embryogenesis and tumorigenesis [114,115]. The overexpression of cytosolic phospholi-
pase A2α (cPLA2α) promotes the binding of PPARδ to β-catenin and, in turn, the binding
of the complex to the T-cell factor/lymphoid enhancer factor (TCF/LEF) response ele-
ment [114,115]. cPLA2α is the rate-limiting enzyme which releases arachidonic acid from
membrane phospholipids and, thus, playing a central role in the production of bioactive
eicosanoids (including prostaglandins and leukotrienes), some of those are endogenous
PPARδ ligands [116]. Thus, activation of PPARδwith endogenous ligands such as arachi-
donic acid or its derivatives may control cell fate (differentiation vs. proliferation) and
malignant cell transformation. It has recently been shown that the PPARδ-β-catenin com-
plex favors the formation of chromatin loops that regulate the transcription of vascular
endothelial growth factor A (VEGFA), a regulator of angiogenesis during tumorigenesis.
Activation of PPARδ via ligand binding releases the loop, which favors the transcription
of VEGFA [115], and might sustain cancer growth. Furthermore, increased FABP5 is asso-
ciated with various cancers including skin cancer, by promoting the activation of PPARδ
and the upregulation of its oncogenic target genes [19]. It is possible that specific endoge-
nous PPARδ ligands produced during tumorigenic transformation of cells skew PPARδ
toward pro-oncogenic functions. The importance of the nature of ligands in driving PPARδ-
mediated cellular responses is emphasized by work demonstrating the anti-apoptotic
effects of PPARδ after activation with retinoic acid, which was shuttled to KC nuclei by
FABP5 [85]. In tumors, this might help cancer cells escape apoptosis. Thus, activation of
PPARδ in KCs by specific endogenous ligands might promote tumorigenesis by upregu-
lating oncogenic genes, increasing oxidative stress and favoring a metabolic shift toward
anaerobic glycolysis, which might promote non-melanoma skin cancer. Alternatively, com-
petition of synthetic ligands with endogenous ligands to bind to PPARδmight positively
intercede in the cellular response in tumors. Although PPARδ is expressed in melanocytes,
its role in this cell type has never been investigated, which seems a missed opportunity
since ligand-mediated PPARδ activation might protect against melanoma [117,118]. Thus,
the role of PPARδ in skin tumorigenesis remains controversial, and the opposing views
might owe to the use of different cancer cell lines, patient tissues, cancer staging and
progression [7].

An important parameter for the topical utilization of drugs targeting PPARδ to allevi-
ate atopic dermatitis and psoriasis is their transdermal absorption and ability to passage
into the bloodstream. Indeed, systemic administration of GW501516 in a mouse model
of wound healing showed that PPARδ activation promotes angiogenesis and upregulates
matrix metalloproteinase 9 (MMP9) in wounded skin [85,119]. MMP9 is involved in many
biological processes and plays roles in tumor progression and invasion, angiogenesis, and
determining the composition of the tumor microenvironment [120].

Thus, the competition between endogenous and synthetic ligands/antagonists in a
defined pathophysiological context (e.g., inflammation, precancer) might determine the
therapeutic versus detrimental outcome of PPARδ targeting. This might also depend on the
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expression of corepressors/coactivators and other transcription factors engaged in PPARδ
transrepression. Due to the therapeutic potential of PPARδ targeting in atopic dermatitis
and psoriasis, further studies are necessary to elucidate in depth the role of PPARδ in the
skin in various pathophysiological contexts and cell types (e.g., melanocytes) as well as the
complex interplay between PPARδ and other transcription factors. Moreover, it is likely that
synthetic ligands do not entirely activate PPARδ and that a small fraction of PPARδ remains
activated by FABP5-bound endogenous ligands, leading to synergetic or contradictory
signals, within cells. This aspect of PPARδ targeting is completely unexplored.

5. Conclusions

Between the years 2000 and 2010, PPARs were thoroughly studied in various organs
including skin, but then, enthusiasm significantly waned. Moreover, much of the initial
research was focused on PPARα and PPARγ, leaving large gaps in our knowledge of the
role of PPARδ in the skin and especially in KCs. Thus, it remains unknown how PPARδ
controls KC metabolism or the inflammatory response or the oxidative stress response.
Furthermore, PPARδ crosstalk with other receptors such as VDR accentuates its importance
in epidermal homeostasis. Therefore, in light of its clear involvement in KC proliferation,
differentiation, metabolism, oxidative stress and the inflammatory response (Figure 1),
renewed effort should be directed at both basic research and therapeutic strategies targeting
PPARδ, including potential local and systemic side effects in psoriasis and atopic dermatitis.
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perpetuating epidermal barrier impairment. Overactivity of ACOX1 produces excessive hydrogen 
peroxide, which might signal within granular KCs as well as through all the epidermal layers to 
cause oxidative stress and metabolic changes. This might be amplified by the downregulation of 
NRF2 by endogenous ligand-bound PPARδ. In the basal layers, IL-1β, produced either locally or in 
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PPARδ via unidentified mechanisms. This results in the upregulation of PDK1 and the shift toward 
anaerobic glycolysis, which circumvents mitochondrial function, including the production of mito-
chondrial ROS. Anaerobic glycolysis sustains KC hyperproliferation via rapid ATP production. 

Author Contributions: Writing—original draft preparation, S.B., D.M., P.P. and S.D.; writing—re-
view and editing, S.D., literature research, D.M., P.P. and S.D.; funding acquisition, S.D. All authors 
have read and agreed to the published version of the manuscript. 

Funding: This work was supported by grants from the Austrian Science Fund and the Tyrol Re-
search Fund (FWF 31662 and FWF 28039) to SD. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of interest: The authors declare no conflict of interest. 

Abbreviations 
ACAA2: acetyl-CoA acyltransferase 2; ACAD(V)L: (very) long-chain specific acyl-CoA dehy-

drogenase, mitochondrial; ACOX1: acyl-CoA oxidase 1; ACSL: long-chain-fatty-acid—CoA ligase; 
ACSS: acyl-CoA synthetase short chain family member; ALOX: lipoxygenase; ANGPTL4: angiopoi-
etin Like 4; AP-1: activator protein 1; aP2: adipocyte protein 2; ATP: adenosine triphosphate; BCL-
6: B-cell lymphoma 6; cAMP: cyclic adenosine monophosphate; CAT: catalase; CCL: CC-chemokine 

Figure 1. Potential role of PPARδ in keratinocytes in lesional atopic dermatitis and psoriasis: Epidermal barrier impairment,
likely originating from (epi)genetic abnormalities, enhances trans-epidermal water loss (TEWL) and the production of IL-1β
in granular keratinocytes (KCs), which upregulates cPLA2 involved in the cleavage of membrane phospholipids (PLs) and
the release of arachidonic acid (AA). AA and its metabolites, produced by oxidation via ALOX5 into bioactive lipids, are
shuttled to the nucleus by FABP5 to activate PPARδ, which, in turn, increases the expression of ACOX1 and ACADVL.
Increased ACOX1 consumes ultra- and very-long-chain fatty acids (UL/VLCFAs) and ceramides (Cers), resulting in the
improper embedding of stratum corneum lipids into lamellar bodies (LBs), which weakens the efficacy of the stratum
corneum barrier, hence perpetuating epidermal barrier impairment. Overactivity of ACOX1 produces excessive hydrogen
peroxide, which might signal within granular KCs as well as through all the epidermal layers to cause oxidative stress
and metabolic changes. This might be amplified by the downregulation of NRF2 by endogenous ligand-bound PPARδ. In
the basal layers, IL-1β, produced either locally or in granular KCs, and SIRT1, which is produced in the lower epidermis,
contribute to the activation of PPARδ via unidentified mechanisms. This results in the upregulation of PDK1 and the shift
toward anaerobic glycolysis, which circumvents mitochondrial function, including the production of mitochondrial ROS.
Anaerobic glycolysis sustains KC hyperproliferation via rapid ATP production.
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factor kappa-light-chain-enhancer of activated B cells; NLRC4: NLR family CARD domain containing
4 protein; NLRP3: nucleotide-binding oligomerization domain-like receptor (NOD)-like receptor fam-
ily pyrin domain containing 3; NPC1L1: Niemann-Pick C1-like protein 1; NRF2: NF-E2–related fac-
tor 2; NOX4: nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4; OXPHOS: oxidative
phosphorylation; PASI: psoriasis area and severity index; p38MAPK: p38 mitogen-activated protein
kinase; PDH: pyruvate dehydrogenase; PDK: pyruvate dehydrogenase kinase; PG: prostaglandin;
PHACTR1: phosphatase and actin regulator 1; PI3K: phosphoinositide-3-kinase; PK: protein kinase;
PLIN2: perilipin 2; PPAR: peroxisome proliferator-activated receptor; ROS: reactive oxygen species;
RXR: 9-cis-retinoic acid receptor; S100A: S100 calcium-binding protein A; SAPK: stress-activated
protein kinase; SDS: sodium dodecyl sulfate; SENP2: small ubiquitin-like modifier (SUMO)-specific
protease 2; SIRT1: silent mating type information regulation 2 homolog 1: SLC: solute carrier family;
STAT: signal transducer and activator of transcription; TCF/LEF: T-cell factor/lymphoid enhancer fac-
tor; TGM1: transglutaminase 1; Th: T helper; TNF: tumor necrosis factor; TPA: phorbol 12-myristate
13-acetate; TR: T3-thyroid receptor; TTA: tetradecylthioacetic acid; UCP: uncoupling protein; VDR: vi-
tamin D receptor; VEGFA: vascular endothelial growth factor A.

References
1. Girroir, E.E.; Hollingshead, H.E.; He, P.; Zhu, B.; Perdew, G.H.; Peters, J.M. Quantitative expression patterns of peroxisome

proliferator-activated receptor-beta/delta (PPARbeta/delta) protein in mice. Biochem. Biophys. Res. Commun. 2008, 371, 456–461.
[CrossRef] [PubMed]

2. Lundell, K.; Thulin, P.; Hamsten, A.; Ehrenborg, E. Alternative splicing of human peroxisome proliferator-activated receptor delta
(PPAR delta): Effects on translation efficiency and trans-activation ability. BMC Mol. Biol. 2007, 8, 70. [CrossRef] [PubMed]

198



Int. J. Mol. Sci. 2021, 22, 7354

3. Larsen, L.K.; Amri, E.Z.; Mandrup, S.; Pacot, C.; Kristiansen, K. Genomic organization of the mouse peroxisome proliferator-
activated receptor beta/delta gene: Alternative promoter usage and splicing yield transcripts exhibiting differential translational
efficiency. Biochem. J. 2002, 366, 767–775. [CrossRef] [PubMed]

4. Harmon, G.S.; Lam, M.T.; Glass, C.K. PPARs and Lipid Ligands in Inflammation and Metabolism. Chem. Rev. 2011, 111, 6321–6340.
[CrossRef] [PubMed]

5. Westergaard, M.; Henningsen, J.; Johansen, C.; Rasmussen, S.; Svendsen, M.L.; Jensen, U.B.; Schrøder, H.D.; Staels, B.; Iversen, L.;
Bolund, L.; et al. Expression and localization of peroxisome proliferator-activated receptors and nuclear factor κB in normal and
lesional psoriatic skin. J. Investig. Dermatol. 2003, 121, 1104–1117. [CrossRef]

6. Zarei, M.; Aguilar-Recarte, D.; Palomer, X.; Vázquez-Carrera, M. Revealing the role of peroxisome proliferator-activated receptor
β/δ in nonalcoholic fatty liver disease. Metabolism 2021, 114, 154342. [CrossRef]

7. Liu, Y.; Colby, J.K.; Zuo, X.; Jaoude, J.; Wei, D.; Shureiqi, I. The Role of PPAR-δ in Metabolism, Inflammation, and Cancer: Many
Characters of a Critical Transcription Factor. Int. J. Mol. Sci. 2018, 19, 3339. [CrossRef] [PubMed]

8. Kahremany, S.; Livne, A.; Gruzman, A.; Senderowitz, H.; Sasson, S. Activation of PPARδ: From computer modelling to biological
effects. Br. J. Pharmacol. 2014, 172, 754–770. [CrossRef] [PubMed]

9. Riahi, Y.; Sin-Malia, Y.; Cohen, G.; Alpert, E.; Gruzman, A.; Eckel, J.; Staels, B.; Guichardant, M.; Sasson, S. The natural protective
mechanism against hyperglycemia in vascular endothelial cells: Roles of the lipid peroxidation product 4-hydroxydodecadienal
and peroxisome proliferator-activated receptor delta. Diabetes 2010, 59, 808–818. [CrossRef]

10. Coleman, J.D.; Prabhu, K.S.; Thompson, J.T.; Reddy, P.S.; Peters, J.M.; Peterson, B.R.; Reddy, C.C.; Vanden Heuvel, J.P. The
oxidative stress mediator 4-hydroxynonenal is an intracellular agonist of the nuclear receptor peroxisome proliferator-activated
receptor-β/δ (PPARβ/δ). Free Radic. Biol. Med. 2007, 42, 1155–1164. [CrossRef]

11. Da’adoosh, B.; Marcus, D.; Rayan, A.; King, F.; Che, J.; Goldblum, A. Discovering highly selective and diverse PPAR-delta
agonists by ligand based machine learning and structural modeling. Sci. Rep. 2019, 9, 1106. [CrossRef] [PubMed]

12. Shearer, B.G.; Hoekstra, W.J. Recent advances in peroxisome proliferator-activated receptor science. Curr. Med. Chem. 2003, 10,
267–280. [CrossRef]

13. Gou, Q.; Jiang, Y.; Zhang, R.; Xu, Y.; Xu, H.; Zhang, W.; Shi, J.; Hou, Y. PPARδ is a regulator of autophagy by its phosphorylation.
Oncogene 2020, 39, 4844–4853. [CrossRef] [PubMed]

14. Brunmeir, R.; Xu, F. Functional Regulation of PPARs through Post-Translational Modifications. Int. J. Mol. Sci. 2018, 19, 1738.
[CrossRef]

15. Koo, Y.D.; Choi, J.W.; Kim, M.; Chae, S.; Ahn, B.Y.; Kim, M.; Oh, B.C.; Hwang, D.; Seol, J.H.; Kim, Y.-B.; et al. SUMO-Specific
Protease 2 (SENP2) Is an Important Regulator of Fatty Acid Metabolism in Skeletal Muscle. Diabetes 2015, 64, 2420–2431.
[CrossRef] [PubMed]

16. Genini, D.; Catapano, C.V. Block of nuclear receptor ubiquitination. A mechanism of ligand-dependent control of peroxisome
proliferator-activated receptor delta activity. J. Biol. Chem. 2007, 282, 11776–11785. [CrossRef]

17. Rieck, M.; Wedeken, L.; Müller-Brüsselbach, S.; Meissner, W.; Müller, R. Expression level and agonist-binding affect the turnover,
ubiquitination and complex formation of peroxisome proliferator activated receptor β. FEBS J. 2007, 274, 5068–5076. [CrossRef]

18. Ricote, M.; Glass, C.K. PPARs and molecular mechanisms of transrepression. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids
2007, 1771, 926–935. [CrossRef]

19. Tan, N.S.; Vázquez-Carrera, M.; Montagner, A.; Sng, M.K.; Guillou, H.; Wahli, W. Transcriptional control of physiological and
pathological processes by the nuclear receptor PPARβ/δ. Prog. Lipid Res. 2016, 64, 98–122. [CrossRef] [PubMed]

20. Planavila, A.; Rodríguez-Calvo, R.; Jové, M.; Michalik, L.; Wahli, W.; Laguna, J.C.; Vázquez-Carrera, M. Peroxisome proliferator-
activated receptor β/δ activation inhibits hypertrophy in neonatal rat cardiomyocytes. Cardiovasc. Res. 2005, 65, 832–841.
[CrossRef]

21. Chen, D.; Xiong, X.-Q.; Zang, Y.-H.; Tong, Y.; Zhou, B.; Chen, Q.; Li, Y.-H.; Gao, X.-Y.; Kang, Y.-M.; Zhu, G.-Q. BCL6 attenuates
renal inflammation via negative regulation of NLRP3 transcription. Cell Death Dis. 2017, 8, e3156. [CrossRef]

22. Zhang, H.; Qi, X.; Wu, J.; Huang, X.; Zhang, A.; Chen, S.; Ding, X.; Le, S.; Zou, Y.; Xu, H.; et al. BCL6 inhibitor FX1 attenuates
inflammatory responses in murine sepsis through strengthening BCL6 binding affinity to downstream target gene promoters. Int.
Immunopharmacol. 2019, 75, 105789. [CrossRef] [PubMed]

23. Lee, C.H.; Chawla, A.; Urbiztondo, N.; Liao, D.; Boisvert, W.A.; Evans, R.M.; Curtiss, L.K. Transcriptional repression of atherogenic
inflammation: Modulation by PPARδ. Science 2003, 302, 453–457. [CrossRef] [PubMed]

24. Zarei, M.; Barroso, E.; Palomer, X.; Escolà-Gil, J.C.; Cedó, L.; Wahli, W.; Vázquez-Carrera, M. Pharmacological PPARβ/δ activation
upregulates VLDLR in hepatocytes. Clin. Investig. Arterioscler. 2019, 31, 111–118.

25. Palomer, X.; Barroso, E.; Pizarro-Delgado, J.; Peña, L.; Botteri, G.; Zarei, M.; Aguilar, D.; Montori-Grau, M.; Vázquez-Carrera, M.
PPARβ/δ: A Key Therapeutic Target in Metabolic Disorders. Int. J. Mol. Sci. 2018, 19, 913. [CrossRef]

26. Zarei, M.; Barroso, E.; Leiva, R.; Barniol-Xicota, M.; Pujol, E.; Escolano, C.; Vázquez, S.; Palomer, X.; Pardo, V.; González-Rodríguez,
Á.; et al. Heme-Regulated eIF2α Kinase Modulates Hepatic FGF21 and Is Activated by PPARβ/δ Deficiency. Diabetes 2016, 65,
3185–3199. [CrossRef]

27. Adhikary, T.; Wortmann, A.; Schumann, T.; Finkernagel, F.; Lieber, S.; Roth, K.; Toth, P.M.; Diederich, W.E.; Nist, A.; Stiewe,
T.; et al. The transcriptional PPARβ/δ network in human macrophages defines a unique agonist-induced activation state. Nucleic
Acids Res. 2015, 43, 5033–5051. [CrossRef] [PubMed]

199



Int. J. Mol. Sci. 2021, 22, 7354

28. Narkar, V.A.; Downes, M.; Yu, R.T.; Embler, E.; Wang, Y.X.; Banayo, E.; Mihaylova, M.M.; Nelson, M.C.; Zou, Y.; Juguilon, H.; et al.
AMPK and PPARδ agonists are exercise mimetics. Cell 2008, 134, 405–415. [CrossRef] [PubMed]

29. Dunlop, T.W.; Väisänen, S.; Frank, C.; Molnár, F.; Sinkkonen, L.; Carlberg, C. The human peroxisome proliferator-activated
receptor δ gene is a primary target of 1α,25-dihydroxyvitamin D3 and its nuclear receptor. J. Mol. Biol. 2005, 349, 248–260.
[CrossRef]

30. Magge, S.S.; Guardiola-Diaz, H. Characterization of the mouse peroxisome proliferator-activated receptor δ gene. Biochem.
Biophys. Res. Commun. 2002, 290, 230–235. [CrossRef]

31. Romanowska, M.; al Yacoub, N.; Seidel, H.; Donandt, S.; Gerken, H.; Phillip, S.; Haritonova, N.; Artuc, M.; Schweiger, S.; Sterry,
W.; et al. PPARδ enhances keratinocyte proliferation in psoriasis and induces heparin-binding EGF-like growth factor. J. Investig.
Dermatol. 2008, 128, 110–124. [CrossRef]

32. Tan, N.S.; Michalik, L.; Noy, N.; Yasmin, R.; Pacot, C.; Heim, M.; Flühmann, B.; Desvergne, B.; Wahli, W. Critical roles of PPAR
β/δ in keratinocyte response to inflammation. Genes Dev. 2001, 15, 3263–3277. [CrossRef]

33. Lu, C.; Cheng, S.-Y. Thyroid hormone receptors regulate adipogenesis and carcinogenesis via crosstalk signaling with peroxisome
proliferator-activated receptors. J. Mol. Endocrinol. 2009, 44, 143–154. [CrossRef] [PubMed]

34. Decker, R.H. Nature and Regulation of Energy Metabolism in the Epidermis. J. Investig. Dermatol. 1971, 57, 351–363. [CrossRef]
35. Adachi, K.; Yamasawa, S. Quantitative histochemistry of the primate skin. I. Hexokinase. J. Investig. Dermatol. 1966, 46, 473–476.

[CrossRef]
36. Im, M.J.; Yamasawa, S.; Adachi, K. Quantitative histochemistry of the primate skin. III. Glyceraldehyde-3-phosphate dehydroge-

nase. J. Investig. Dermatol. 1966, 47, 35–38. [CrossRef]
37. Bedogni, B.; Powell, M.B. Skin Hypoxia: A Promoting Environmental Factor in Melanomagenesis. Cell Cycle 2006, 5, 1258–1261.

[CrossRef]
38. Pavel, P.; Leman, G.; Hermann, M.; Ploner, C.; Eichmann, T.O.; Minzaghi, D.; Radner, F.P.W.; Del Frari, B.; Gruber, R.; Dubrac,

S. Peroxisomal fatty acid oxidation and glycolysis are triggered in mouse models of lesional atopic dermatitis. JID Innov. 2021,
100033, in press. [CrossRef]

39. Cibrian, D.; de la Fuente, H.; Sánchez-Madrid, F. Metabolic Pathways That Control Skin Homeostasis and Inflammation. Trends
Mol. Med. 2020, 26, 975–986. [CrossRef]

40. Sutter, C.H.; Olesen, K.M.; Bhuju, J.; Guo, Z.; Sutter, T.R. AHR Regulates Metabolic Reprogramming to Promote SIRT1-Dependent
Keratinocyte Differentiation. J. Investig. Dermatol. 2019, 139, 818–826. [CrossRef]

41. Hamanaka, R.B.; Chandel, N.S. Mitochondrial metabolism as a regulator of keratinocyte differentiation. Cell. Logist. 2013,
3, e25456. [CrossRef]

42. Simpson, C.L.; Tokito, M.K.; Uppala, R.; Sarkar, M.K.; Gudjonsson, J.E.; Holzbaur, E.L. NIX initiates mitochondrial fragmentation
via DRP1 to drive epidermal differentiation. Cell Rep. 2021, 34, 108689. [CrossRef]

43. Ständer, S. Atopic Dermatitis. N. Engl. J. Med. 2021, 384, 1136–1143. [CrossRef]
44. Griffiths, C.E.M.; Armstrong, A.W.; Gudjonsson, J.E.; Barker, J. Psoriasis. Lancet 2021, 397, 1301–1315. [CrossRef]
45. Moosbrugger-Martinz, V.; Hackl, H.; Gruber, R.; Pilecky, M.; Knabl, L.; Orth-Höller, D.; Dubrac, S. Initial Evidence of Distinguish-

able Bacterial and Fungal Dysbiosis in the Skin of Patients with Atopic Dermatitis or Netherton Syndrome. J. Investig. Dermatol.
2021, 141, 114–123. [CrossRef] [PubMed]

46. Minzaghi, D.; Pavel, P.; Dubrac, S. Xenobiotic Receptors and Their Mates in Atopic Dermatitis. Int. J. Mol. Sci. 2019, 20, 4234.
[CrossRef] [PubMed]

47. Blunder, S.; Kõks, S.; Kõks, G.; Reimann, E.; Hackl, H.; Gruber, R.; Moosbrugger-Martinz, V.; Schmuth, M.; Dubrac, S. Enhanced
Expression of Genes Related to Xenobiotic Metabolism in the Skin of Patients with Atopic Dermatitis but Not with Ichthyosis
Vulgaris. J. Investig. Dermatol. 2018, 138, 98–108. [CrossRef]

48. Moosbrugger-Martinz, V.; Schmuth, M.; Dubrac, S. A Mouse Model for Atopic Dermatitis Using Topical Application of Vitamin
D3 or of Its Analog MC903. Methods Mol. Biol. 2017, 1559, 91–106. [CrossRef]

49. Moosbrugger-Martinz, V.; Tripp, C.; Clausen, B.; Schmuth, M.; Dubrac, S. Atopic dermatitis induces the expansion of thymus-
derived regulatory T cells exhibiting a Th2-like phenotype in mice. J. Cell. Mol. Med. 2016, 20, 930–938. [CrossRef]

50. Schmuth, M.; Blunder, S.; Dubrac, S.; Gruber, R.; Moosbrugger-Martinz, V. Epidermal barrier in hereditary ichthyoses, atopic
dermatitis, and psoriasis. J. Der Dtsch. Dermatol. Ges. 2015, 13, 1119–1123. [CrossRef] [PubMed]

51. Dubrac, S.; Schmuth, M.; Ebner, S. Atopic dermatitis: The role of Langerhans cells in disease pathogenesis. Immunol. Cell Biol.
2010, 88, 400–409. [CrossRef] [PubMed]

52. Reynolds, G.; Vegh, P.; Fletcher, J.; Poyner, E.F.M.; Stephenson, E.; Goh, I.; Botting, R.A.; Huang, N.; Olabi, B.; Dubois, A.; et al.
Developmental cell programs are co-opted in inflammatory skin disease. Science 2021, 371, eaba6500. [CrossRef]

53. Yamazaki, F. Psoriasis: Comorbidities. J. Dermatol. 2021, 48, 732–740. [CrossRef]
54. Zeng, C.; Tsoi, L.C.; Gudjonsson, J.E. Dysregulated epigenetic modifications in psoriasis. Exp. Dermatol. 2021. [CrossRef]
55. Bugaut, H.; Aractingi, S. Major Role of the IL17/23 Axis in Psoriasis Supports the Development of New Targeted Therapies. Front.

Immunol. 2021, 12, 621956. [CrossRef] [PubMed]
56. Kahremany, S.; Hofmann, L.; Harari, M.; Gruzman, A.; Cohen, G. Pruritus in psoriasis and atopic dermatitis: Current treatments

and new perspectives. Pharmacol. Rep. 2021, 73, 443–453. [CrossRef]

200



Int. J. Mol. Sci. 2021, 22, 7354

57. Billoni, N.; Buan, B.; Gautier, B.; Collin, C.; Gaillard, O.; Mahé, Y.F.; Bernard, B.A. Expression of peroxisome proliferator activated
receptors (PPARs) in human hair follicles and PPAR α involvement in hair growth. Acta Derm. Venereol. 2000, 80, 329–334.

58. Dubrac, S.; Stoitzner, P.; Pirkebner, D.; Elentner, A.; Schoonjans, K.; Auwerx, J.; Saeland, S.; Hengster, P.; Fritsch, P.; Romani,
N.; et al. Peroxisome Proliferator-Activated Receptor-α Activation Inhibits Langerhans Cell Function. J. Immunol. 2007, 178,
4362–4372. [CrossRef]

59. Schmuth, M.; Jiang, Y.J.; Dubrac, S.; Elias, P.M.; Feingold, K.R. Thematic Review Series: Skin Lipids. Peroxisome proliferator-
activated receptors and liver X receptors in epidermal biology. J. Lipid Res. 2008, 49, 499–509. [CrossRef]

60. Westergaard, M.; Henningsen, J.; Kratchmarova, I.; Kristiansen, K.; Svendsen, M.L.; Johansen, C.; Jensen, U.B.; Schrøder, H.D.;
Berge, R.K.; Iversen, L.; et al. Modulation of Keratinocyte Gene Expression and Differentiation by PPAR-Selective Ligands and
Tetradecylthioacetic Acid. J. Investig. Dermatol. 2001, 116, 702–712. [CrossRef]

61. Rivier, M.; Safonova, I.; Lebrun, P.; Michel, S.; Griffiths, C.; Ailhaud, G. Differential Expression of Peroxisome Proliferator-
Activated Receptor Subtypes During the Differentiation of Human Keratinocytes. J. Investig. Dermatol. 1998, 111, 1116–1121.
[CrossRef]

62. Romanowska, M.; Reilly, L.; Palmer, C.N.; Gustafsson, M.C.; Foerster, J. Activation of PPARβ/δ causes a psoriasis-like skin
disease in vivo. PLoS ONE 2010, 5, e9701. [CrossRef] [PubMed]

63. Chamcheu, J.C.; Chaves-Rodriquez, M.I.; Adhami, V.M.; Siddiqui, I.A.; Wood, G.S.; Longley, B.J.; Mukhtar, H. Upregulation of
PI3K/AKT/mTOR, FABP5 and PPARβ/δ in Human Psoriasis and Imiquimod-induced Murine Psoriasiform Dermatitis Model.
Acta. Derm. Venereol. 2016, 96, 854–856. [CrossRef] [PubMed]

64. Wang, X.; Hao, Y.; Wang, X.; Wang, L.; Chen, Y.; Sun, J.; Hu, J. A PPARδ-selective antagonist ameliorates IMQ-induced
psoriasis-like inflammation in mice. Int. Immunopharmacol. 2016, 40, 73–78. [CrossRef]

65. Dou, J.; Zhang, L.; Xie, X.; Ye, L.; Yang, C.; Wen, L.; Shen, C.; Zhu, C.; Zhao, S.; Zhu, Z.; et al. Integrative analyses reveal biological
pathways and key genes in psoriasis. Br. J. Dermatol. 2017, 177, 1349–1357. [CrossRef] [PubMed]

66. Schneider, C.; Strayhorn, W.D.; Brantley, D.M.; Nanney, L.B.; Yull, F.E.; Brash, A.R. Upregulation of 8-lipoxygenase in the
dermatitis of IκB-α-deficient mice. J. Investig. Dermatol. 2004, 122, 691–698. [CrossRef] [PubMed]

67. Funk, C.D.; Keeney, D.S.; Oliw, E.; Boeglin, W.E.; Brash, A.R. Functional Expression and Cellular Localization of a Mouse
Epidermal Lipoxygenase. J. Biol. Chem. 1996, 271, 23338–23344. [CrossRef] [PubMed]

68. Krieg, P.; Fürstenberger, G. The role of lipoxygenases in epidermis. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2014, 1841,
390–400. [CrossRef]

69. Morgan, E.; Kannan-Thulasiraman, P.; Noy, N. Involvement of Fatty Acid Binding Protein 5 and PPARβ/δ in Prostate Cancer
Cell Growth. PPAR Res. 2010, 2010, 234629. [CrossRef]

70. Werner, S.; Grose, R. Regulation of Wound Healing by Growth Factors and Cytokines. Physiol. Rev. 2003, 83, 835–870. [CrossRef]
71. Lande, R.; Gregorio, J.; Facchinetti, V.; Chatterjee, B.; Wang, Y.-H.; Homey, B.; Cao, W.; Wang, Y.-H.; Su, B.; Nestle, F.O.; et al.

Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial peptide. Nature 2007, 449, 564–569. [CrossRef]
72. Luo, Y.; Hara, T.; Kawashima, A.; Ishido, Y.; Suzuki, S.; Ishii, N.; Kambara, T.; Suzuki, K. Pathological role of excessive DNA as a

trigger of keratinocyte proliferation in psoriasis. Clin. Exp. Immunol. 2020, 202, 1–10. [CrossRef] [PubMed]
73. Lee, J.; Kim, B.; Chu, H.; Zhang, K.; Kim, H.; Kim, J.H.; Kim, S.H.; Pan, Y.; Noh, J.Y.; Sun, Z.; et al. FABP5 as a possible biomarker

in atopic march: FABP5-induced Th17 polarization, both in mouse model and human samples. EBioMedicine 2020, 58, 102879.
[CrossRef] [PubMed]

74. Gericke, J.; Ittensohn, J.; Mihály, J.; Dubrac, S.; Rühl, R. Allergen-Induced Dermatitis Causes Alterations in Cutaneous Retinoid-
Mediated Signaling in Mice. PLoS ONE 2013, 8, e71244. [CrossRef]

75. Töröcsik, D.; Weise, C.; Gericke, J.; Szegedi, A.; Lucas, R.; Mihaly, J.; Worm, M.; Rühl, R. Transcriptomic and lipidomic profiling of
eicosanoid/docosanoid signalling in affected and non-affected skin of human atopic dermatitis patients. Exp. Dermatol. 2019, 28,
177–189. [CrossRef]

76. Chiba, H.; Michibata, H.; Wakimoto, K.; Seishima, M.; Kawasaki, S.; Okubo, K.; Mitsui, H.; Torii, H.; Imai, Y. Cloning of a Gene for
a Novel Epithelium-specific Cytosolic Phospholipase A2, cPLA2δ, Induced in Psoriatic Skin. J. Biol. Chem. 2004, 279, 12890–12897.
[CrossRef]

77. Jarrett, R.; Salio, M.; Lloyd-Lavery, A.; Subramaniam, S.; Bourgeois, E.; Archer, C.; Cheung, K.L.; Hardman, C.; Chandler, D.;
Salimi, M.; et al. Filaggrin inhibits generation of CD1a neolipid antigens by house dust mite–derived phospholipase. Sci. Transl.
Med. 2016, 8, 325ra18. [CrossRef] [PubMed]

78. Hardman, C.S.; Chen, Y.-L.; Salimi, M.; Jarrett, R.; Johnson, D.; Järvinen, V.J.; Owens, R.J.; Repapi, E.; Cousins, D.J.; Barlow,
J.L.; et al. CD1a presentation of endogenous antigens by group 2 innate lymphoid cells. Sci. Immunol. 2017, 2, eaan5918.
[CrossRef]

79. Lian, N.; Shi, L.Q.; Hao, Z.M.; Chen, M. Research progress and perspective in metabolism and metabolomics of psoriasis. Chin.
Med. J. 2020, 133, 2976–2986. [CrossRef] [PubMed]

80. Dutkiewicz, E.P.; Hsieh, K.-T.; Wang, Y.-S.; Chiu, H.-Y.; Urban, P.L. Hydrogel Micropatch and Mass Spectrometry—Assisted
Screening for Psoriasis-Related Skin Metabolites. Clin. Chem. 2016, 62, 1120–1128. [CrossRef]

81. Zhang, Z.; Zi, Z.; Lee, E.E.; Zhao, J.; Contreras, D.C.; South, A.P.; Abel, E.D.; Chong, B.F.; Vandergriff, T.; Hosler, G.A.; et al.
Differential glucose requirement in skin homeostasis and injury identifies a therapeutic target for psoriasis. Nat. Med. 2018, 24,
617–627. [CrossRef]

201



Int. J. Mol. Sci. 2021, 22, 7354

82. Roberts, L.D.; Hassall, D.G.; Winegar, D.A.; Haselden, J.N.; Nicholls, A.W.; Griffin, J.L. Increased hepatic oxidative metabolism
distinguishes the action of Peroxisome proliferator-activated receptor δ from Peroxisome proliferator-activated receptor γ in the
ob/ob mouse. Genome Med. 2009, 1, 115. [CrossRef] [PubMed]

83. Fan, W.; Evans, R. PPARs and ERRs: Molecular mediators of mitochondrial metabolism. Curr. Opin. Cell Biol. 2015, 33, 49–54.
[CrossRef] [PubMed]

84. Lamichane, S.; Lamichane, B.D.; Kwon, S.-M. Pivotal Roles of Peroxisome Proliferator-Activated Receptors (PPARs) and Their
Signal Cascade for Cellular and Whole-Body Energy Homeostasis. Int. J. Mol. Sci. 2018, 19, 949. [CrossRef]

85. Magadum, A.; Engel, F.B. PPARβ/δ: Linking Metabolism to Regeneration. Int. J. Mol. Sci. 2018, 19, 2013. [CrossRef] [PubMed]
86. Palomer, X.; Salvadó, L.; Barroso, E.; Vázquez-Carrera, M. An overview of the crosstalk between inflammatory processes and

metabolic dysregulation during diabetic cardiomyopathy. Int. J. Cardiol. 2013, 168, 3160–3172. [CrossRef]
87. Kwak, C.-H.; Jin, L.; Han, J.H.; Han, C.W.; Kim, E.; Cho, M.; Chung, T.-W.; Bae, S.-J.; Jang, S.B.; Ha, K.-T. Ilimaquinone Induces the

Apoptotic Cell Death of Cancer Cells by Reducing Pyruvate Dehydrogenase Kinase 1 Activity. Int. J. Mol. Sci. 2020, 21, 6021.
[CrossRef] [PubMed]

88. Rubio, B.; Mora, C.; Pintado, C.; Mazuecos, L.; Fernández, A.; López, V.; Andrés, A.; Gallardo, N. The nutrient sensing pathways
FoxO1/3 and mTOR in the heart are coordinately regulated by central leptin through PPARβ/δ. Implications in cardiac
remodeling. Metabolism 2021, 115, 154453. [CrossRef] [PubMed]

89. Higgins, L.G.; Garbacz, W.G.; Gustafsson, M.C.; Nainamalai, S.; Ashby, P.R.; Wolf, C.R.; Palmer, C.N. Conditional Expression of
Human PPARδ and a Dominant Negative Variant of hPPARδ In Vivo. PPAR Res. 2012, 2012, 216817. [CrossRef]

90. Luquet, S.; Gaudel, C.; Holst, D.; Lopez-Soriano, J.; Jehl-Pietri, C.; Fredenrich, A.; Grimaldi, P.A. Roles of PPAR delta in lipid
absorption and metabolism: A new target for the treatment of type 2 diabetes. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2005,
1740, 313–317. [CrossRef] [PubMed]

91. Berdyshev, E.; Goleva, E.; Bronova, I.; Dyjack, N.; Rios, C.; Jung, J.; Taylor, P.; Jeong, M.; Hall, C.F.; Richers, B.N.; et al. Lipid
abnormalities in atopic skin are driven by type 2 cytokines. JCI Insight 2018, 3, e98006. [CrossRef]

92. Lodhi, I.J.; Semenkovich, C.F. Peroxisomes: A Nexus for Lipid Metabolism and Cellular Signaling. Cell Metab. 2014, 19, 380–392.
[CrossRef]

93. Baldwin, H.A.; Wang, C.; Kanfer, G.; Shah, H.V.; Velayos-Baeza, A.; Dulovic-Mahlow, M.; Brüggemann, N.; Anding, A.; Baehrecke,
E.H.; Maric, D.; et al. VPS13D promotes peroxisome biogenesis. J. Cell Biol. 2021, 220, e202001188. [CrossRef]

94. Li, Q.; Fang, H.; Dang, E.; Wang, G. The role of ceramides in skin homeostasis and inflammatory skin diseases. J. Dermatol. Sci.
2020, 97, 2–8. [CrossRef]

95. Montagner, A.; Wahli, W.; Tan, N.S. Nuclear receptor peroxisome proliferator activated receptor (PPAR) β/δ in skin wound
healing and cancer. Eur. J. Dermatol. 2015, 25, 4–11.

96. Blunder, S.; Krimbacher, T.; Moosbrugger-Martinz, V.; Gruber, R.; Schmuth, M.; Dubrac, S. Keratinocyte-derived IL-1β induces
PPARG downregulation and PPARD upregulation in human reconstructed epidermis following barrier impairment. Exp.
Dermatol. 2021. [CrossRef] [PubMed]

97. Qiang, L.; Sample, A.; Liu, H.; Wu, X.; He, Y.-Y. Epidermal SIRT1 regulates inflammation, cell migration, and wound healing. Sci.
Rep. 2017, 7, 14110. [CrossRef] [PubMed]

98. Bielach-Bazyluk, A.; Zbroch, E.; Mysliwiec, H.; Rydzewska-Rosolowska, A.; Kakareko, K.; Flisiak, I.; Hryszko, T. Sirtuin 1 and
Skin: Implications in Intrinsic and Extrinsic Aging—A Systematic Review. Cells 2021, 10, 813. [CrossRef] [PubMed]

99. Cheang, W.S.; Wong, W.T.J.; Wang, L.; Cheng, C.K.; Lau, C.W.; Ma, R.C.W.; Xu, A.; Wang, N.; Huang, Y.; Tian, X.Y. Resveratrol
ameliorates endothelial dysfunction in diabetic and obese mice through sirtuin 1 and peroxisome proliferator-activated receptor
δ. Pharmacol. Res. 2019, 139, 384–394. [CrossRef]

100. Hack, K.; Reilly, L.; Palmer, C.; Read, K.D.; Norval, S.; Kime, R.; Booth, K.; Foerster, J. Skin-targeted inhibition of PPAR β/δ
by selective antagonists to treat PPAR β/δ-mediated psoriasis-like skin disease in vivo. PLoS ONE 2012, 7, e37097. [CrossRef]
[PubMed]

101. Kuenzli, S.; Saurat, J.-H. Effect of topical PPARβ/δ and PPARγ agonists on plaque psoriasis. A pilot study. Dermatology 2003, 206,
252–256. [CrossRef]

102. Hatano, Y.; Man, M.Q.; Uchida, Y.; Crumrine, D.; Mauro, T.M.; Feingold, K.R.; Elias, P.M.; Holleran, W.M. Murine atopic dermatitis
responds to peroxisome proliferator-activated receptors α and β/δ (but not γ) and liver X receptor activators. J. Allergy Clin.
Immunol. 2010, 125, 160–169.e5. [CrossRef]

103. Bertino, L.; Guarneri, F.; Cannavò, S.P.; Casciaro, M.; Pioggia, G.; Gangemi, S. Oxidative Stress and Atopic Dermatitis. Antioxidants
2020, 9, 196. [CrossRef] [PubMed]

104. Ji, H.; Li, X.-K. Oxidative Stress in Atopic Dermatitis. Oxidative Med. Cell. Longev. 2016, 2016, 2721469. [CrossRef] [PubMed]
105. Lin, X.; Huang, T. Oxidative stress in psoriasis and potential therapeutic use of antioxidants. Free. Radic. Res. 2016, 50, 585–595.

[CrossRef] [PubMed]
106. Barroso, E.; Rodriguez-Rodriguez, R.; Chacón, M.R.; Masip, E.M.; Ferrer, L.; Salvadó, L.; Salmerón, E.; Wabistch, M.; Palomer, X.;

Vendrell, J.; et al. PPARβ/δ ameliorates fructose-induced insulin resistance in adipocytes by preventing Nrf2 activation. Biochim.
Biophys. Acta (BBA) Mol. Basis Dis. 2015, 1852, 1049–1058. [CrossRef] [PubMed]

202



Int. J. Mol. Sci. 2021, 22, 7354

107. Jimenez, R.; Toral, M.; Gómez-Guzmán, M.; Romero, M.; Sanchez, M.; Mahmoud, A.; Duarte, J. The Role of Nrf2 Signaling in
PPARβ/δ-Mediated Vascular Protection against Hyperglycemia-Induced Oxidative Stress. Oxidative Med. Cell. Longev. 2018,
2018, 5852706. [CrossRef] [PubMed]

108. Tan, E.H.P.; Sng, M.K.; How, I.S.B.; Chan, J.S.K.; Chen, J.; Tan, C.K.; Wahli, W.; Tan, N.S. ROS release by PPARβ/δ-null fibroblasts
reduces tumor load through epithelial antioxidant response. Oncogene 2018, 37, 2067–2078. [CrossRef]

109. Salvadó, L.; Barroso, E.; Gómez-Foix, A.M.; Palomer, X.; Michalik, L.; Wahli, W.; Vázquez-Carrera, M. PPARβ/δ prevents
endoplasmic reticulum stress-associated inflammation and insulin resistance in skeletal muscle cells through an AMPK-dependent
mechanism. Diabetologia 2014, 57, 2126–2135. [CrossRef] [PubMed]

110. Wagner, N.; Wagner, K.-D. The Role of PPARs in Disease. Cells 2020, 9, 2367. [CrossRef]
111. Peters, J.M.; Kim, D.J.; Bility, M.T.; Borland, M.G.; Zhu, B.; Gonzalez, F.J. Regulatory mechanisms mediated by peroxisome

proliferator-activated receptor-β/δ in skin cancer. Mol. Carcinog. 2019, 58, 1612–1622. [CrossRef]
112. Borland, M.G.; Kehres, E.M.; Lee, C.; Wagner, A.L.; Shannon, B.E.; Albrecht, P.P.; Zhu, B.; Gonzalez, F.J.; Peters, J.M. Inhibition of

tumorigenesis by peroxisome proliferator-activated receptor (PPAR)-dependent cell cycle blocks in human skin carcinoma cells.
Toxicology 2018, 404–405, 25–32. [CrossRef] [PubMed]

113. Zhu, B.; Ferry, C.H.; Markell, L.K.; Blazanin, N.; Glick, A.B.; Gonzalez, F.J.; Peters, J.M. The Nuclear Receptor Peroxisome
Proliferator-activated Receptor-β/δ (PPARβ/δ) Promotes Oncogene-induced Cellular Senescence through Repression of Endo-
plasmic Reticulum Stress. J. Biol. Chem. 2014, 289, 20102–20119. [CrossRef] [PubMed]

114. Han, C.; Lim, K.; Xu, L.; Li, G.; Wu, T. Regulation of Wnt/β-catenin pathway by cPLA2α and PPARδ. J. Cell. Biochem. 2008, 105,
534–545. [CrossRef]

115. Hwang, I.; Kim, J.; Jeong, S. β-Catenin and Peroxisome Proliferator-activated Receptor-δ Coordinate Dynamic Chromatin Loops
for the Transcription of Vascular Endothelial Growth Factor A Gene in Colon Cancer Cells. J. Biol. Chem. 2012, 287, 41364–41373.
[CrossRef]

116. Blunder, S.; Rühl, R.; Moosbrugger-Martinz, V.; Krimmel, C.; Geisler, A.; Zhu, H.; Crumrine, D.; Elias, P.M.; Gruber, R.; Schmuth,
M.; et al. Alterations in Epidermal Eicosanoid Metabolism Contribute to Inflammation and Impaired Late Differentiation in
FLG-Mutated Atopic Dermatitis. J. Investig. Dermatol. 2017, 137, 706–715. [CrossRef] [PubMed]

117. Michiels, J.F.; Perrin, C.; Leccia, N.; Massi, D.; Grimaldi, P.; Wagner, N. PPARβ activation inhibits melanoma cell proliferation
involving repression of the Wilms’ tumour suppressor WT1. Pflügers Arch. 2010, 459, 689–703. [CrossRef]

118. Lim, J.C.W.; Kwan, Y.P.; Tan, M.S.; Teo, M.H.Y.; Chiba, S.; Wahli, W.; Wang, X. The Role of PPARβ/δ in Melanoma Metastasis. Int.
J. Mol. Sci. 2018, 19, 2860. [CrossRef] [PubMed]

119. Han, J.-K.; Kim, H.-L.; Jeon, K.-H.; Choi, Y.-E.; Lee, H.-S.; Kwon, Y.-W.; Jang, J.-J.; Cho, H.-J.; Kang, H.-J.; Oh, B.-H.; et al.
Peroxisome proliferator-activated receptor-δ activates endothelial progenitor cells to induce angio-myogenesis through matrix
metallo-proteinase-9-mediated insulin-like growth factor-1 paracrine networks. Eur. Heart J. 2013, 34, 1755–1765. [CrossRef]

120. Huang, H. Matrix Metalloproteinase-9 (MMP-9) as a Cancer Biomarker and MMP-9 Biosensors: Recent Advances. Sensors 2018,
18, 3249. [CrossRef]

203





 International Journal of 

Molecular Sciences

Review

PPARγ and TGFβ—Major Regulators of Metabolism,
Inflammation, and Fibrosis in the Lungs and Kidneys

Gábor Kökény 1,2,*, Laurent Calvier 3,4,5,6,* and Georg Hansmann 5,6,*

Citation: Gábor Kökény, Laurent

Calvier and Georg Hansmann PPARγ

and TGFβ—Major Regulators of

Metabolism, Inflammation, and

Fibrosis in the Lungs and Kidneys.

Int. J. Mol. Sci. 2021, 22, 10431.

https://doi.org/10.3390/

ijms221910431

Academic Editors: Manuel

Vázquez-Carrera and Walter Wahli

Received: 31 August 2021

Accepted: 24 September 2021

Published: 28 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Translational Medicine, Semmelweis University, 1089 Budapest, Hungary
2 International Nephrology Research and Training Center, Semmelweis University, 1089 Budapest, Hungary
3 Department of Molecular Genetics, University of Texas (UT) Southwestern Medical Center,

Dallas, TX 75390, USA; calvier.laurent@gmail.com
4 Center for Translational Neurodegeneration Research, University of Texas (UT) Southwestern Medical Center,

Dallas, TX 75390, USA
5 Pulmonary Vascular Research Center (PVRC), Hannover Medical School, 30625 Hannover, Germany
6 Department of Pediatric Cardiology and Critical Care, Hannover Medical School, 30625 Hannover, Germany
* Correspondence: kokeny.gabor@med.semmelweis-univ.hu (G.K.); georg.hansmann@gmail.com (G.H.);

Tel.: +36-1-210-0100 (G.K.); +49-511-532-9594 (G.H.)

Abstract: Peroxisome proliferator-activated receptor gamma (PPARγ) is a type II nuclear receptor,
initially recognized in adipose tissue for its role in fatty acid storage and glucose metabolism. It
promotes lipid uptake and adipogenesis by increasing insulin sensitivity and adiponectin release.
Later, PPARγ was implicated in cardiac development and in critical conditions such as pulmonary
arterial hypertension (PAH) and kidney failure. Recently, a cluster of different papers linked PPARγ
signaling with another superfamily, the transforming growth factor beta (TGFβ), and its receptors,
all of which play a major role in PAH and kidney failure. TGFβ is a multifunctional cytokine that
drives inflammation, fibrosis, and cell differentiation while PPARγ activation reverses these adverse
events in many models. Such opposite biological effects emphasize the delicate balance and complex
crosstalk between PPARγ and TGFβ. Based on solid experimental and clinical evidence, the present
review summarizes connections and their implications for PAH and kidney failure, highlighting
the similarities and differences between lung and kidney mechanisms as well as discussing the
therapeutic potential of PPARγ agonist pioglitazone.

Keywords: PPARγ; pulmonary arterial hypertension; TGFβ; vascular injury; inflammation; prolifer-
ation; kidney fibrosis

1. Introduction

Peroxisome proliferator-activated receptors (PPARs; α, β/δ, γ) are ligand-activated
transcription factors of the nuclear receptor superfamily that regulate metabolic homeosta-
sis of the cell. Among them, PPARγ regulates synthetic metabolism (anabolism) in the
adipose tissue and plays an important role in glucose metabolism [1] and cardiac develop-
ment [2]. The human PPARγ gene contains nine exons spanning over 100 kilobases located
on chromosome 3 [3]. The ligand-activated PPARγ regulates target genes by forming
a heterodimer with the retinoid X receptor (RXR). Mutations in PPARγ gene have been
associated with dysfunctional lipid and glucose homeostasis leading to obesity and type 2
diabetes mellitus (T2DM) [4,5] but also with thyroid cancer [6].

Although PPARγ is predominantly a key regulator of adipocyte homeostasis, it is
ubiquitously expressed. Overall, there were predominantly protective effects in the car-
diovascular system, including systemic and pulmonary circulation. The diseases and
conditions which are positively affected by PPARγ activation in preclinical and/or clinical
studies include but are not limited to pulmonary arterial hypertension (PAH), predia-
betes/insulin resistance, cardiovascular diseases such as stroke in prediabetes, nephrotic
syndrome, kidney, or lung fibrosis, independently of the blood glucose lowering effect [7–12].
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Recently, post-transcriptional regulation of PPARγ by microRNAs have been im-
plicated in different diseases [10,13,14]. Protein phosphorylation is another regulatory
mechanism that can reduce or increase the transcriptional activity of PPARγ [15].

Since 2007 [16], PPARγ agonists have emerged as promising novel, antiproliferative,
anti-inflammatory, insulin-sensitizing, and efficient medications for the treatment of PAH.
Still, the results of earlier diabetes studies and their false interpretations, as well as scarce
reports on the possible adverse effects, substantially diminished the interest on using
pharmacological PPARγ activation for the treatment of cardiovascular diseases, includ-
ing PAH. However, the recent, very large IRIS trial [17–19] did not confirm any serious
adverse effects for the PPARγ agonists pioglitazone when used in patients with insulin
resistance/prediabetes—in fact, pioglitazone decreased the risk for stroke and myocardial
infarction [17]. The present review summarizes recent experimental and clinical evidences
showing how PPARγ participates in the pathogenesis of pulmonary and renal diseases
while also highlighting the therapeutic potential of the thiazolidinedione (TZD) class
PPARγ agonists (e.g., pioglitazone and rosiglitazone) in these diseases.

2. Role of PPARγ Crosstalk with TGFβ Superfamily Members and microRNAs in
Pulmonary Vascular Homeostasis

The pathology of PAH affects not only the pulmonary arteries but also several ex-
trapulmonary organs (heart, skeletal muscle, and adipose tissue) [20–24] that share com-
mon metabolic abnormalities (i.e., suppression of mitochondrial glucose oxidation and
increased glycolysis, disturbed fatty acid oxidation (FAO), and dyslipidemia/insulin resis-
tance) [16,20,24–26].

PPARγ regulates several target genes that are strongly implicated in the pathobi-
ology of PAH, for instance adiponectin (APN), IL-6, monocyte chemotactic protein-1
(MCP-1/CCL2) or endothelin-1 (ET-1) [25,27]. PPARγ agonists have been proven to exert
antiproliferative (on vascular smooth-muscle cells (VSMC)), anti-inflammatory, proangio-
genic, and proapoptotic effects in cells, animal models, and patients, emphasizing their
therapeutic potential in PAH and other cardiopulmonary diseases, even in the absence of
insulin resistance [25].

Bone morphogenetic protein 2 (BMP2) is a ligand of BMPR2 and inhibits VSMC
growth. In endothelial cells, however, BMP2 acts as a survival factor and hence may
counteract the endothelial cell injury and dysfunction in the early stages of PAH. Loss-of-
function mutations in the BMPR2 gene are frequently seen in familial/hereditable (HPAH,
70%, i.e., germline mutations) and idiopathic PAH (IPAH, 10–20%) cases. The recent
discovery of an antiproliferative BMP2/BMPR2-PPARγ-ApoE axis [28] in VSMC suggests
that dysfunction of BMPR2 reduces endogenous PPARγ activity [28]. Thus, the activation
of PPARγ might reverse the PAH phenotype in patients with or without BMPR2 mutations.
Pulmonary BMPR2 expression decreases even in the absence of BMPR2 mutations in
idiopathic or HPAH and in PAH secondary to connective tissue disease or congenital heart
disease [29]. Importantly, PAH patients have reduced pulmonary BMP2 [30], PPARγ [31],
and apolipoprotein E (ApoE) mRNA expression [30]. PPARγ inhibits cell growth in
hypoxia-exposed human pulmonary arterial smooth-muscle cells (HPASMC) through the
suppression of miR-21, and its activation cancels programmed cell death protein 4 (PDCD4)
repression, thus facilitating the apoptosis of HPASMC [32]. SCUBE1, a proposed BMP
co-receptor has been recently identified as a novel factor in the pathogenesis of PAH. In
cultured PAECs, BMPR2 knockdown induced SCUBE1 downregulation, and both plasma
and lung biopsy samples of PAH patients demonstrated reduced SCUBE1 expression that
correlated with disease severity [33].

The calcineurin inhibitor tacrolimus (FK506) used in picomolar concentrations binds
to the BMP signaling repressor FK-binding protein-12 (FKBP12). Low-dose FK506 treat-
ment of floxed endothelial cell-specific Bmpr2−/− mice prevented the development of
hypoxia-induced pulmonary arterial muscularization and normalized RVSP. Additionally,
a 3 week FK506 treatment was able to reverse established PAH in the SU5416 (VEGFR2
inhibitor)/hypoxia (SuHx) rat model via the activation of apelin that suppresses PASMC
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proliferation. In human PAECs obtained from iPAH patients, low-dose FK506 reduced
endothelial dysfunction [34].

We identified PPARγ as a missing link and a key regulator of the functional antag-
onism between BMP2 and TGFβ1 pathways in human and murine VSMC [10,14]. In
HPASMC, PPARγ activation with pioglitazone inhibited a novel noncanonical TGFβ1-
pSTAT3-pFoxO1 pathway, in addition to the inhibition of the canonical TGFβ1-pSmad3/
4 axis [10,35]. Additionally, pioglitazone treatment of TGFβ1-overexpressing mice reversed
PAH and pulmonary vascular remodeling [10] (Figure 1). Recently, the alleviation of
disrupted PPARγ-p53 axis in PAEC from BMPR2 mutant patients emerged as a possible
therapeutic potential for PAH [36]. Even in the absence of other possible injuries the cell-
specific deficiency of PPARγ in VSMCs was demonstrated to increase pulmonary vascular
muscularization in mice, independently of a low-fat or high-fat diet [37].
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Figure 1. Representative photomicrographs of lung and kidney immunohistochemistry in TGFβ overexpressing mice
treated with pioglitazone. Lungs stained for αSMA depicted significant muscularization of peripheral pulmonary arteries
in untreated TGFβ overexpressing mice as compared to controls but restored arterial wall morphology upon pioglitazone
treatment (A). Scale bar: 50 µm. Fibronectin staining of the kidneys in untreated TGFβ overexpressing mice depicts
increased tubulointerstitial and glomerular production (arrowhead points on glomeruli) but restored fibronectin content
after chronic pioglitazone treatment (B). Scale bar: 50 µm.

It has been shown that the miR-130/-301 family promotes pulmonary hypertension
through systemic regulation of miRNA networks [38–40], where PPARγ plays a key role
as a direct target of this miRNA family. For instance, pulmonary arteries from IPAH
patients demonstrated increased miR-130a/-301b expression as compared to controls [10].
Additionally, TGFβ1 stimulation of HPASMC reduces PPARγ-mRNA via miR-130a/-301b,
hence suppressing the BMP2/BMPR2-PPARγ axis. Recently, new miRNAs upregulated
by the BMP2/PPARγ axis have been identified. In HPASMC, BMP2 induces miR-331-5p,
which downregulates the mRNA expression of the platelet isoform of phosphofructokinase
(PFKP), a rate-limiting enzyme of glycolysis and pro-proliferative factor that is highly
expressed in situ in pulmonary arteries of IPAH patients vs. controls [10]. Activation of the
BMP2/BMPR2-PPARγ axis upregulates miR-331-5p and miR-148a (suspected to repress
cell proliferation), thus inhibiting proliferation and glucose metabolism in VSMC [10,14].

Heat-shock protein 90 (Hsp90) is a molecular chaperone involved in many cellu-
lar protein interactions, and abnormal Hsp90 expression has been recently attributed to
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PAH [41,42]. Increased expression levels of cytosolic Hsp90 have been found in PASMCs of
PAH patients, and a Hsp90-inhibitor suppressed PASMC proliferation [42]. Targeted inhibi-
tion of mitochondrial Hsp90 reversed pulmonary arterial remodeling in the monocrotaline
rat model of PAH and in PAH-PASMC in vitro [41]. Hsp90 might also have a strong cellular
interplay with PPARγ. Interestingly, Hsp90 stabilized PPARγ in both liver cells [43] and
adipocytes [44], and Hsp90 inhibition lowered PPARγ levels, while Hsp90 overexpression
diminished PPARγ degradation [43] in liver cells. However, the reduced Hsp90/eNOS
signaling and endothelial dysfunction in PAH has been attributed to reduced PPARγ levels,
modulated by miR-27b overexpression in HPAECs and also in monocrotaline-induced
rat model of PAH [45]. The exposure of ovine PAECs to TGFβ1 resulted in reduced
PPARγ expression, mitochondrial dysfunction, and disrupted Hsp90/eNOS signaling [46].
These studies suggest that dysfunctional, boosted TGFβ1 results in suppression of the
PPARγ/Hsp90/eNOS signaling, contributing to endothelial dysfunction and PASMC
proliferation in PAH.

LRP1 is a recognized vasoprotective receptor that interacts with several ligands, such
as growth factors, cytokines, lipoproteins, and extracellular matrix components. LRP1
serves as a co-receptor for TGFBRs inhibiting the growth effect of TGFβ by interacting with
Smad2/3 signaling [47]. Reduced vascular LRP1 expression was recently demonstrated in
human PAH, and LRP1 in VSMC was found to protect from PAH in vivo [48]. Importantly,
the activation of PPARγ by pioglitazone reversed PAH caused by LRP1 deficiency in
murine VSMC, inhibiting Smad3, Nox4, and CTGF [48]. Hence, PPARγ activation can
normalize TGFβ1/BMP2 homeostasis via regulation of both canonical and non-canonical
TGFβ1 pathways and the expression of key miRNAs involved in cell proliferation and
glucose/lipid metabolism (summarized in Figure 2).
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3. Dysregulation of Metabolic Pathways and PPARγ Dysfunction in PAH

The role of dysfunctional PPARγ in the pathogenesis of metabolic disturbances has
been demonstrated both in human PAH and in experimental models. In patients suffering
from idiopathic pulmonary arterial hypertension, PPARγ mRNA expression was found to
be markedly reduced in the failing RV [49]. Knockdown of PPARγ in cultured HPASMC has
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been associated with reduced PGC1α and with stimulating mitochondrial fragmentation
and superoxide production and inducing proliferation [50].

The elevated TG/HDL ratio in PAH patients is the manifestation of lipid and lipopro-
tein homeostasis alterations due to insulin resistance [20,24]. Decreased fatty acidy ox-
idation (FAO) can directly cause myocardial lipid accumulation (lipotoxicity) [51], and
this occurs in end-stage human PAH-RVs [42] as well as in the SU5416 (VEGFR2 in-
hibitor)/hypoxia (SuHx) PAH rat model [49]. In addition, the targeted deletion of PPARγ
in cardiomyocytes of mice induces biventricular systolic dysfunction even in the absence
of PAH [49]. Oral treatment in the SuHx rat model with PPARγ agonist pioglitazone
reverses PAH and prevents RV failure through regulating mRNA and miRNA networks
that restore mitochondrial fatty acid oxidation (FAO) and prevent lipotoxicity [49]. Studies
in cardiomyocytes identified a direct link between miR-197 and miR-146b overexpression
and the suppression of genes that drive FAO. PPARγ activation downregulated miR-197
and miR-146b that were upregulated in the SuHx-RV but were also found to be upreg-
ulated in the pressure-overloaded failing human RV in end-stage idiopathic PAH [49].
Thus, PPARγ activation could prevent lipotoxicity by normalizing transcriptional and post-
transcriptional regulation of the disturbed lipid metabolism and mitochondrial function.

BOLA3 (BolA Family Member 3) is a member of mitochondrial iron-sulfur cluster
assembly system. BOLA3 deficiency has been recently attributed to PAH via the activa-
tion of glycolysis and fatty acid oxidation, inhibiting glycine catabolism and increasing
mitochondrial respiration in PAEC [52]. In cultured PAECs but not PASMCs, hypoxia
downregulated BOLA3 expression. In addition, BOLA3 was found to be repressed in
lungs of hypoxic C57Bl/6 mice and the SuHx rat PAH model, and in lung biopsies of
PH patients. Importantly, orotracheal administration of adeno-associated virus carrying
BOLA3 transgene was able to prevent hypoxia-induced PH in mice [52]. In human brown
adipose tissue, BOLA3 gene expression was found to be positively correlated to PPARG
expression [53].

Tribbles homolog 3 (TRIB3), a pseudokinase of the Tribbles family that inhibits AKT
phosphorylation, is involved in several metabolic cellular events in the liver or adipose tis-
sue [54,55]. TRIB3 also plays a role in the development of skeletal muscle insulin resistance
and cellular glucotoxicity in diabetes [56]. Recently, TRIB3 was recognized to participate
in the pathogenesis of pulmonary hypertension by reducing PPARγ activity [57]. In cul-
tured PAECs, lentiviral overexpression of TRIB3 upregulated ERK1/2 and downregulated
PPARγ and eNOS activity under both normoxia and hypoxia. Knockdown of TRIB3 by 50%
in hypoxic PAECs reduced ERK1/2 and increased eNOS phosphorylation. The early piogli-
tazone treatment of rats with hypoxia-induced pulmonary hypertension (HPH) partially
ameliorated PH and vascular insulin resistance through reduction of TRIB3 and ERK1/2
activity; pioglitazone also restored eNOS [57]. These findings suggest that hypoxia-induced
TRIB3 and insulin resistance in PAECs contributes to PH that can be inhibited by early
activation of PPARγ.

4. PPARγ in Renal Glomerular and Epithelial Cell Metabolism

PPARγ protein is expressed in several regions of the kidney, including different
renal tubule segments [58], interstitial cells, the juxtaglomerular apparatus, podocytes,
mesangial cells, and renal microvascular endothelial cells [59]. Since multiple renal cells
show endogenous PPARγ expression and activity, PPARγ might play an important role in
maintaining normal homeostasis and function of the kidney. Several studies on synthetic
PPARγ agonists showed renoprotective effects of such compounds in both diabetic and
nondiabetic kidney diseases and models of renal fibrosis [11,60–62]. PPARγ agonists of
the thiazolidinedione class (“TZDs”), such as pioglitazone and rosiglitazone, have been
demonstrated to induce PPARγ mRNA and protein expression in podocytes and tubular
epithelial cells, in association with the amelioration of aging-related progressive renal
injury [63,64]. The effects of PPARγ activation on experimental kidney disease models are
summarized in Figure 2.
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In the renal glomerulus, glucose and free fatty acids (FFA) are freely filtrated. Ap-
proximately 70% of filtrated FFAs are reabsorbed and then metabolized by β-oxidation
within mitochondria in the proximal tubules, providing a significant energy source (in
form of ATP); on the other hand, high amounts of intracellular fatty acids might limit
ammonia production [65]. Mice deficient of PPARγ (having disrupted exon B1 of PPARγ2)
and leptin develop metabolic syndrome with dyslipidemia, as well as renal hypertro-
phy and increased expression of the profibrotic TGFβ in the kidney [66]. Similar to FFA,
filtrated glucose is also reabsorbed in the proximal tubules, using sodium-dependent
glucose cotransporters (SGLT2 located in segment S1 and SGLT1 in segment S3). Hyper-
glycemia results in dysfunction of the SGLT-mediated glucose reabsorption in proximal
tubular cells and promotes the profibrotic epithelial-to-mesenchymal transition (EMT).
Such hyperglycemia-induced EMT can be reversed by PPARγ agonists that restore the
SGLT-mediated glucose reabsorption [67].

In a recent study, PPARγ was shown to regulate proximal tubule cell metabolism by
suppressing glycolysis and EGF degradation. Indeed, inhibition of PPARγ with GW9662
resulted in proximal tubule cell dysfunction in vitro, and in C57Bl6 mice it caused tubular
hypertrophy, increased interstitial collagen deposition, and expression of kidney injury
molecule-1 (KIM-1) [68]. These findings implicate that PPARγ agonists might exhibit their
antifibrotic effect in the kidneys—at least partly—via modulation of tubular epithelial
cell metabolism.

Podocytes play a principal role in the glomerular filtration and also express PPARγ [69].
Fatty acid treatment of podocytes (as a lipotoxicity model) tended to reduce PPARγ expres-
sion and led to inflammatory and apoptotic cellular events [70]. Several animal models
of podocyte injury revealed the protective effect of PPARγ in podocytes. For instance,
in puromycin aminoglycoside (PAN)-induced podocyte damage (that leads to nephrotic
syndrome), pioglitazone treatment reduces proteinuria to the same extent as high dose
glucocorticoid treatment and effectively attenuates podocyte damage [8]. The protective
effect of PPARγ activation in podocytes is attributed to the reduction of profibrotic TGFβ
expression and inhibition of apoptosis [64], restoring podocyte synaptopodin expression
and ameliorating podocyte foot process effacement [62]. Rosiglitazone reduced aldosterone-
induced podocyte damage by restoring nephrin expression and slit diaphragm integrity, as
well as by reducing the amount of oxidative radicals [71]. Rosiglitazone also ameliorated
the stretch-induced decrease in nephrin expression of podocytes in vitro [72]. Recently,
fibroblast growth factor-1 (FGF1) has been demonstrated to reduce TGFβ expression via
the induction of PPARγ, which resulted in EMT inhibition on cultured mouse podocytes
and diabetic mouse model, reducing fibrosis and proteinuria [73].

One of the mechanisms of how PPARγ can reduce proteinuria and glomerular dis-
ease has been demonstrated lately by Sonneveld and colleagues. Transient receptor
potential channel C6 (TRPC6) is a nonspecific calcium (Ca2+)—conducting ion channel
and a transcriptional target of PPARγ and reduced TRPC6—mediated Ca2+ influx into
podocytes leads to podocyte injury in glomerular disease. Cultured mouse podocytes were
treated with pioglitazone or rosiglitazone, which inhibited PAN and adriamycin-induced
TRPC6 overexpression and significantly inhibited TRPC6 promoter activity. In vivo, rats
treated with pioglitazone developed less podocyte damage and milder albuminuria in an
adriamycin-induced nephropathy model [74]. Thus, the activation of PPARγ can restore
glomerular function by reducing podocyte damage. Apart from the damaged podocytes,
glomerular mesangial cells also play pivotal role in the pathogenesis of glomerular sclerosis
and function loss. PPARγ activation in cultured rat glomerular mesangial cells decreased
AngII-induced Ca2+ influx via reducing TRPC activity, inhibiting mesangial cell prolifera-
tion, one of the hallmarks of glomerulosclerosis [75].

Of note, activation of pioglitazone as additional treatment over immunosuppression
in a child with refractory nephrotic syndrome reduced proteinuria and increased eGFR,
while less immunosuppression was needed to maintain renal function [8]. These studies
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emphasize the critical role of PPARγ in the regulation of renal epithelial, mesangial cell,
and podocyte metabolism and homeostasis.

5. PPARγ in Kidney Fibrosis

Fibroproliferative diseases are estimated to account for up to 45% of mortality world-
wide [76], resulting in high demand for new therapies fighting tissue fibrosis. PPARγ
agonists emerged in the last decade as such new therapies: reduced albuminuria and
nephropathy were observed in T2DM patients treated with TZD-class PPARγ agonists [77].

Epiblast-specific systemic deletion of the PPARγ gene in mice leads to the sponta-
neous development of T2DM and renal fibrosis in aging mice with glomerular hypertrophy,
significant proteinuria and collagen deposition. Interestingly, this is associated with an-
tiphospholipid syndrome, glomerular immune complex deposition, and macrophage
infiltration [78]. On the other hand, hyperglycemia was shown to decrease PPARγ activity,
associated with the upregulation of miR-27a [79]. MiR-27a represses PPARγ and activates
TGFβ/Smad3 signaling leading to tubulointerstitial fibrosis, and both in diabetic rats
and patients, the elevated plasma miR-27a was associated with poor renal function [80].
Inhibition of miR-27a both in cultured rat mesangial cells and in streptozotocin-induced
diabetic rats (a T1DM model) abrogated the reduction of PPARγ and in vivo decreased
renal ECM accumulation and podocyte injury [79]. Pioglitazone treatment of ZDF rats, a
model of human T2DM, ameliorated diabetic kidney disease and reduced blood pressure
as well as interstitial collagen-I and TGFβ production, which was associated with lower
renal expression of Twist-1, an evolutionarily conserved protein that can accelerate renal
epithelial-to-mesenchymal transition (EMT) and interstitial fibrosis [81].

Furthermore, several experimental studies show that PPARγ agonists bear antifibrotic
effects independent of glycemic control. For instance, in the lung fibrosis model induced by
silica exposure in mice, a PPARγ agonist inhibited both the reduction of pulmonary PPARγ
and LXRa as well as the increase in TGFβ, fibronectin, and collagen-I expression [82]. Fur-
ther, PPARγ agonist treatment prevented interstitial fibrosis and inflammation in unilateral
ureter obstruction (UUO) mouse model of kidney fibrosis through reduction of renal TGFβ
expression [9]. It was recently demonstrated that PPARγ activation in TGFβ transgenic
mice inhibits the TGFβ-STAT3 and TGFβ-EGR1 transcriptional activation pathways, thus
preventing renal fibrosis induced by elevated circulating TGFβ [11] (Figure 1). In kidney
fibrosis, the elevated angiotensin-II levels also reduce renal PPARγ expression both in vivo
and in vitro, while the angiotensin-II receptor blocker losartan exerts its renoprotective
effects partly via the upregulation of PPARγ [83]. Repression of the TGFβ/Smad signaling
by PPARγ agonist treatment was recently demonstrated in the hyperuricemia-induced rat
model of renal fibrosis, associated with reduced proteinuria, serum creatinine, and BUN
levels as well as interstitial ECM accumulation [84]. Another in vivo study where massive
glomerular damage and renal fibrosis has been induced with subtotal nephrectomy in
rats has implicated the beneficial effect of combined pioglitazone and angiotensin recep-
tor blocker treatment over monotherapies in preserving podocytes, reducing glomerular
macrophage infiltration and tubulointerstitial fibrosis. Intriguingly, pioglitazone—even in
monotherapy—was able to reduce glomerulosclerosis [85].

Several in vivo and in vitro models emphasize the antifibrotic, TGFβ1-antagonizing
effect of BMP7/ALK3 (activin-like kinase-3). For instance, administration of human recom-
binant BMP7 to rats subjected to UUO or mice with chronic glomerulonephritis reversed
the fibrotic process and tubular damage via increased Smad1/5 signaling and reduced
Smad2/3 phosphorylation, counteracting the canonical TGFβ1 signaling [86,87]. The induc-
tion of BMP signaling via ALK3 activation also inhibits renal fibrosis and tubular epithelial
damage in mouse models of renal ischemia-reperfusion, UUO, or glomerulonephritis [88].
In a recent study, the administration of low-dose FK506 inhibited UUO-induced renal fibro-
sis in mice and activated ALK3 via ARNT transcription factor in cultured tubular epithelial
cells, suggesting the antifibrotic role of FKBP12/ARNT/ALK3/BMP7 signaling [89]. Addi-
tionally, BMP7 increased both PPARγ expression and activity in cultured human mesangial
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cells, and the PPARγ agonist rosiglitazone reduced TNFα induced mesangial cell damage
in vitro [90].

Fibroblast activation and proliferation is a key step in kidney fibrosis. PPARγ agonist
treatment of primary mouse renal fibroblast suppressed PDGF-induced proliferation by
inhibiting AKT phosphorylation and subsequent skp2 expression, which regulates cell
proliferation via inhibition of p21/p27 effects blocking cell cycle progression [91]. Recently,
it has been demonstrated that PPARγ-HGF production in renal fibroblasts regulates tubular
epithelial cell survival. Pioglitazone treatment of cultured fibroblasts induced HGF expres-
sion, and conditioned media of these fibroblasts significantly attenuated staurosporine-
induced acute epithelial cell injury and apoptosis in vitro, but this effect was abrogated by
inhibition of downstream HGF signaling [92].

PPARγ activity has been attributed to a healthy epithelial phenotype of proximal tubu-
lar epithelial cells, inhibiting EMT and fibrogenesis. The induction of EMT and interstitial
collagen production due to unilateral ureter obstruction (UUO) in mice could be attenuated
by PPARγ agonist rosiglitazone, which preserved the proximal tubular cell phenotype [93].
In a recent study, the beneficial effect of PPARγ activation was attributed to increased renal
Klotho expression and reduced oxidative stress, which effectively ameliorated the age-
related nephrosclerosis in ApoE-null mice [94]. Interestingly, mice with Klotho gene loss of
function mutations (kl/kl mice) develop cardiac hypertrophy associated with increased
cardiac TGFβ protein expression [95].

6. PPARγ in Renal Inflammation and Cardiovascular Disease

In hyperoxaluric mouse model, pioglitazone suppressed renal calcium-oxalate (CaOx)
crystal formation and inflammatory injury by enhancing the PPAR-γ mediated expression
of miR-23, which dampened macrophage polarization to inflammatory (M1) phenotype
but induced the anti-inflammatory M2 phenotype [96]. In a different model, distal tubules
of rats that were treated with ethylene glycol to induce CaOx formation, rosiglitazone
reduced CaOx crystal formation, oxidative stress, and TGFβ signaling. Similar results were
obtained in vitro, using canine distal tubule cells that were induced with oxalate [97].

Interestingly, mice having a macrophage-specific deletion of PPARγ or RXRa de-
velop lupus-like autoimmune glomerulonephritis and antinuclear antibodies [98]. The
anti-inflammatory effect of PPARγ raises the therapeutic potential of PPARγ agonists
such as pioglitazone in the prevention of chronic rejection after kidney transplantation
(see below). The possible role of PPARγ in the development, severity, or progression
of glomerulonephritis has been confirmed by another study using a different approach:
When podocyte-specific PPARγ-deficient mice were challenged with anti-GBM nephrotoxic
serum, they developed more severe glomerulonephritis with mononuclear cell infiltration
as compared to wild-type mice treated with same nephrotoxin. Additionally, human kid-
ney biopsies from patients with rapid progressing glomerulonephritis (RPGN) depicted
the absence of PPARγ in the nuclei of cells in affected glomeruli [99].

Cardiovascular disease due to arterial calcification is a major complication in chronic
kidney disease patients. One of the leading pathomechanism is hyperphosphatemia-
induced arterial calcification and differentiation of VSMC into osteoblasts [100]. Hyper-
phosphatemia reduced PPARγ and Klotho expression in bovine aortic VSMCs, which were
reversed by rosiglitazone treatment [101]. Decreased PPARγ expression was recently asso-
ciated with hyperphosphatemia-induced osteogenic VSMC differentiation in CKD patients,
too, and also in mouse VSMC cell line, where reduced BMP2 expression accompanied
reduced PPARγ. Here, rosiglitazone inhibited calcification in vitro and also inhibited the
hyperphosphatemia-induced vascular calcification in a mouse model of CKD, and this
effect was Klotho dependent [102]. Thus, the PPARγ-Klotho axis plays an important role in
the hyperphosphatemia-induced ossification of arterial VSMCs. In addition, recent experi-
mental data suggest that PPARγ also plays a protective vascular role against atherosclerosis
development by maintaining vascular homeostasis and reducing vascular inflammation.
The long-term pioglitazone treatment of ApoE-null mice (a known model for advanced
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atherosclerosis) markedly reduced the total atherosclerotic lesion area in the aorta, which
was accompanied by lower hepatic expression of proinflammatory cytokines as well as
increased plasma superoxide dismutase activity [94]. These important roles of PPARγ and
ApoE as key players within the antiproliferative BMP2/BMPR2-PPARγ-ApoE axis were
first demonstrated in HPASMC [28].

7. PPARγ in Renal Ischemia Reperfusion Injury

One of the main reasons of acute kidney injury (AKI) is renal ischemia reperfusion
injury (IRI), leading to the overproduction of reactive oxygen species (ROS) early during
reperfusion. Pioglitazone-pretreated rats subjected to 40 min renal IRI had a minimal
decline in renal function and almost normalized fractionated sodium excretion (FENa)
and proteinuria, as compared to nontreated IRI rats. This renoprotective effect was ac-
companied by PPARγ-mediated inhibition of NMDA receptor function [103]. In the most
sensitive proximal tubular epithelial cells, ROS triggers apoptosis. PPARγ was shown to
reduce ROS generation in kidney epithelial cells after hypoxia in vitro and pioglitazone
pretreatment of mice for one week before renal IR reduced AKI. The protective effect of the
PPARγ activation was associated with the upregulation of uncoupling protein-1 (UCP1,
member of the mitochondrial anion carrier protein family expressed in the mitochondrial
inner membrane) in renal epithelia [104]. During renal ischemia/reperfusion, autophagy
modulates the extent of kidney injury [105]. Pioglitazone pretreatment of NRK rat kidney
cells substantially reduced hypoxia-/reoxygenation-induced apoptosis, via activation of
autophagy through the AMPK-mTOR regulatory axis [106].

8. The Role of PPARγ in Transplanted Kidneys

Despite the improved immunosuppressive therapies in the past decades leading to a
good control of acute rejection and improving short-term graft survivals, chronic rejection
of kidney transplants attributed to chronic allograft nephropathy did not improve signifi-
cantly. Chronic allograft nephropathy (CAN) is mainly caused by excessive inflammation
and fibrosis. Biopsies of transplanted kidneys with chronic allograft nephropathy depict
increased vascular and tubulointerstitial PAI-1 (plasminogen activator inhibitor-1, a strong
profibrotic molecule) expression that is closely associated with fibrosis severity [107]. In
a rat model of glomerulosclerosis induced by subtotal nephrectomy, PPARγ activation
reduced PAI-1 expression and ameliorated fibrosis, suggesting that PPARγ exerts a pro-
tective role in glomerulosclerotic kidneys by downregulating PAI-1 [108]. Interestingly,
PPARγ was found to be upregulated in the same kidney areas where PAI-1 was expressed
in human biopsies with CAN, and interstitial macrophages were also PPARγ positive in
the fibrotic kidneys. This suggests that PPARγ could be induced as counter-acting response
to injury in these kidneys [107].

The potential immunosuppressive and antifibrotic effect of PPARγ was also demon-
strated in experimental models of allogenic kidney transplantation. Pharmacological
activation of PPARγ preserved kidney function of allografts as well as reducing fibrosis,
tubular atrophy, and inflammation [109,110]. Furthermore, PPARγ agonist decreased
migration and proliferation of both fibroblasts and macrophages [109].

Still, the long-term survival of allografts following renal transplantation highly de-
pends on development of chronic allograft dysfunction. Using the classical Fisher-to-Lewis
renal allograft transplantation model, PPARγ activation by rosiglitazone reduced protein-
uria by 30% and also decreased interstitial collagen deposition and expression of profibrotic
TGFβ. This was accompanied by the reduced expression of renal inflammatory molecules,
reduced NF-kB activity, and also attenuated Smad3 phosphorylation [110].

One of the challenges after organ transplantation is the avoidance of immunosuppres-
sive side effects while inhibiting the rejection of grafts. Side effects of immunosuppression
can also include deterioration of renal function, so that the use of the potent immunosup-
pressant Cyclosporin-A (CsA) is sometimes limited due to its known nephrotoxic side
effect. Treatment of rats with PPARγ agonist rosiglitazone appear to protect kidneys from
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CsA toxicity, associated with a reduction of oxidative stress, renal TGFβ expression, and
tubular mitochondrial damage [111].

9. Resurrection of the PPARγ Agonist Pioglitazone

The TZD class drug rosiglitazone was presumed to increase cardiovascular mortality,
but the FDA dropped this assumption in recent years, after evaluation of the RECORD
(Rosiglitazone Evaluated for Cardiac Outcomes and Regulation of Glycemia in Diabetes)
trial [112].

Pioglitazone improves the systolic and diastolic LV function in rodents and in patients
with [113] and without [114] diabetes. Pioglitazone has fewer off-target effects and a better
side-effect profile as compared to rosiglitazone. Of note, genetic variation determines
PPARγ function and the antidiabetic drug response in vivo [115]. Certain single-nucleotide
polymorphisms modify binding of the transcription factor PPARγ to its target genes,
influencing the antidiabetic drug response in mice and affecting the individual risk for
metabolic disease in humans [115]. Therefore, natural genetic variations modifying the
PPARγ function affect the individual disease risk and drug response.

10. Summary and Future Directions

Recent studies using PPARγ agonists—and especially pioglitazone—shed light on
multiple pathways that can inhibit or even reverse the pathomechanisms at play in PAH
and chronic fibroproliferative kidney diseases. These ways of PPARγ actions are either
dependent on or independent of the regulation of cell metabolism. In the lungs for instance,
PPARγ activation inhibits canonical TGFβ/Smad3 and noncanonical TGFβ/pSTAT3/pFoxO1
pathways in HPASMC, counteracts BMPR2 dysfunction, and induces the antiprolifera-
tive PPARγ/apoE axis. PPARγ activation also improves mitochondrial dysfunction and
decreases superoxide production. In the kidneys, pioglitazone ameliorates experimental
renal fibrosis by repressing TGFβ/pSTAT3 and TGFβ/EGR1 pathways, reducing podocyte
injury and apoptosis—partly through restoration of TRPC6—mediated Ca2+ influx. The
repression of renal TGFβ/Smad signaling by PPARγ activation inhibits interstitial extracel-
lular matrix (ECM) accumulation and epithelial-to-mesenchymal transition (EMT) in both
podocytes and tubular epithelium. Additionally, PPARγ activation reduces inflammation
and chronic allograft rejection after experimental kidney transplantation. Recent random-
ized controlled clinical trials show that PPARγ activation with pioglitazone has beneficial
effects in cardiovascular patients without significant adverse effects. The experimental
and clinical studies suggest that pioglitazone and other, newly developed PPARγ agonists
could become a valuable treatment for PAH and kidney fibrosis.
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Abbreviations

ApoE apolipoprotein-E
BMP2 bone morphogenetic protein 2
BMPR2 bone morphogenetic protein receptor 2
CAN chronic allograft nephropathy
CKD chronic kidney disease
CTGF connective tissue growth factor
ECM extracellular matrix
EGF endothelial growth factor
EMT epithelial-to-mesenchymal transition
FGF1 fibroblast growth factor-1
HPASMC human pulmonary arterial smooth-muscle cell
LRP1 low-density lipoprotein receptor-related protein 1 (TGFβ receptor 5/ApoE receptor)
IPAH idiopathic pulmonary arterial hypertension
LV left ventricle
PAEC pulmonary endothelial cell
PAH pulmonary arterial hypertension
PPARγ peroxisome proliferator-activated receptor gamma
ROS reactive oxygen species
RV right ventricle
TGFβ transforming growth factor-β
UUO unilateral ureter obstruction
VSMC vascular smooth-muscle cell
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Abstract: The peroxisome proliferator-activated receptor (PPAR) family of transcription factors
has been demonstrated to play critical roles in regulating fuel selection, energy expenditure and
inflammation in skeletal muscle and other tissues. Activation of PPARs, through endogenous fatty
acids and fatty acid metabolites or synthetic compounds, has been demonstrated to have lipid-
lowering and anti-diabetic actions. This review will aim to provide a comprehensive overview of the
functions of PPARs in energy homeostasis, with a focus on the impacts of PPAR agonism on muscle
metabolism and function. The dysregulation of energy homeostasis in skeletal muscle is a frequent
underlying characteristic of inflammation-related conditions such as sepsis. However, the potential
benefits of PPAR agonism on skeletal muscle protein and fuel metabolism under these conditions
remains under-investigated and is an area of research opportunity. Thus, the effects of PPARγ
agonism on muscle inflammation and protein and carbohydrate metabolism will be highlighted,
particularly with its potential relevance in sepsis-related metabolic dysfunction. The impact of PPARδ
agonism on muscle mitochondrial function, substrate metabolism and contractile function will also
be described.

Keywords: skeletal muscle; inflammation; PPARs; substrate metabolism

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are a group of transcription
factors implicated in wide-ranging cellular functions, including lipid metabolism, inflam-
matory responses and cell proliferation and differentiation [1]. Three PPAR subtypes
exist (PPARα, PPARδ and PPARγ). They are activated in vivo by endogenous fatty acids
and their metabolites and synthetic compounds developed for their lipid-lowering and
anti-diabetic actions. Skeletal muscle is a tissue that displays high metabolic flexibility,
comprising different fibre types that vary according to their contractile and metabolic prop-
erties [2]. For example, slow-twitch type I fibres have a relatively high capillary density,
are rich in mitochondria and possess a relatively high capacity for oxidative metabolism
during contraction. In contrast, fast-twitch type IIx fibres have a lower capillary density
and a high capacity for energy delivery from non-mitochondrial routes during contraction.
Disturbances in skeletal muscle energy homeostasis play a key part in the pathogenesis
of several chronic non-communicable disease conditions, including type 2 diabetes (T2D)
and chronic lung disease. The dysregulation of skeletal muscle energy homeostasis is
also a frequent underlying characteristic of acute inflammation-related conditions, such as
sepsis [3] and surgical trauma. The role of PPAR agonism in modulating skeletal muscle
protein and fuel metabolism in these conditions is relatively poorly understood. Still, the
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potential of such an approach will be addressed in this article. Specifically, this review
will aim to provide an overview of the metabolic regulatory roles of PPARs in energy
homeostasis, with a focus on the impacts of PPARδ agonism on skeletal muscle metabolism
and contractile function, primarily highlighting studies that have involved in vivo/ex vivo
animal models or human volunteers. Furthermore, the focus will be directed towards
the potential role of PPARγ agonism in alleviating muscle inflammation and metabolic
disturbances during sepsis.

2. Metabolic Functions of PPARs and Their Actions in Skeletal Muscle

Peroxisome proliferator-activated receptors (PPARs) are a group of proteins that
belong to the nuclear hormone receptor superfamily of ligand-activated transcription
factors. PPAR transcriptional activity is mediated by heterodimers of PPARs with retinoid X
receptor (RXR), which subsequently bind to DNA sequence elements (PPREs) in regulatory
regions of target genes [4]. Three PPAR subtypes have been identified (PPARα, PPARδ
(also known as PPARβ) and PPARγ [5]. Through their interactions with endogenous lipids
and lipid metabolites, PPARs have been reported to regulate many metabolic processes,
including lipid and glucose homeostasis, cell proliferation and inflammation [1]. Several
endogenous compounds, including n-3 and n-6 fatty acids, eicosanoids and phospholipids,
have been identified as natural ligands of PPARs. In addition to this, activation of PPAR
activity by pharmacological agonists has been identified as a promising treatment strategy
for conditions related to insulin resistance and dyslipidaemia, in part through increased
fatty acid oxidation in skeletal muscle, thereby decreasing overall body fat content [6].

Each PPAR subtype has been attributed to different tissue-specific expression levels
and functions. For example, PPARα is highly expressed in tissue types that undergo signif-
icant fatty acid catabolism, such as brown adipose tissue, heart and liver [7]. Activated by
polyunsaturated fatty acids (PUFA) and leukotriene, PPARα has an important function in
fatty acid catabolism and carbohydrate metabolism [8,9]. Synthetic compounds that act as
agonists of PPARα are known as fibrates, whose actions are important in lipid-lowering
activities and cardio-protection [10,11]. PPARγ, on the other hand, is variably expressed in
adipocytes, macrophages, placenta and other tissues and is activated by specific endoge-
nous fatty acid metabolites (such as 15-deoxy-prostaglandin J2) as well as by a class of
insulin sensitisers known as thiazolidinediones (TZDs) [12]. TZDs have been proven to
be important in the treatment of T2D. While early TZDs (e.g., Troglitazone) were related
to severe hepatic side effects, other newer available TZDs (Rosiglitazone, Pioglitazone)
are not toxic to the liver. PPARγ plays a central role in adipogenesis, whereby the insulin-
sensitising effect of TZDs may be due to new adipose cell recruitment, enabling increased
lipid storage capacity and adipokine secretion [13]. PPARγ activation also regulates the
transcription of genes that promote the synthesis of triglycerides [13]. In patients with
T2D, administration of TZDs successfully improved insulin-stimulated glucose disposal
under euglycaemic-hyperinsulinaemic clamp conditions [14,15], where skeletal muscle
plays a central glucose-lowering role. One mechanism by which TZDs exert their insulin
sensitising actions on skeletal muscle is through the modulation of adipose secretory fac-
tors, such as adiponectin. Increased secretion of adiponectin has been suggested to act as
an insulin sensitiser for liver and skeletal muscle, and this occurs through the activation
of PPARγ [16].

The role of PPARδ has remained relatively unclear until recently, where it has been
associated with a wide range of metabolic functions in vivo [17,18]. It has broad expres-
sion across tissues and is activated by various ligands, such as long-chain fatty acids. A
developmental regulatory role has been identified for PPARδ, as well as regulation of lipid
metabolism [17,18]. It is the predominant isotype in skeletal muscle, where it has been
linked to fuel metabolism, energy expenditure, inflammation, and fibre type switching
through physical exercise [17,19]. Both PPARα and PPARδ have been demonstrated to
regulate genes for proteins involved in fatty acid uptake and oxidation, including lipopro-
tein lipase (LPL), fatty acid-binding protein 3 (FABP), stearoyl-Coenzyme A desaturase
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(SCD)-1 and cluster of differentiation 36 (CD36) [20,21]. During fasting, PPARδ expression
is upregulated in rodent skeletal muscles, which is important in regulating the cellular
uptake and oxidation of free fatty acids (FFA) as an energy source for ATP production [22].

Through their importance in metabolic regulation, the role of all three PPAR subtypes
in skeletal muscle metabolism has been established. For example, one link between PPARs
and metabolic regulation in skeletal muscle appears to be through the upregulation of
pyruvate dehydrogenase kinase 4 (PDK4), a key regulator of the pyruvate dehydrogenase
complex (PDC). The PDC activation status is regulated by various competing PDKs and
pyruvate dehydrogenase phosphatase (PDP) proteins [23]. These covalent processes ul-
timately determine the extent of PDC phosphorylation (i.e., activation). There are four
isoforms of PDK (PDK1-4) and two isoforms of PDP (PDP1 and 2) [24,25]. While PDK1
and PDK3 appear to be mainly expressed in the heart, pancreatic islet cells and kidney,
PDK2 and PDK4 are expressed in most tissues, including heart and skeletal muscle [24].
Selective PDK4 upregulation has been demonstrated in response to starvation conditions
and pathologies such as T2D [26,27], which is thought to be due to changes in FFA avail-
ability in skeletal muscle. An increase in fatty acid oxidation via PPARδ agonism [6], and
starvation [28], is believed to be responsible for the PDK4 transcriptional activation, thereby
inactivating PDC (the rate-limiting enzyme in mitochondrial carbohydrate oxidation). It
should be noted, however, that a lack of association between increases in plasma FFA levels
and muscle PDK4 expression has been reported during fasting in humans [29], with no
observable changes in muscle PPARα expression, indicating that other factors could also
be important in PDK4 upregulation. One such factor could be the Forkhead box class O
(FOXO) family of transcription factors, which has been linked to promoter binding of the
PDK4 gene as a result of FFA-mediated nuclear translocation [30].

In addition to increased availability of endogenous fatty acids and their metabolites
being associated with PPAR activation, inflammation has been proven to be a major site of
PPAR regulation, which can occur through both direct and indirect mechanisms [31]. As
mentioned, PPARs have emerged as targets of drugs used to treat various aspects of the
metabolic syndrome, of which inflammation is an underlying key factor. All three PPAR
isotypes have been shown to exert anti-inflammatory effects during conditions of chronic
low-grade inflammation, characterised by increased circulatory cytokines and acute-phase
proteins [32,33]. PPARα was shown to upregulate the expression of IkB, a factor that
suppresses the nuclear translocation and transcriptional activity of the pro-inflammatory
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) [34]. PPARγ has also
been shown to reduce activation of NF-kB, as well as inhibit pro-inflammatory cytokine
production in T lymphocytes and induction of anti-inflammatory regulatory molecules of
the innate immune system [35].

In summary, all three PPAR subtypes have distinct yet overlapping roles in regulating
metabolic function and inflammation (see Table 1), and synthetic compounds aimed at
activating the PPARs have been developed for their lipid-lowering and anti-diabetic ac-
tions. In skeletal muscle, PPAR activation appears important in the upregulation of PDK4,
thereby demonstrating its essential role in regulating carbohydrate oxidation and energy
homeostasis. The following section of this review will focus in more detail on the impact of
PPARδ agonism on muscle metabolism and contractile function and PPARγ agonism on
muscle metabolism and inflammation.
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Table 1. Regulation of lipid and carbohydrate metabolism by PPARs in skeletal muscle, adipose
tissue and liver.

Skeletal Muscle Liver Adipose

PPARδ + FA oxidation
−carbohydrate oxidation

+ FA oxidation
− lipogenesis + FA oxidation

PPARγ + FA oxidation
+ glucose uptake

+ lipogenesis
+ lipid storage

− glucose production

+ adipogenesis
+ lipogenesis

+ lipid storage
+ adipokine production

PPARα + FA oxidation + FA oxidation
− lipid storage

3. PPARδ Agonism and Skeletal Muscle Metabolism, Contractile Function and Inflammation

Several in vivo animal studies have been performed with the aim of determining
the impact of PPARδ agonism on skeletal muscle metabolism and function. We previ-
ously demonstrated in our laboratory that 6 days of administration of the PPARδ agonist,
GW610742 [36], resulted in increased activity of β-hydroxy acyl-CoA dehydrogenase
(β-HAD) in resting rat soleus muscle, which is a key step in β-oxidation in the mito-
chondria. Compared with control animals, these changes were paralleled by increased
expression of muscle PDK2 and PDK4 mRNA and PDK4 protein expression. Thus, ev-
idence points towards PPAR activation in skeletal muscle being, in part, important in
mediating FFA-induced PDK4 upregulation in skeletal muscle, thereby contributing to
PDC inhibition, suppressing PDC-regulated carbohydrate oxidation, and switching fuel se-
lection towards fat oxidation in skeletal muscle (Figure 1). We also measured the impact of
GW610742 on muscle growth-related pathways since FOXO1, which plays a part in PDK4
upregulation, has also been suggested to increase transcription of MAFbx and MuRF1,
thereby activating ubiquitin-proteasome mediated muscle proteolysis [37]. In keeping
with this, administration of the PPARδ agonist resulted in increases in muscle mRNA
and protein expression of MAFbx and MuRF1, suggesting that potentially the induction
of muscle atrophy signalling is another consequence of PPARδ agonism. Collectively,
the findings pointed to PPARδ agonism being involved in the regulation of muscle fuel
selection and the induction of a muscle atrophy programme via a single common signalling
pathway. It should be stated, however, there was no evidence of soleus muscle atrophy
based on the muscle protein:DNA ratio after 6 days of GW610742 administration compared
with control.

In line with the above findings relating to a PPARδ agonism induced switch in muscle
fuel selection away from carbohydrate to increased fat oxidation, in another study, mice
treated with the PPARδ agonist GW501516 exhibited increased PGC-1α levels, and im-
proved prolonged low-intensity wheel-running performance. They also saw hypertrophy
of oxidative slow-twitch myofibres, which are rich in mitochondria, perhaps suggesting
increased reliance on the catabolism of FA through mitochondrial beta-oxidation [38].
However, we further reported that when muscle contraction was increased to an intensity
that necessitates carbohydrate to become an obligate fuel for contraction, PPARδ agonism
negatively affected contractile function in rats [39]. Specifically, male Wistar rats received
the PPARδ agonist GW610742X (or vehicle) for 6 days. The gastrocnemius–soleus–plantaris
muscle group was isolated and subjected to submaximal electrically evoked contraction
using a perfused hindlimb model. The contraction intensity was fixed to guarantee car-
bohydrate become an essential fuel, and PDC activity was increased, ensuring pyruvate
derived acetyl group delivery to the mitochondrion [40]. We observed that PDC activity
during contraction was significantly less with the PPARδ agonist than control, while anaer-
obic metabolism (reflected by phosphocreatine hydrolysis and lactate accumulation) was
greater. We proposed that this collectively accounted for the observed impaired contractile
function with GW610742X agonist, indicating that PPARδ agonism can impair the contrac-
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tile muscle function by inhibiting carbohydrate oxidation during muscle contraction where
carbohydrate is an obligate fuel.
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Figure 1. Activation of PPARδ in skeletal muscle. Increased free fatty acids (FFA) and their metabo-
lites enter skeletal muscle via the FFA transporter CD36, resulting in the formation of a heterodimer
of PPARδ and retinoid X receptor (RXR), and subsequent activation of PPARδ-dependent genes, such
as pyruvate dehydrogenase kinase 4 (PDK4) (and CD36 itself). Activation of PDK4 can result in
reduced rates of glucose oxidation as well as increased fatty acid oxidation in mitochondria.

We have also sought to determine whether PPAR transcription factors may be nec-
essary for the high-fat feeding induced inhibition of PDC activation and carbohydrate
oxidation during submaximal exercise in humans [41,42]. Healthy male volunteers were
given a control diet or an iso-caloric high-fat diet (HFD). They underwent 60 min of sub-
maximal exercise at an intensity equivalent to 75% maximal oxygen uptake. There was a
relative increase in expression of PDK4 in muscle with HFD compared to control, alongside
reduced PDC activation in muscle. Exercise increased PDC activity and carbohydrate
utilisation with both diets, but these measures were diminished with the HFD. In terms of
PPAR expression, there was no effect of the high-fat diet on the mRNA expression of PPARδ.
However, PPARγ and PPARα were increased at rest, though this increase was not apparent
during exercise. Of note, the expression of PPARα mRNA was lower in another group
of volunteers that underwent a HFD but were also treated with dichloroacetate (DCA), a
potent inhibitor of PDK2 and PDK4 and, therefore, a stimulator of PDC activity, which
restored carbohydrate oxidation during exercise in this group. Thus, in humans, these
results appear to suggest there may not be significant involvement of PPARs in increasing
muscle PDK4 expression, although muscle protein levels of each PPAR were not measured.

Following these findings, further work from our laboratory studied the role of PPARδ
(and FOXO1) in palmitate-induced PDC inhibition and carbohydrate use using a skeletal
muscle cell model [43]. Myotubes were treated with palmitate for 16 hrs in the presence
or absence of continuous electrical pulse stimulation, the latter having been shown to
increase glucose uptake and carbohydrate oxidation in muscle cells [44,45], and there-
fore potentially having the capacity to reverse palmitate-mediated inhibition of PDC. It
was observed that palmitate reduced glucose uptake, PDC activity and maximal rates
of palmitate derived mitochondrial ATP production whilst also increasing PDK4, PPARδ
and PPARα proteins. There was also a significant reduction in the magnitude of FOXO1
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phosphorylation, indicating its nuclear translocation and subsequent activation. Electrical
pulse stimulation reversed many palmitate-induced changes to carbohydrate oxidation and
was associated with reduced PDK4 protein and reduced PPARδ (but not PPARα) protein
content. Collectively, while more work is required to elucidate the relative importance of
PPARδ and FOXO1 transcription factors in mediating PDK4 transcription, particularly in
humans, these findings indicate their potential roles in palmitate-induced impairments in
PDC activity and carbohydrate oxidation in skeletal muscle.

As discussed earlier, all three PPAR subtypes have the potential for treating inflamma-
tory states, with their anti-inflammatory effects well characterised [31,32]. Based upon this,
targeting PPARs could potentially represent an attractive avenue for alleviating inflamma-
tion and metabolic disturbances during conditions such as sepsis. Fibrates are proven to
be beneficial in treating dyslipidaemia. They may lower circulating triglyceride levels in
the blood by inducing hepatic fatty acid oxidation and increasing levels of high-density
lipoproteins [10,11]. TZDs have also proven antidiabetic effects, though their clinical use
and development has been limited due to adverse side effects (increased risk of congestive
heart failure, weight gain, increased risk of bone fracture). However, inflammation associ-
ated with the pathophysiology of T2D is typically chronic and low-grade, while sepsis is an
acute, high-grade inflammatory condition, which may increase their utility in this scenario.
Sepsis is characterised by an uncontrolled host response to an infection and remains a
major cause of morbidity (including muscle atrophy and insulin resistance) and mortality
worldwide [46]. Ongoing work aims to understand its pathophysiology and develop novel
therapeutics since current available therapeutic strategies remain limited. In patients with
sepsis, severe metabolic dysregulation occurs, which contributes to sepsis pathophysiology
and resultant organ failure. It has been observed that early and rapid skeletal muscle
wasting can occur with critical illness, which can play a major role in causing the increased
length of hospital stay and delayed recovery [3]. In conjunction with this, trials aimed at
attenuating muscle wasting and improving physical function through either nutritional
support or exercise approaches have proved inconsistent.

It is unclear what causes the decline in muscle protein synthesis early in critical illness
and could feasibly be related to impaired mitochondrial function or tissue content [47].
Decreased substrate utilisation, including both carbohydrate and fatty acids, is a conse-
quence of critical illness and could result in impaired metabolic function in muscle [48].
Infusion or injection of the bacterial endotoxin lipopolysaccharide (LPS) can reproduce
many metabolic changes seen in sepsis [49]. The endotoxemia model, therefore, represents
a relevant physiological model of sepsis. In a rat model of LPS-induced septic shock, tissue
protein expression (renal and cardiac) of cytosolic and nuclear PPARα, PPARδ and PPARγ
and nuclear translocation of these proteins were decreased with LPS [50]. In a rodent model
of septic shock, early administration of a selective RXR agonist (bexarotene) was shown to
prevent LPS-induced decrease in mean arterial pressure, as well as LPS-induced decreases
in tissue PPARα/δ/γ-RXRα heterodimer formation [51]. The concurrent decline in circulat-
ing iNOS and LDH levels led the authors to conclude that activation of PPARα/δ/γ-RXRα
heterodimers contributes to the beneficial effect of bexarotene to prevent the hypotension
associated with inflammation and tissue injury during rat endotoxemia.

In terms of muscle-specific effects of PPARδ agonism on metabolism and inflamma-
tion, there have been few studies to date. In a model using cultured muscle cells, one group
tested the hypothesis that PPARδ upregulates FOXO1 activity in muscle, thereby upreg-
ulating MAFbx and MuRF1 expression during sepsis and glucocorticoid treatment [52].
Activation of PPARδ in myotubes resulted in increased atrophy along with protein degrada-
tion and increased FOXO1 activity. Similar changes induced by dexamethasone (used as an
agent to cause atrophy) were prevented by treatment with a PPARδ inhibitor. Furthermore,
a PPARδ inhibitor given to dexamethasone-treated or septic rats prevented muscle wasting.
These findings appear to support the suggestion that PPARδ may regulate activation of a
FOXO1 linked atrophy programme in sepsis-induced muscle wasting.
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Cardiac failure and decreased uptake and oxidation of fatty acids in the heart are
common features of severe sepsis [53]. In a mouse model of sepsis [54], LPS adminis-
tration rapidly caused downregulation of PPARα, PPARδ, as well as isoforms of thyroid
hormone receptor (TR) and RXR (which are required for PPAR transcriptional activity)
in the heart. There were also concurrent decreases in the expression of key fatty acid
transporter/oxidation genes with LPS treatment. Thus, it is possible that these rapid
decreases in the expression of key genes, including PPARα and PPARδ, are important in
driving the reductions in cardiac fatty oxidation and myocardial dysfunction in sepsis. The
potential protective effects of PPARδ agonism have been studied in relation to changes
in LPS-induced apoptosis. In cultured rat cardio-myoblast cells, pre-treatment with the
PPARδ agonist GW501516 inhibited increased rates of apoptosis induced by LPS, decreased
activity of caspase-3 and increased nuclear translocation of NF-kB [55]. Furthermore,
GW501516 increased protein expression of haem oxygenase-1 (HO-1), while inhibition of
HO-1 reversed the effects of GW501516 on LPS-induced NF-kB activation. Thus, PPARδ
also has anti-apoptotic effects during an LPS challenge in cardiac cells, potentially through
suppressing NF-kB activation and via HO-1. Whether these observed effects of PPARδ are
relevant to skeletal muscle in terms of inflammation and substrate oxidation during sepsis
and related conditions remains to be determined.

To summarise, the effects of PPARδ agonism on skeletal muscle appear to be pre-
dominantly related to the switching of fuel utilisation towards increased oxidation of fatty
acids, as well as declined carbohydrate oxidation. This can result in impaired function
during prolonged muscle contraction where carbohydrate is an obligate fuel. Activation of
PPARδ may also induce atrophy-related programmes in skeletal muscle. During sepsis,
however, declines in PPAR activity may underlie some of the declines in FFA oxidation
in various tissues, indicating that there may be some benefit to PPARδ agonism during
these conditions.

4. PPARγ Agonism and Skeletal Muscle Metabolism and Inflammation

As described earlier, PPARγ plays a central role in adipogenesis, and TZDs have been
shown to increase insulin-stimulated glucose disposal in T2D patients effectively. The
effects of PPARγ agonism on skeletal muscle metabolic regulation remains poorly under-
stood. One study assessed the impact of the PPARγ agonist, Rosiglitazone, on fatty acid
transport and oxidation in rat muscle [56]. Seven days of rosiglitazone infusion (1 mg/day)
did not alter the rate of fatty acid transport into muscle, but did increase rates of fatty acid
oxidation in subsarcolemmal and intermyofibrillar mitochondria. This was accompanied
by increases in mitochondrial FAT/CD36 protein, with no changes in citrate synthase or
β-HAD activity. The effects of PPARγ activation on lipid metabolism were also studied in
human skeletal muscle in vivo [57]. Long-chain fatty acid composition and stearoyl-CoA
desaturase 1 (SCD1) were examined following 8 weeks of Rosiglitazone treatment in men
with impaired glucose tolerance, with muscle biopsies and hyperinsulinaemic-euglycaemic
clamps being carried out before and after rosiglitazone administration. Alongside an
increase in insulin sensitivity, SCD1 expression was increased in muscle samples with
rosiglitazone treatment. In addition, there was a shift in lipid composition from saturated
long-chain fatty acids to unsaturated fatty acids in muscle. These findings clearly indicate
a role for PPARγ activation in modulating lipid metabolism in skeletal muscle in vivo.

The impact of TZDs on skeletal muscle lipid and carbohydrate metabolism has been
predominantly studied in relation to animal models of T2D [58–60], and patients with
T2D [61–63]. In one model of obese Zucker rats [59], 6 weeks of rosiglitazone administra-
tion improved glucose tolerance in obese rats, while intramuscular triglyceride content,
which was higher in obese compared with lean animals, was further increased following
rosiglitazone treatment. There were also increases in skeletal muscle diacylglycerol and
ceramide with rosiglitazone treatment, indicating that under these conditions, Rosiglita-
zone increased insulin sensitivity in obese rats, but this was not through reduced fatty acid
accumulation in muscle.
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In a study with T2D patients, the effects of three months of rosiglitazone treatment
on insulin sensitivity and lipid metabolism were examined during a hyperinsulinaemic-
euglycaemic clamp [61]. Insulin-stimulated glucose disposal was improved following
rosiglitazone treatment, and reduced plasma fatty acid concentrations and increased ex-
tramyocellular lipid levels were observed. Rosiglitazone also promoted increased in-
sulin sensitivity in peripheral adipocytes, indicating that enhanced insulin sensitivity
through PPARγ agonism in humans may occur predominantly via improving adipocyte
insulin sensitivity, leading to lipid redistribution from insulin-sensitive organs to peripheral
adipocytes. In another study with T2D patients, further insight into the mechanisms by
which TZDs improved insulin sensitivity in T2D was examined. Pioglitazone treatment for
6 months improved insulin-stimulated glucose disposal in T2D patients. In muscle tissue,
there were increases in AMPK and acetyl-CoA carboxylase (ACC) phosphorylation with pi-
oglitazone and increased expression of genes important in fat oxidation and mitochondrial
function. These findings suggest some of the mechanisms by which TZDs improve skeletal
muscle insulin sensitivity may involve stimulation of AMPK signalling and fat oxidation.

As described in a previous section, more work is required to determine whether
different types of PPAR drug targets may have any potential benefit in alleviating inflam-
mation in sepsis, thereby potentially preventing and/or improving certain deleterious
consequences associated with the condition. In relation to specifically PPARγ agonists
impacting on targeting inflammation, we previously assessed the impact of Rosiglitazone
on muscle carbohydrate and protein metabolism in a rat model of LPS-induced endotox-
aemia [64]. Initial work from our laboratory [65–67] demonstrated that dysregulation of
the Akt/FOXO signalling pathway was important in mediating the development of muscle
atrophy during LPS-induced endotoxaemia, specifically through activation of ubiquitin
ligases MAFbx and MuRF1. We also proposed that the Akt/FOXO signalling pathway
represents a site of molecular crosstalk between insulin and atrophy-related signalling pro-
cesses during endotoxaemia through FOXO-mediated upregulation of PDK4 and reduced
activity of PDC.

To assess the effects of PPARγ agonism on muscle protein and carbohydrate
metabolism during endotoxaemia, rats were fed standard chow containing Rosiglitazone
(8.5 ± 0.1 mg·kg−1·day−1) for 2 weeks before and during 24 h continuous intravenous infu-
sion of LPS (15 µg·kg−1·h−1) or saline [64]. In terms of muscle inflammation, Rosiglitazone
blunted LPS-induced increases in TNF-α and IL-6 mRNA expression. We also examined the
subsequent impact of Rosiglitazone on LPS-induced changes in muscle protein degradation
pathways, specifically, ubiquitin-proteasome-mediated protein breakdown. Increased ex-
pression of key proteolytic regulators (MAFbx and MurF1 mRNA), and activity of the 20S
proteasome, were suppressed in the rosiglitazone-treated group of animals in the presence
of endotoxaemia. In carbohydrate oxidation, LPS-induced increases in PDK4 gene expres-
sion and muscle lactate content were also suppressed with rosiglitazone administration.
Collectively, these findings indicated that there were metabolic benefits of rosiglitazone
pre-treatment in this LPS model of endotoxaemia, reflected by blunted muscle cytokine
accumulation, muscle protein loss and lactate accumulation (Figure 2).

While few studies have assessed the impact of PPARγ agonists on skeletal muscle in-
flammation and metabolism during inflammatory disorders such as sepsis, there has been
some work surrounding the protective effects of PPARγ on myocardial dysfunction in sep-
sis. One study in mice (using LPS administration as a sepsis model) investigated whether
reduced fatty acid oxidation is the underlying cause for cardiac dysfunction in sepsis [68].
LPS administered to mice rapidly decreased cardiac fatty acid oxidation in conjunction
with inducing cardiac dysfunction, while gene expression of PPARγ was downregulated.
Moreover, activation of PPARγ using a transgenic mouse model (cardiomyocyte-specific
PPARγ expression induced by the alpha-myosin heavy chain promoter) protected against
cardiac dysfunction induced by LPS, while fatty acid oxidation was not reduced with LPS
exposure in these animals. Interestingly, the expression of inflammation-related genes
(IL-1α, IL-1β, IL-6 and TNF-α) in response to LPS treatment was similar to wild-type mice.
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Rosiglitazone administration in wild-type mice similarly increased fatty acid oxidation,
improved cardiac function after treatment with LPS and improved survival, despite not
suppressing the expression of cardiac markers of inflammation. These findings are, there-
fore, promising in terms of the use of PPARγ agonists in sepsis treatment. Still, more work
should be done on their mechanism of action and delineating whether their beneficial
effects occur through their anti-inflammatory actions.
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Figure 2. Impact of PPARγ agonism in skeletal muscle during LPS-induced endotoxaemia. Treatment
with PPARγ agonists during endotoxaemia suppresses production of pro-inflammatory cytokines
(e.g., tumour necrosis factor α: TNF-α). This results in reduced suppression of muscle AKT, and
reduced transcriptional activity of Forkhead Box O (FOXO) transcription factors. Reduced activity of
FOXO leads to suppression of factors important in increased muscle atrophy (MAFbx and MuRF1)
as well as PDK4, a key protein in PDC inhibition.

In relation to myocardial dysfunction, a separate study in rats assessed the mechanism
of PPARγ-mediated cardiac protective effects in sepsis [69]. Using rats subjected to caecal
ligation and puncture (CLP), a PPARγ agonist (Rosiglitazone) and antagonist (T0070907)
were used. The model of sepsis used resulted in significant impairments in cardiac function,
with evidence of tissue apoptosis, necrosis and upregulated proinflammatory cytokines.
Activation of PPARγ prevented these changes while blocking its activity exacerbated
the differences and further reduced survival rates. These results provide other evidence
that Rosiglitazone can exert beneficial effects related to reduced cardiac inflammation
and cell death. A separate recent study further examined the effects of Rosiglitazone on
sepsis-induced myocardial dysfunction in relation to the NF-κB pathway [70]. Here, a
model of sepsis was established using female Sprague-Dawley rats, after which one group
was administered 3 mg/mg rosiglitazone (daily, for 3 days). Rosiglitazone successfully
decreased the number of apoptotic cells in septic animals, while in myocardial tissues,
Rosiglitazone lowered TNF-α expression and activity of NF-κB.

To summarise, agonism of PPARγ in vivo appears to improve insulin sensitivity and
may also increase fatty acid oxidation in skeletal muscle. However, improved insulin
sensitivity may not be related to reductions in fatty acid accumulation in muscle tissue
under certain conditions. In relation to inflammatory conditions such as sepsis, PPARγ

229



Int. J. Mol. Sci. 2021, 22, 9775

agonists effectively suppress pro-inflammatory cytokine production and appear to be
beneficial in alleviating organ injury and dysfunction, which has promising potential for
therapeutic development.

5. Conclusions and Future Perspectives

To conclude, the PPAR family of transcription factors have wide-ranging critical
regulatory roles in skeletal muscle and other tissues, from inflammation to fuel selection
and contractile function. In terms of PPARδ, evidence suggests that the agonism of PPARδ
appears to be primarily related to the switching of substrate utilisation towards increasing
the use of fatty acids. In contrast, PPARδ agonism can impair muscle contractile function
by inhibiting carbohydrate oxidation during muscle contraction, where carbohydrate is
an obligate fuel. Conversely, there may be benefits to PPARδ agonism during certain
inflammatory conditions, such as sepsis, since declines in PPAR activity may underlie some
of the reductions in FFA oxidation. Similarly, agonism of PPARγ in vivo appears to be an
effective anti-inflammatory strategy during sepsis and has proven beneficial in improving
organ/tissue function in pre-clinical models. Blunting muscle cytokine accumulation
during endotoxaemia in rodents has also been demonstrated to result in metabolic benefits
via reduced muscle wasting and lactate accumulation.

Moving forwards, more studies will be required to better define the mechanistic
roles of all the PPARs in different physiological and pathophysiological conditions. The
potential benefits of PPAR agonism on skeletal muscle protein and carbohydrate/lipid
metabolism during sepsis and other inflammatory conditions remains under-investigated
and is, therefore, a promising area of research opportunity. Studies using dual or pan-PPAR
agonists could also widen the therapeutic potential of these compounds, while cross-tissue
studies will be important in evaluating potential off-target effects. Nevertheless, with
ongoing drug developments and a greater understanding of the wide-ranging functions of
PPARs, these transcription factors will undoubtedly remain critical therapeutic targets for
a multitude of metabolic and inflammatory conditions.
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Abstract: Synthetic ligands of peroxisome-proliferator-activated receptor beta/delta (PPARβ/δ)
are being used as performance-enhancing drugs by athletes. Since we previously showed that
PPARβ/δ activation affects T cell biology, we wanted to investigate whether a specific blood T cell
signature could be employed as a method to detect the use of PPARβ/δ agonists. We analyzed in
primary human T cells the in vitro effect of PPARβ/δ activation on fatty acid oxidation (FAO) and
on their differentiation into regulatory T cells (Tregs). Furthermore, we conducted studies in mice
assigned to groups according to an 8-week exercise training program and/or a 6-week treatment
with 3 mg/kg/day of GW0742, a PPARβ/δ agonist, in order to (1) determine the immune impact of
the treatment on secondary lymphoid organs and to (2) validate a blood signature. Our results show
that PPARβ/δ activation increases FAO potential in human and mouse T cells and mouse secondary
lymphoid organs. This was accompanied by increased Treg polarization of human primary T cells.
Moreover, Treg prevalence in mouse lymph nodes was increased when PPARβ/δ activation was
combined with exercise training. Lastly, PPARβ/δ activation increased FAO potential in mouse blood
T cells. Unfortunately, this signature was masked by training in mice. In conclusion, beyond the fact
that it is unlikely that this signature could be used as a doping-control strategy, our results suggest
that the use of PPARβ/δ agonists could have potential detrimental immune effects that may not be
detectable in blood samples.

Keywords: peroxisome-proliferator-activated receptor; fatty acid oxidation; doping control;
regulatory T cells; inflammation; exercise

1. Introduction

The nuclear receptor peroxisome-proliferator-activated receptor beta/delta (PPARβ/δ)
plays an important role in muscle physiology [1]. This transcription factor can be activated
by endogenous natural ligands, such as certain lipid metabolites, or synthetic ligands, such
as GW501516 and GW0742 [1]. The latter substances have also been called “exercise pills”
or “exercise mimetics”, since they were shown to affect the expression of endurance-related
genes and metabolic pathways leading to increased exercise endurance [2]. While synthetic
PPARβ/δ agonists so far have not been approved for clinical purposes for treating diseases
such as dyslipidemia due to the discovery of carcinogenic properties in preclinical studies
on animals, these substances are being abused for performance-enhancing purposes in
both humans and horses [3,4]. Therefore, since 2009, the list of prohibited substances and
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methods of doping, as established by the World Anti-Doping Agency, includes PPARβ/δ
agonists. Methods to detect PPARβ/δ agonists are mostly focused on GW501516, and
tests were developed for both blood and urine samples [5]. However, the emergence of
new substances of this class means that new methods need to be developed that will
allow the detection of any PPARβ/δ agonist. One method could be to identify a blood
signature that would be specific for PPARβ/δ activation. In this respect, our laboratory
has previously published several studies demonstrating that PPARβ/δ activation induces
significant immunometabolic changes in T cells. We showed that in vitro and in vivo
treatment with GW0742 led to an increase in the mRNA levels of three genes involved
in fatty acid oxidation (i.e., Acaa2, Acadvl, and Cpt1a) in isolated mouse primary T cells
and lymph nodes, respectively, resulting in increased fatty acid oxidation (FAO) in these
cells [6]. Furthermore, increased PPARβ/δ activity had an impact on T cell development
in the thymus, resulting in reduced production of αβ-T cells, while γδ-T cell production
was unaffected. This led to a decrease in the αβ/γδ T cell ratio in peripheral tissues,
including blood.

Regulatory T cells (Tregs) are a subset of T cells important for maintaining self-
tolerance by downregulating the immune response, and they do so by secreting immunoreg-
ulatory cytokines, such as TGF-β and IL-10, which act to suppress the activity and function
of immune effector cells (e.g., CD4+ and CD8+ T cells, monocytes/macrophages, natural
killer cells, and dendritic cells) [7]. While mouse Tregs have a certain flexibility in metabolic
fuel choice, they have a preference for FAO [8]. It was therefore not unexpected, given
our above-mentioned result showing an increased FAO in T cells following activation of
PPARβ/δ, that we observed an increased prevalence of CD4+FOXP3+ Tregs in mouse
lymph nodes after in vivo GW0742 treatment [9].

Whether these observed PPARβ/δ-induced changes in T cell parameters can be used
as a blood signature for detection of the use of PPARβ/δ agonists depends on whether
these changes are specific to PPARβ/δ activation and are not also potentially induced by
other factors such as acute or chronic exercise. Exercise-induced immune changes have
been described previously [10]. Many of them affect the Treg population or the ability of T
cells to produce pro/anti-inflammatory cytokines [10,11]. However, the ability of physical
fitness or exercise to directly modify the metabolism of immune cells is unproven [12] but
could be involved in these changes.

Our objective in this study was to confirm, in human T cells, our previous published
observations in mouse T cells, that PPARβ/δ activation leads to an increase in FAO.
Likewise, we also wanted to determine the effect of PPARβ/δ activation on the induction
of Treg polarization in human T cells. Furthermore, we investigated whether exercise
training would interfere with the effects of PPARβ/δ activation on FAO gene expression, T
cell ratios, and Treg polarization.

2. Results
2.1. In Vitro Treatment of Human T Cells with GW0742 Increases Their FAO Potential and
Polarization in Tregs

We hypothesized that GW0742, a PPARβ/δ agonist, preconditions human T cells and
favors their polarization toward the Treg subtype. To validate this hypothesis, we isolated
PBMCs (peripheral blood mononuclear cells) from human buffy coats and performed
monocyte depletion by adhesion. The remaining cells, enriched in lymphocytes, were
placed in culture, activated with beads coated with αCD3 and αCD28 antibodies and IL-2,
and treated with 1 µM GW0742 or left untreated for 6 days. We showed (Figure 1A) a
significant fourfold induction by GW0742 treatment of carnitine palmitoyl transferase
1a (CPT1a) mRNA that encodes the enzyme limiting the entry of fatty acids into the
mitochondria, leading to a 2.6-fold increase in palmitate oxidation (Figure 1B). However,
no difference in PPARβ/δ mRNA level was observed (Figure 1A). As already demonstrated
in mouse T cells from secondary lymphoid organs [6], activation of the PPARβ/δ pathway
in human blood T cells induces the expression of genes encoding FAO proteins (CPT1a)
and increases FAO. As Treg cells are very dependent on FAO, we studied the impact of
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PPARβ/δ pathway activation on human T cell polarization toward Tregs. In this objective,
we cultured CD4+ T cells selected from monocyte-depleted human buffy coats and treated
in vitro with TGF-β (5 µg/mL) to induce Treg polarization in the presence of DMSO (TREG)
or GW0742 (TREG GW). We used the gating strategy presented in Figure 1C, namely a
flow cytometry analysis of CD25+ FOXP3+ cells (Tregs) in CD3+CD4+ human T cells. The
presence of TGF-β in the culture medium of CD4+ T cells (Figure 1D, TREG) permitted to
almost double (1.94 ± 0.09, # p < 0.0001) the percentage of CD25+ FOXP3+ cells (Tregs) in
CD3+CD4+ human T cells compared to the condition without TGF-β (Th0) and induced
a slight but significant increase in FOXP3 mean fluorescent intensity (MFI) (Figure 1E,
TREG, 1.104 ± 0.04, # p < 0.05), considered to represent the mean content level of FOXP3
protein in cells. The activation of the PPARβ/δ pathway by GW0742 (Figure 1D, TREG GW)
significantly favored Treg polarization in 14 independent experiments, as reflected by the
increase in prevalence of CD25+ FOXP3+ cells in CD3+CD4+ human T cells (mean increase
14.9% ± 3.1%) without change in FOXP3 MFI. We, therefore, showed that activation of
PPARβ/δ pathway in human blood T cells leads to a change in T cell metabolism, favoring
FAO that is accompanied by an increase in Treg polarization. These changes could perhaps
be used as a blood signature of the abuse of PPARβ/δ agonists by athletes.
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Figure 1. In vitro treatment of human T cells with GW0742 increases their FAO potential and their
polarization in Tregs. (A) GW0742 1 µM effect (compared to DMSO, n = 8) on PPARβ/δ and CPT1a
mRNA level reported to RPL27 mRNA level used as housekeeping mRNA on monocyte-depleted
human buffy coats activated with αCD3 and αCD28 antibody-coated beads and cultured for 6 days
with human IL-2 (20 ng/mL). (B) Palmitate oxidation in isolated human CD4+ T cells. FAO was
measured as 3H-palmitate conversion to 3H2O and quantified as CPM/106 cells in in vitro–activated
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CD4+ cells treated with 1 µM GW0742 or DMSO (n = 3). (C) Gating strategy of flow cytometry analysis
of CD25+ FOXP3+ cells (Tregs) in CD3+CD4+ human T cells. (D) Fold induction of prevalence (%)
of CD25+ FOXP3+ cells (Tregs) in enriched CD4+ T cells (n = 14) derived from monocyte-depleted
human buffy coats treated in vitro with TGF-β (5 µg/mL) to induce Treg polarization in the presence
of DMSO (TREG) or 1 µM GW0742 (TREG GW) relative to Th0 cells (nonpolarized cells). (E) Fold
induction of FOXP3+ MFI (mean fluorescent intensity) in CD4+ T cells (n = 14) derived from monocyte-
depleted human buffy coats treated in vitro with TGF-β (5 µg/mL) to induce Treg polarization in the
presence of DMSO (TREG) or 1 µM GW0742 (TREG GW) relative to Th0 cells. Data are shown as
mean ± SD. * p < 0.05, GW effect; # p < 0.05, TREG vs. Th0 cells (univariate t-test).

2.2. GW0742 Treatment Increases FAO Potential and Leads to Differential Changes in Treg
Prevalence in Mouse Secondary Lymphoid Organs Depending on Training Status

We first validated whether the potential signature that was detectable in human cells
(i.e., increased FAO potential and Treg polarization) is specific for PPARβ/δ activation. We
have previously demonstrated [6] that treatment of murine T cells with GW0742 increased
palmitate oxidation and this effect was lost when the cells were co-treated with etomoxir,
an inhibitor of CPT1a. We isolated CD4+ T cells from secondary lymphoid organs (SLO)
of controls (Cre) or mice invalidated for PPARβ/δ in T cells (KO-T-PPARβ/δ), treated the
cells with 1 µM of GW0742 for 6 days and studied the consequences on PPARβ/δ and
CPT1a mRNA level. We showed, as seen in Figure 2A, that the treatment of control cells
(CreTh0) with GW0742 did not alter the mRNA level of PPARβ/δ. However, GW0742
treatment increased the mRNA level of CPT1a by a factor of 5. This GW0742 effect seemed
specific to its action on PPARβ/δ, since the induction of CPT1a mRNA was markedly
reduced in cells isolated from KO-T-PPARβ/δ mice (KOTh0).

To discriminate between the effects induced by chronic (training) bouts of exercise
and PPARβ/δ activation, mice were trained on treadmills for 8 weeks and they were, or
were not, treated with GW0742 mixed with food for 6 weeks (3 mg/kg BW/day). At the
end, the spleen and lymph nodes were harvested. GW0742 treatment led to an increase in
PPARβ/δ mRNA levels in the lymph nodes but not in the spleen (Figure 2B,D). Moreover,
the treatment of control mice with GW0742 for 6 weeks induced a significant increase
in CPT1a mRNA by a factor of 3.3 ± 1.5 in the spleen (Figure 2C) and 3.8 ± 1.7 in the
lymph nodes (Figure 2E). We did not detect a significant effect of training on PPARβ/δ or
CPT1a mRNA levels in the SLO, nor did training alter the effects of GW0742 (Figure 2B–E).
Regarding Treg prevalence, GW0742 treatment of mice did not significantly affect the
percentage of FOXP3+ T cells (Tregs) in the lymph nodes of mice (Figure 2F), but exercise
training independently of GW0742 treatment significantly increased this percentage and
decreased the MFI level of FOXP3 (Figure 2F,G). However, there was a significant combined
effect of GW0742 treatment and training, significantly increasing the proportion of Treg
cells in lymph nodes (Figure 2F). It is noteworthy that the GW0742 treatment did not affect
the FOXP3 MFI level of trained mice (Figure 2G). Thus, the GW0742 treatment of mice
leads to immunometabolic changes promoting FAO potential and an increased proportion
of Treg cells in exercise-trained mouse secondary lymphoid organs.
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Figure 2. In vitro treatment of mouse T cells with GW0742 increases their FAO potential, and in vivo
GW0742 treatment of mice leads to differential changes in FAO potential and Treg profile in the
lymph nodes and spleen in trained mice. (A) The effect of 1 µM GW0742 (compared to that of DMSO,
n = 6) on PPARβ/δ and CPT1a mRNA levels normalized to 36B4 mRNA level used as housekeeping
mRNA in CD4+ T cells from Lck-Cre (Cre) or KO-T-PPARβ/δ mice (KO) activated with αCD3 and
αCD28 antibodies coated-beads and cultured for 6 days with mouse IL-2 (20 ng/mL). (B) PPARβ/δ
mRNA level and (C) CPT1a mRNA level in spleen; (D) PPARβ/δ mRNA level and (E) CPT1a mRNA
level in lymph nodes, from control or trained mice (8 weeks, n = 6 per group) treated, or not treated,
for 6 weeks with GW0742 (3 mg/kg BW/day). (F) Prevalence (%) of FOXP3+ cells (Tregs) in cells
extracted from lymph nodes from control or trained mice (8 weeks, n = 6 per group) treated, or not
treated, for 6 weeks with GW0742 (3 mg/kg BW/day). (G) FOXP3+ MFI (mean fluorescent intensity)
in cells extracted from lymph nodes from control or trained mice (8 weeks, n = 6 per group) treated, or
not treated, for 6 weeks with GW0742 (3 mg/kg BW/day). Data are shown as mean ± SD. * p < 0.05,
GW0742 effect; § p < 0.05, training effect; and φ p < 0.05, interaction effect between training and
GW0742 (two-way ANOVA).

2.3. The Detection of GW0742 Effect on FAO Potential Is Masked in the Blood of Trained Mice

In mice, we showed that increased PPARβ/δ activity leads to a defect in T cell devel-
opment in the thymus with subsequent consequences on T cell populations in peripheral
lymphoid organs, characterized by a decrease in the αβ/γδ T cell ratio. This was accompa-
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nied by an increase in FAO potential and a concomitant increase in CPT1a mRNA levels
in lymphoid organs [6,9]. To definitively validate this signature of increased PPARβ/δ
activity, which could be detected in athletes’ blood, its effects must be discriminated from
those induced by acute and chronic (training) bouts of exhaustive exercise. We submitted
mice to acute exercise, training (8 weeks), or long-term treatment (6 weeks) with GW0742
and studied the evolution in the blood of some signature markers (αβ/γδ T cell ratio,
CPT1a mRNA levels). We also wanted to check whether the signature of the GW0742 use
could be distinguished from that of physical training. We showed that the CD4+/CD8+ T
cell ratio (Figure 3A) and the αβ/γδ T cell ratio (Figure 3B) were not altered in the blood
either by acute exercise, training, and GW0742 treatment, or by the combination of both
GW0742 and training. We found (Figure 3C) that mRNA levels of CPT1a in the blood
were not impaired by training but, in contrast, were significantly largely increased by
treatment with GW0742 (4.04 ± 3.03-fold increase). This measurement in blood cells of the
CPT1a mRNA levels could, thus, constitute a signature of the use of the GW0742. However,
and very surprisingly, we can see that the effect of GW0742 on CPT1a mRNA levels was
largely and significantly decreased when GW0742 intake was combined with endurance
training. Thus, the signature of the use of GW0742 is masked by endurance training, and
the measurement of blood cell CPT1a mRNA levels will not be a reliable marker for the
use of GW0742.
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Figure 3. The T cell profile (CD4+/CD8+ T cell ratio, αβ/γδ T cell ratio) is unchanged in the blood by
GW0742 treatment, exercise, or training. However, the detection in whole blood of GW0742’s effects
on the FAO potential is reduced by training. Mice were either subjected to or not given (control,
n = 10) acute exercise on a treadmill with a slope of 5◦ (n = 8), the speed of the treadmill increased by
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5 cm/s every 15 min until mouse exhaustion. Another cohort of mice (n = 6 per group) was trained
(chronic exercise) on a treadmill for 8 weeks, or not trained, and were then treated, or not treated
(given DMSO instead), for 6 weeks with GW0742 (3 mg/kg BW/day). Blood mononuclear cells were
isolated using Ficoll gradient, stained with fluorescence-conjugated antibodies, and analyzed with a
BD FACS Canto II flow cytometer. (A) The CD4+/CD8+ T cell ratio was calculated; (B) the αβ/γδ T
cell ratio was calculated; (C) the CPT1a mRNA level in blood cells was normalized by 36B4. Data are
shown as mean ± SD. * p < 0.05, GW0742 effect, and φ p < 0.05, interaction effect between training
and GW0742 (two-way ANOVA).

3. Discussion

T cells’ function is intimately linked to their metabolic programs [13,14]. While Tregs
rely heavily on FAO, they have found ways to adapt to different tissue types, such as
tumors, to survive in competitive environments [15]. Mouse Treg cells generated through
in vitro polarization of CD4+ T cells preferentially use FAO [16,17]. However, it is still
controversial whether human Treg cell differentiation is dependent on FAO. We show
here that the use of substances that activate PPARβ/δ can increase FAO in human T cells
in vitro, and as a result increase the prevalence of Tregs. This result is important and new.
Human Tregs are metabolically distinct from their mouse counterparts. It is known that
ex vivo human Tregs are more glycolytic than ex vivo mouse Tregs [18]. This baseline
difference may account for the magnitude of detectable metabolic changes that could be
induced by either an endogenous or exogenous modulator of PPARβ/δ activity. Thus, we
can assume that the whole-body GW0742 effect on immunometabolism would be more
potent in humans compared to that in mice. Since our in vivo studies were conducted in
mice, it is plausible that the effects observed in mice will be stronger in humans.

Whether exercise can modulate immune function by metabolic changes remains an
underexplored area of research, and the ability of physical fitness or exercise to directly
modify the metabolism of immune cells is unproven [12]. In obese mice, metabolic changes
induced by exercise training were characterized by an increase in AMPK activity, both
in lymphoid tissues and in skeletal muscle [9]. In both tissues, GW0742 treatment had
complementary effects to exercise training on the decrease in inflammatory markers [9]. In
the present study, in secondary lymphoid tissues, the induction of CPT1a expression was
independent of exercise and was characteristic of the GW0742 effect on increasing FAO
potential. The magnitude of CPT1a induction was high and suggests that the metabolism
of immune cells (mainly T cells) was altered by GW0742 treatment. Furthermore, PPARβ/δ
expression was also increased in lymph nodes by GW0742 treatment. However, the
prevalence of Tregs was unchanged in the lymph nodes of sedentary mice treated with
GW0742. Therefore, we can conclude that, even though GW0742 increased PPARβ/δ
and CPT1a expression, it did not increase Treg prevalence in mice lymph nodes. Exercise
training significantly decreased the MFI level of FOXP3 but interacted with GW0742,
leading to an increase in the prevalence of Tregs. This increase appeared despite an
absence of effect on CPT1a mRNA level in secondary lymphoid tissues. Together, these
findings suggest that, at least in mice, CPT1a expression levels are disconnected from
Treg prevalence. These results are entirely in line with the work of Raud et al. [19] that
showed, using a mouse genetic model in which CPT1a was abrogated in T cells, that the
ACC2/CPT1a axis is dispensable for Treg cell formation.

Despite an absence of effect on CPT1a mRNA level of exercise in SLOs, it is known that
exercise impairs aspects of cellular immune function, probably due to the higher energy
cost of exercise and metabolic perturbations in endurance athletes [20]. Indeed, a rapid
metabolite turnover can be detected in seconds after an acute bout of endurance exercise,
whereas it takes minutes to hours for transcriptomic and proteomic responses accounting
for training adaptation [21]. An increase of about 75% of the maximum rate of fat oxidation
(whole body measure), which is already high in elite endurance athletes, is observed after
a 2 h recovery in a fasting condition from an endurance exercise session [22–24]. As both
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exercise and GW0742 alter fatty acid availability, we considered it important to choose the
most appropriate experimental conditions in mice that allowed discriminating GW0742
effects from those induced by exercise, considering that the signature of an increase in FAO
in T cells would be interpreted in an individual athletes’ biological passport [25] as a doping
signature. Information is available on the internet regarding the oral doses of GW0742
used by athletes for the purpose of doping. The oral dosages used comprise between 10
to 50 mg per day for 4 to 8 weeks, which in terms of availability would correspond to a
dose of 1–10 mg/kg administered in mice. Notably, the plasma concentration of the ligand
at the 1 mg/kg dose in mice is shown to specifically activate PPARβ/δ [26]. We used a
dosage/treatment period in our mouse studies that is quite close to the doping protocol
used by athletes by administering a dose of 3 mg/kg persistently in food for 6 weeks.
We used blood samples from trained mice to detect interactions between GW0742 and
exercise training effects. GW0742 induced an increase in CPT1a mRNA, but surprisingly,
this induction was masked by the training status of mice. This questioned the relevance
of this signature for doping-control strategies. Another suggested alternative is based on
our previous study that proposed the αβ/γδ T cell ratio as a T cell signature to detect
activity of the PPARβ/δ pathway [6]. We showed here that neither acute or chronic exercise
nor GW0742 treatment changed this αβ/γδ T cell ratio in mouse blood. Perhaps the 6-
week GW0742 treatment was not long enough for alterations in T cell development in the
thymus to be reflected in the blood (our previous study examined transgenic mice that
overexpressed PPARβ/δ in T cells constitutively).

Outside of the potential to use the latter observations to develop novel methods to
detect the use of substances that activate the PPARβ/δ pathway, it should be noted that
these novel discoveries also suggest that athletes who take PPARβ/δ agonists might se-
riously disturb their T cell homeostasis, thereby endangering the effectiveness of their
immune system. Forcing FAO in CD4+ T cells would result in an increase in metabolic
inflexibility. Depending on the (patho)physiological context, this could have either bene-
ficial or deleterious consequences. The immunomodulatory effects of exercise might be
mediated by the ability of exercise to adjust and improve Treg number and function [27].
An increase in Tregs would augment immune tolerance, thereby decreasing the risk of
development of autoimmune diseases [28]. It should be noted in this context that physical
exercise is known to decrease the risk of developing and is beneficial to the management
of autoimmune disease [29]. Adipose tissue Tregs have been shown to play a beneficial
role in decreasing insulin resistance associated with diet-induced obesity but a deleterious
role in age-associated insulin resistance [30,31]. In the context of cancer, Tregs suppress
anticancer immunity and, by doing so, hinder protective immunosurveillance of tumors
and hamper effective antitumor immune responses [32]. A recent publication demonstrated
that PPARβ/δ plays an important role in Treg survival and function in tumors [33]. It was
observed that intratumoral Tregs displayed increased expression of multiple PPARβ/δ
target genes compared to Tregs from spleen and lymph nodes. Knocking out PPARβ/δ
specifically in Tregs led to a reduction in intratumoral Treg accumulation accompanied by
decreased tumor growth. Taken together, these data suggest that there is a real possibility
that abuse of PPARβ/δ agonists for performance-enhancing purposes might lead to an
increased cancer risk and/or a worse outcome when a tumor develops.

To conclude, we show here that the use of substances that activate PPARβ/δ can
increase FAO in human T cells and as a result increase the prevalence of Tregs. It is unlikely
that this signature could be used as a doping-control strategy in athlete’s blood, since these
immunometabolic changes are masked in mice by training status. Moreover, our study
alerts on the risks of immune surveillance alterations with the use of PPARβ/δ activators
in order to improve physical performance.
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4. Materials and Methods
4.1. Animal Experiments
4.1.1. Acute Treadmill Exercise

Twelve-week-old wild-type mice (n = 18) purchased from Charles River (Ecully,
France) were accustomed to the treadmill (five-lane motorized treadmill, LE8710 M, Bioseb)
a week before the running test was performed with a slope of 5◦ (n = 18). During a warm-up
phase, the speed of the treadmill was progressively increased every 2 min for 10 min (5
to 25 cm/s). This phase was followed by an acute exercise phase where the speed of the
treadmill was increased by 5 cm/s every 15 min (30 to 40 cm/s) until the mice exhibited
signs of exhaustion. The rear of the treadmill was equipped with a low-voltage electric
stimulating bar to encourage each mouse to run. The bar was set to deliver 0.2 mA at a
frequency of 0.25 Hz, which caused an uncomfortable shock but did not injure the animal.
The number of shocks was recorded, and the electric delivery was stopped if 50 shocks
were reached.

4.1.2. Physical Training and GW0742 Treatment of Mice

We used 7-week-old C57Bl/6J wild-type mice purchased from Charles River (Ecully,
France). Animals were maintained in a 12 h light, 12 h dark cycle and received food (A04
from UAR (Usine d’Alimentation Rationnelle), Villemoisson sur Orge, France) and water ad
libitum. The mice were trained (8 weeks) on the five-lane treadmill. The training protocol
was divided into three phases (Figure 4). The acclimatation phase lasted 4 weeks, during
which the mice were trained in three sessions per week. The overload phase lasted 3 weeks,
during which the mice were trained in five sessions per week. Finally, the tapering phase
lasted 1 week, during which the mice were trained in three sessions. A training session
lasted between 20 and 40 min, the treadmill speed varied between 20 and 40 cm/s, and the
belt was positively inclined at 5◦. To encourage the mice to run, electrical (0.2 mA–160 kΩ)
and mechanical stimulation were used.
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Figure 4. Training and GW0742 mouse treatment procedure.

After 2 weeks of acclimatation to training, mice received a normal chow diet (standard
chow diet (A04)) administered ad libitum, supplemented with GW0742 (3 mg/kg BW/day)
or with the vehicle (dimethyl sulfoxide, DMSO, 1%). Food was reconstituted as described
previously [9,34]. Twice a week, the food was refreshed, and animals were weighed.

Animals were sacrificed (90 min after acute exercise or 24 h after the last training
session) by a lethal dose of intraperitoneal ketamine/xylazine (100/16 mg/kg). Blood
samples were obtained by cardiac puncture.

4.2. Mouse and Human T Cell Isolation and Treg Polarization

Mouse CD4+ cells from control (Lck-Cre) or KO-T-PPARβ/δ mice [35] were positively
selected from secondary lymphoid organs (SLOs, consisting of the inguinal, brachial, and
cervical lymph nodes and the spleen). CD4+ T cells were grown as previously described [36]
at 4 × 105 cells/well in a 48-well plate in RPMI medium supplemented with 1 mM sodium
pyruvate, nonessential amino-acid (1×), 1% penicillin/streptomycin, 10% fetal calf serum
(FCS), and 50 µM β-mercaptoethanol. Activation beads, covalently bound to αCD3 and
αCD28 antibodies, as well as mouse IL-2 (20 ng/mL), were added to the culture medium
for the Th0 conditions, as well as PPARβ/δ agonist GW0742 1 µM or DMSO (0.1%). Cell
medium was complemented with an equal volume of fresh medium every three days.
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Human buffy coats from healthy donors (Établissement Français du Sang, Marseille,
France) were used to collect PBMCs by Ficoll density gradient centrifugation. Monocytes
were depleted by adherence to Primaria plates for 2 h. The cells of the supernatant (enriched
in T cells), or CD4+ T cells isolated by negative selection using a Miltenyi Biotec system
(#130-091-155), were plated at 4 × 105 cells/well in a 48-well plate. Activation beads coated
with αCD3 and αCD28 antibodies, as well as human IL-2 (20 ng/mL), were added to the
culture medium in presence or absence of GW0742 (1 µM) or DMSO (0.1%). After 6 days of
activation, the cultures comprised over 95% T cells (data not shown). For Treg polarization
experiments, TGF-β (5 µg/mL) was added to the culture medium for 6 days.

4.3. Measurement of β-Oxidation Using 3H-Labeled Palmitate

The isolated human CD4+ cells were cultured at 4 × 105 cells/well in a 48-well
plate in RPMI and were activated with anti-CD3/anti-CD28-coated beads. The palmitate
β-oxidation was evaluated as previously described in [6,35,36]. Briefly, after 5 days of
activation, for the last 24 h, we added in the wells a mix of radioactive and nonradioactive
palmitate coupled to BSA (2:1 ratio; 30 µM Na-palmitate, 15 µM fatty-acid-free BSA and
10 µCi (0.83 µM 9,10-3H-palmitic acid (Perkin Elmer)). After a 24 h additional incubation,
100% trichloroacetic acid (10% final) was added to the cell suspensions, and proteins were
precipitated. After centrifugation, NaOH (final concentration 0.75 M) was added to the
supernatant to increase pH to 12. Subsequently, 400 µL of supernatant was applied to
ion-exchange columns (Dowex 1 × 2–400 resin), and 3H2O was recovered by eluting with
4 mL of H2O. A 0.75 mL aliquot was then used for scintillation counting. Results were
expressed as CPM (counts per minute) per 106 cells.

4.4. Cell Preparation and Flow Cytometry Analysis

Human CD4+ in culture, mouse lymph node cell suspension (1 million), or blood
mononuclear cells isolated using Ficoll gradient were stained with fluorescence-conjugated
antibodies (αCD3-VioBlue or αCD3-FITC, αCD4-APC-Vio770 or αCD4-APC, αCD25-PE-
Vio, αFOXP3-APC, αTCRβ-PEcy7, αTCRγδ-PE), and stained cells were analyzed with
a BD FACS Canto II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) using
Miltenyi Biotec (Paris, France) antibodies. The extracellular labeling (αCD3, αCD4, αTCRβ,
αTCRγ, and αCD25) was done at 4 ◦C for 20 min. After two washes with PBS 0.5%
FCS plus 2 mM EDTA, cells were permeabilized and fixed following the manufacturer’s
protocol (Miltenyi Biotec Kit). The intracellular staining was performed with αFOXP3 after
the extracellular labeling. To determine the percentage of Tregs in a cell population, we
discriminated CD3+CD4+ cells, and in this population, we gated FOXP3+ cells for mice
cells and CD25+FOXP3+ cells for human cells, as shown in Figure 1C. Data were analyzed
using FlowJo software.

4.5. RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from cells or tissues with Trizol reagent (Invitrogen). For
isolating RNA from blood, we used the kit Mouse RiboPure–Blood RNA Isolation (Applied
Biosystems) following manufacturer procedure. Then, 1 µg of RNA was reverse-transcribed
using a QuantiTect Reverse Transcription Kit (Qiagen) on a Q-cycler II. Quantitative
PCR was done using SYBR Premix Ex Taq (Tli RNase H Plus) (Ozyme) on a StepOne
machine (Life Technologies). The relative amount of all mRNAs was calculated using the
comparative ∆∆CT method, and either 36B4 (for mice) or RPL27 (for humans) was used as
the housekeeping gene. Primer sequences are available upon request.

4.6. Statistical Analyses

For each dependent variable under consideration, and according to assumptions for
statistical analysis (i.e., normal distribution, equal variance), we performed the following:
(1) nonparametric Mann–Whitney (in vitro study); (2) one-way ANOVA analysis (acute
exercise effect); (3) two-way ANOVA analyses to investigate independent effects of GW0742
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treatment and exercise training, and the interaction effects between GW0742 and training.
Statistical significance was accepted at p < 0.05. The results are presented as means ±
standard deviations. All data were analyzed using StatView and GraphPad Prism v 5.0
software (San Diego, CA, USA).
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Abstract: It has been more than three decades since peroxisome proliferator-activated receptors
(PPARs) were first discovered. Many investigations have revealed the central regulators of PPARs
in lipid and glucose homeostasis in response to different nutrient conditions. PPARs have attracted
much attention due to their ability to improve metabolic syndromes, and they have also been pro-
posed as classical drug targets for the treatment of hyperlipidemia and type 2 diabetes (T2D) mellitus.
In parallel, adipose tissue is known to play a unique role in the pathogenesis of insulin resistance
and metabolic syndromes due to its ability to “safely” store lipids and secrete cytokines that regulate
whole-body metabolism. Adipose tissue relies on a complex and subtle network of transcription
factors to maintain its normal physiological function, by coordinating various molecular events,
among which PPARs play distinctive and indispensable roles in adipocyte differentiation, lipid
metabolism, adipokine secretion, and insulin sensitivity. In this review, we discuss the characteristics
of PPARs with special emphasis on the roles of the different isotypes in adipocyte biology.

Keywords: adipose tissue; PPAR; browning; lipid metabolism

1. Introduction

Adipose tissue is an essential component of healthy energy homeostasis. Conversely,
adipose tissue dysfunction promotes a pro-inflammatory, hyperlipidemic, and insulin-
resistant environment that contributes to the pathogenesis of T2D and metabolic syn-
dromes [1]. On the other hand, despite their obesity, some individuals appear to have a
healthy metabolism. Moreover, lipodystrophy also contributes to insulin resistance and
metabolic syndromes [2]. These diametrically opposite conditions illustrate the complex
interplay between adipose tissue and metabolic homeostasis.

PPARs are fatty acid-activated nuclear receptors that belong to the subfamily 1 of
the nuclear hormone receptor superfamily of transcription factors, and they have three
subtypes: PPARα (also called NR1C1), PPARβ/δ (also called NR1C2), and PPARγ (also
called NR1C3) [3]. Like other nuclear receptors, PPARs are composed of several distinct
functional domains. PPARs are activated by ligands through the ligand-binding pocket in
the C-terminal ligand-binding domain (LBD), which contains a ligand-dependent transacti-
vation function (AF2), and they bind target genes through a highly conserved DNA-binding
domain (DBD). In addition, the N-terminal domain (NTD, A/B domain) of PPARs contains
a ligand independent activation function (AF1) that can recruit coregulatory proteins to
regulate the expression of target genes. After being activated by endogenous ligands,
PPARs recruit coregulator proteins with chromatin-remodeling capabilities through AF2,
thereby regulating the expression of target genes [4]. The subsequent DNA binding requires
dimerization with retinoid X receptor (RXR), and then the PPAR-RXR heterodimer binds to
a specific DNA response element called the PPAR response element (PPRE), activating the
transactivation of target genes. Meanwhile, conformational changes in PPARs, induced
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by diverse ligand binding, cause differential recruitment of cofactors and changes in the
PPARs’ activity, thereby regulating unique physiological processes [5].

In fact, these three PPAR isoforms have some discrepancies in their functions, tissue
distributions, and ligand sensitivities, in vivo. PPARα, the first rodent PPAR isoform to be
identified and cloned, is expressed predominantly in the tissues that exhibit high capacity
for fatty acid catabolism, such as kidneys, brown adipose tissue (BAT), liver, and skeletal
muscle [6]. In these tissues, PPARα regulates the adaptive response to nutritional changes
by controlling fatty acid metabolism, resulting in energy dissipation. PPARα is activated
by hypolipidemic fibrates, which reduce plasma triglycerides by inhibiting the synthesis of
very-low-density lipoprotein (VLDL) and increasing fatty acid oxidation in the liver [7].
PPARβ/δ was subsequently cloned from mice after the discovery of PPARα [8]. PPARβ/δ
shows a relatively broader expression pattern, which is ubiquitously expressed in the heart,
kidneys, skeletal muscle, fat, skin, and gastrointestinal tract, and it plays a crucial role in
fatty acid and glucose metabolism [9]. PPARγ, the third member of the PPAR family, is most
highly expressed in both white adipose tissue (WAT) and BAT. Due to alternative splicing
and differential promoter usage, PPARγ exists as two isoforms, PPARγ1 and PPARγ2,
with the former lacking the first 30 amino acids at the N-terminus, and it is expressed in a
broad variety of tissues, whereas the latter is highly abundant in adipose tissue. PPARγ
is mainly responsible for regulating adipocyte differentiation and lipid metabolism [10].
Thiazolidinediones (TZDs) are synthetic PPARγ ligands with robust insulin-sensitizing
activities, and they are used in the treatment of type 2 diabetes [5]. Compared with the
other two subtypes, PPARγ seems to play a more important role in the regulation of the
biology of adipose tissue.

In this review, we highlight the roles of three PPAR isoforms in maintaining the
metabolic homeostasis of adipose tissue and discuss the new findings about PPARs in
adipose tissue.

2. Adipose Tissue Classification and Function

Adipose tissue, as a central metabolic organ, is distributed throughout the body
and is composed of individual fat depots with diversity in terms of their embryology,
topology, morphology, function, and gene expression profile. In mammals, WAT and
BAT are the two principal types of adipose tissue. WAT is responsible for the storage
and release of fat, and therefore maintains systemic energy balance and plays a role in
thermal insulation, as well as in protection from mechanical damage. WAT uptakes fats
and carbohydrates from the circulation and converts them into triacylglycerides (TGs) via
lipogenesis. During starvation, TGs are hydrolyzed into free fatty acids (FFAs) and glycerol,
which are released into the circulation to supply substrates for other tissues. On the other
hand, WAT is composed of many different types of cells that secrete a variety of cytokines,
chemokines, and hormones; therefore, WAT is described as an important endocrine organ
in controlling the systemic energy metabolism. Adipocyte dysfunction is due to excessive
lipid load causes alterations in adipokine secretion, tissue inflammation, and ectopic fat
accumulation in other tissues, which subsequently cause peripheral metabolic dysfunctions,
such as insulin resistance and glucose intolerance; this may explain the many adverse
effects of obese states. In addition, according to its location, WAT can be roughly divided
into subcutaneous WAT (sWAT) and visceral WAT (vWAT). Different lipid turnovers
between sWAT and vWAT may cause distinct metabolic changes in obese states [11].
Lipid accumulation in vWAT is associated with insulin resistance and increased risk of
metabolic disease, whereas lipid accumulation in sWAT may even be protective against
metabolic syndromes, explaining why some people are metabolically healthy in spite of
their obesity [2].

Unlike white adipocytes, which contain a large unilocular lipid droplet that fills the
cytoplasm, brown adipocytes contain multilocular lipid droplets and large numbers of
mitochondria for the dissipation of energy via uncoupled mitochondrial respiration. In
humans, BAT can be estimated in the cervical, axillary, and paraspinal regions by using
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PET/CT with 2-deoxy-2-[18F] fluoroglucose [12]. BAT plays an active role in thermoreg-
ulation by converting chemical energy into heat. Cold-induced norepinephrine release
stimulates lipolysis and β-oxidation in BAT. Thermogenesis is regulated by uncoupling
protein 1 (UCP1), which is localized on the inner membrane of mitochondria and uncou-
ples mitochondrial respiration from ATP synthesis. In brief, BAT is a metabolically active
tissue that can clear circulating glucose and lipids; therefore, increased BAT activity is
associated with several metabolic benefits, such as increased weight loss and improved
glucose metabolism and insulin sensitivity.

In rodents, prolonged cold exposure leads not only to the recruitment of brown fat,
but also to the appearance of white adipocytes with multilocular fat droplets and UCP1
expression, which is called “browning” [13]. These brown-like adipocytes are termed
beige/brite adipocytes—the third classification of adipose tissue—and appear within
classical WAT. Although beige/brite adipocytes share characteristics of brown adipocytes
and express most brown-adipocyte-specific genes, such as UCP1, cell-death-inducing DNA
fragmentation factor alpha subunit-like effector A (Cidea), and peroxisome proliferative
activated receptor gamma coactivator 1 alpha (PGC1α), beige/brite adipocytes appear
to develop from distinct populations of embryonic precursors and have distinct gene
expression signatures [14].

3. PPARγ

PPARγ was first described as a factor induced during adipocyte differentiation, and
was subsequently identified as a master regulator of adipocyte differentiation as early
as 1994. These early studies indicate that PPARγ is induced and involved in adipogen-
esis [15,16]. In vivo studies showed that, due to placental defects, embryonic death was
caused in whole-body PPARγ knockout mice. In addition, the mice that were chimeric
for wild-type and PPARγ-null cells showed little or no contribution from null cells to the
development of adipose tissue [17,18]. Tissue-specific gene knockout, mediated by the
Cre/loxP strategy, permitted further investigation. Both adipocyte protein 2 promoter-
driven Cre (aP2-Cre) and adiponectin-driven Cre (Adipoq–Cre) mouse lines were used to
probe into the adipose-specific functions of PPARγ [19,20]. In these models of knockout
mice, adipose tissue-specific loss of PPARγ led to critical atrophy of adipose tissue and
was accompanied by significant impairment of adipokine secretion. Mechanically, the
activation of the transcription factor CCAAT/enhancer binding protein (C/EBP) is one of
the most important downstream effects of PPARγ during adipocyte differentiation [21].
Adipogenic transcriptional cooperation between PPARγ and C/EBP is essential in order
to fully activate the programming of mature adipocytes. More than 90% of the DNA
binding sites of PPARγ are also bound by C/EBP, and PPARγ relies on the induction of
proteins of the C/EBP family for the complete activation of the gene transcription that
is expressed in mature adipocytes (Figure 1) [22,23]. Moreover, the contributions of two
PPARγ isoforms—PPARγ1 and PPARγ2—in adipogenesis are obviously different in vitro.
Because the regulatory function of PPARγ2 in adipogenesis cannot be achieved by PPARγ1
in the absence of an exogenous ligand, PPARγ2 is considered the more adipogenic isoform
of PPARγ [24]. In fact, the PPARγ1 isoform is sufficient for supporting development of
adipose tissue and the fat deposition requirements of a lean mouse model, but the ex-
pandability of adipose tissue mainly relies on the PPARγ2 isoform under energy-excess
conditions [25]. Once sufficient adipocytes are formed, mature adipocytes—along with
infiltrated immune cells—secrete IL-6 and other cytokines, which, by inducing AT-rich
interactive domain 5A (Arid5a), further limit the differentiation of adipocytes. Arid5a binds
to the PPARγ2 promoter and prevents the activation of PPARγ2. Collectively, the feedback
regulation of Arid5a and PPARγ2 maintains the homeostasis of adipose tissue. To effective
adipogenesis, inhibition of Arid5a is accomplished by PPARγ2. In contrast, to limit excess
adipogenesis, a check of PPARγ2 is accomplished by Arid5a [26]. In addition to its role in
adipose tissue development and total storage capacity, PPARγ2 has also been identified
as a crucial regulator of the lipid storage rate in adipose tissue. Mice that lack PPARγ2
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cope when fat storage demands are low, but acute overfeeding overwhelms the adipose
tissue, and lipids are redirected to the muscle, causing insulin resistance [27]. As already
mentioned, PPARγ is essential for adipogenesis, and other adipogenic factors must act (at
least in part) by activating the expression or activity of PPARγ (no transcriptional regulator
that promotes adipocyte differentiation in the absence of PPARγ has been discovered).

Figure 1. Control of white adipocyte differentiation by PPARγ. Cooperation between PPARγ and
C/EBP is essential in order to fully activate the programming of mature adipocytes. Abbrevia-
tions: PPARγ, peroxisome proliferator-activated receptor γ; RXR, retinoid X receptor; C/EBPs,
CCAAT/enhancer binding proteins. Figure was created using SMART–Servier Medical Art
(https://smart.servier.com, the last accessed date is 29 July 2021).

The discovery of PPARγ mutants in human subjects also supports the important role
of PPARγ in adipose tissue development [28]. In general, most of the above subjects with
PPARγ mutations suffered from partial lipodystrophy, insulin resistance, and dyslipidemia.
Significantly, the subcutaneous fat of limbs and the gluteal region was preferentially lost,
while the visceral abdominal fat tissue was relatively preserved. In turn, treatment with
PPARγ agonists in humans also resulted in redistribution of WAT [29]. In summary, PPARγ
also plays a role in determining WAT distribution.

In addition to its critical role in adipogenesis, PPARγ is also indispensable for the
state of mature adipocytes. Using the tamoxifen-dependent Cre-ERT2 recombination sys-
tem, PPARγ was selectively ablated in adipocytes of adult mice, which resulted in the
death of PPARγ-ablated adipocytes and formation of newly PPARγ-positive differenti-
ated adipocytes within a few days [30]. Due to the compensatory effect, the remaining
adipocytes were hypertrophic and more susceptible to apoptosis, which further gave rise to
the presence of inflammation (such as macrophage infiltration and fibrosis) in the adipose
tissue [31]. In white adipocytes, PPARγ plays a role in energy storage and adiposity. Both
supraphysiological activation of PPARγ by thiazolidinediones (TZDs) and heterozygous
PPARγ deficiency prevent adipocyte hypertrophy, but via different mechanisms. TZDs
induce adipocyte differentiation and apoptosis, thereby increasing the number of small
adipocytes, whereas the reduction of PPARγ decreases lipogenesis and promotes leptin
expression in WAT [32]. On the other hand, the loss of the differentiated cell state caused
by cell plasticity can result in the inability of the tissue to perform its functions. PPARγ
blocks TGF-β signal transduction, thereby inhibiting the loss of adipocyte status [33].

White adipose tissue, as an important energy storage organ, strongly responds changes
in nutritional signals and dynamically regulates fat storage; unsurprisingly, PPARγ also
contributes to this physiological process. In adipose tissue, PPARγ expression is down-
regulated by fasting and insulin-deficient diabetes but induced by exposure to a high-fat
diet and insulin [34,35]. The activation of PPARγ in adipocytes promotes the expression
of the genes involved in the release of FFA from lipoproteins, FFA uptake, intracellular
FFA transport, FFA activation, and FFA esterification [36]. Specifically, adipocytes’ lipid
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uptake and transport are partially regulated by lipoprotein lipase (LPL), differentiation
cluster 36 (CD36), and adipocyte protein 2 (Ap2), all of which are upregulated by the
response of PPARγ to TZDs treatment [37]. With the uptake of FFAs by adipocytes, PPARγ
upregulates phosphoenolpyruvate carboxykinase (PEPCK), which provides a skeleton
for the esterification of FFA, promotes the formation of intracellular lipid vesicles, and
protects against FFA-induced lipotoxicity [38]. Furthermore, PPARγ promotes efficient
storage of triglycerides in unilocular lipid droplets by regulating several lipid-droplet-
associated proteins [39]. The results of the ChIP-seq experiments on the differentiated
3T3-L1 adipocytes showed that PPARγ-binding sites were found on the promoters of Plin1,
Plin2, Plin4, Plin5, Abhd5, Pnpla2, G0s2, Cidea, and Cidec [40]. Under conditions of nutri-
tional deficiency, PPARγ, as a fatty acid sensor, also activates lipolysis and releases FFA
in order to provide maintain the balance of energy metabolism. It has been reported that
the activation of PPARγ with rosiglitazone stimulates lipolysis and increases expression of
adipose triglyceride lipase (ATGL) and monoacylglycerol lipase (MGL) in rat subcutaneous
and visceral WAT [41]. Adipose tissue lipolysis is also stimulated by natriuretic peptides
(NPs), which play a key role in maintaining blood pressure and fluid volume. Under
overnutrition conditions, PPARγ upregulates high-fat diet (HFD)-dependent NP receptor
C (Nprc) expression in adipocytes through long-range distal transcriptional regulation,
and thereby attenuates adipocyte NP signaling in obesity [42]. Mitochondrial activity plays
an important role in the health and function of adipose tissue. PPARγ induces E3 ubiquitin
ligase membrane-associated RING-CH-type finger 5 (March5), which is known as an outer
mitochondrial membrane protein, to regulate mitochondrial morphology and dynamics
in adipocytes by controlling mitochondrial fusion. The inhibition of PPARγ expression in
hypertrophic adipocytes has been observed during obesity, which may explain the decrease
in mitochondrial gene expression, including that of March5 [43].

In addition to regulating lipid metabolism in WAT, PPARγ also influences the produc-
tion of various signal molecules (adipokines) in white adipocytes, including adiponectin,
FGF21,TNF-α, MCP-1, and resistin [44]. Adiponectin, an important adipokine, plays
a cardinal role in improving obesity and metabolic diseases, and it is induced during
adipocyte differentiation. PPARγ is the main regulator of adiponectin expression and
processing [45]. Recent studies showed that PPARγ promotes the transport of vesicles
containing adiponectin by activating reptin, which has both ATPase and DNA helicase activ-
ities. Then, upregulated transport accelerates polymerization and secretion of adiponectin,
which facilitate pre-adipocyte differentiation [46]. Leptin is an adipocyte hormone that
controls the mass and function of adipose tissue. By using the assay for transposase-
accessible chromatin with high throughput (ATAC-seq), the functional requirement of the
PPARγ-RXRα complex for the quantitative transcriptional regulation of leptin by binding
to leptin regulatory element 1 (LepRE1) was confirmed. This underappreciated role of the
PPARγ-RXRα complex is responsible for the quantitative control of leptin expression but
does not affect its fat-specific expression [47].

Although PPARγ has been widely studied in the differentiation of WAT, it is also
indispensable for the development and function of BAT. Compared with WAT, PPARγ
has higher expression in both adult and embryonic BAT [48]. It was observed that PPARγ
expression was already high in undifferentiated brown pre-adipocytes in vitro, and it
increased further during differentiation [49,50]. Furthermore, PPARγ agonists drive BAT
formation, both in vivo and in vitro [51,52]. Certainly, PPARγ is a mediator in the process
of recruitment of BAT, whether by itself or in combination with other factors [53]. However,
unlike in the case of WAT, C/EBPα is not a necessary factor for the gene expression of
PPARγ during brown adipocyte differentiation [54]. For brown adipocytes to acquire
their identity and thermogenic capacity, PPARγ recruits PR (PRD1-BF1-RIZ1 homologous)
domain containing 16 (PRDM16), histone-lysine N-methyltransferase (EHMT1), and early
B-cell factor (EBF2) to form a transcription complex that coordinates the transcriptional
circuits toward the brown lineage. PPARγ and PRDM16 form the core part of the tran-
scription complex, and the other two factors, EHMT1 and EBF2, are incorporated into
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the PPARγ-PRDM16 complex and advance its function in brown adipocytes. In detail,
EHMT1, a unique methyltransferase that is specifically purified with PRDM16 by using a
mass spectrum, induces the inhibitory H3K9me2 and H3K9me3 at promoter regions of the
PRDM16-resident gene, which promotes precursors toward mature brown adipocytes [55].
In the same light, PPARγ recruits EBF2 to its brown-selective binding site and activates the
expression of related genes, such as UCP1 [56].

Following the formation of BAT, the PPARγ-PRDM16 complex recruits a different
set of cofactors in order to maintain the function of brown fat in adaptive thermogenesis
and energy balance, among which PGC1α plays a central role. In brown adipocytes,
PGC1α at least partially coactivates PPARγ to promote the expression of genes related to
mitogenesis and thermogenesis, including Cidea, Elovl3 and Ucp1 [57]. Indeed, the PPARγ-
PRDM16-PGC1α thermogenic transcription complex fine-tunes the thermogenesis and
energy homeostasis by recruiting other cofactors, or it undergoes multiple modifications.

The thermogenic capacity of brown adipose tissue is directly related to intracellular
triglyceride storage. The hydrolysis of triglyceride provides the FFA needed for allosteric
activation of UCP1, as well as for mitochondrial oxidation, which releases energy in the
form of heat during thermogenesis. Interestingly, triglyceride synthesis in BAT is also sig-
nificantly increased upon cold exposure [58]. Like cold exposure, pharmacological PPARγ
activation significantly accelerates triglyceride synthesis, promotes hypertrophy in brown
adipocytes (Figure 2), and increases BAT mass. This process is associated with upregulated
absorption of fatty acids from circulating triacylglycerol via lipoprotein lipase (LPL), in-
creased generation of glycerol 3-phosphate via glyceroneogenesis and glycerokinase (GK),
and elevated esterification of fatty acids via glycerol-3-phosphate acyltransferase (GPA)
and diacylglycerol acyltransferase (DGAT), which catalyze the first and last acylation of
glycerol-3-phosphate, respectively [59–61]. On the other hand, pharmacological PPARγ
activation also upregulates lipolytic genes, such as ATGL and its partner, abhydrolase
domain containing 5 (Abdh5), and MGL [62]. However, the release of lipolysis-derived FFA
is counteracted by its intracellular recycling and re-esterification back to TAG (Figure 2).
Therefore, these higher lipase levels are not translated into higher functional lipolytic rates
due to the impairment of sympathetic activity and thyroid status in this condition [63].
In addition to fatty acids, glucose is another important metabolic substrate in supporting
BAT thermogenesis, which is explained by the large amount of glucose stored in brown
adipocytes in the form of glycogen and the significant increase in glucose uptake caused
by sympathetic nerve-mediated thermogenic activation [64]. Unlike cold exposure, phar-
macological PPARγ activation dramatically reduces glucose uptake and glycogen contents,
which is explained by the impairment of sympathetic activity [65]. Overall, pharmacolog-
ical PPARγ activation seems to hamper the thermogenetic ability of BAT through other
systemic alterations. Another option is that PPARγ is needed for β-adrenergic signaling-
mediated induction of brown adipocytes, and GK is, at least in part, required for mediating
PPARγ function in BAT [66]. Furthermore, it was reported that pharmacological PPARγ
activation enhanced the ability of normal mice to defend against cold-induced hypothermia
by switching the fuel preference of BAT from carbohydrates to lipids under cold condi-
tions [67]. Further investigation is required in order to elucidate the mechanism of this
shift.

BAT contains large numbers of mitochondria and oxidases, which are used to oxidize
fatty acids and glucose in order to dissipate energy. In vivo studies showed that the
activation of PPARγ by rosiglitazone was not related to the number of BAT mitochondria
or the expression of PGC1α [62]. In addition, rosiglitazone did not affect the expression
of PGC1α in brown adipocytes that were cultured in vitro but increased the number of
mitochondria and the expression of carnitine palmitoyl transferase 1 (CPT1) [52]. However,
this change increases oxygen consumption only in the presence of norepinephrine. In
the other words, PPARγ cannot enhance mitochondrial function in brown adipocytes
independently of the activation of the sympathetic nervous system. Interestingly, the
truncated form of PPARγ2 (52 kDa), but not the full-length PPARγ2, is highly enriched in
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brown adipocyte mitochondria, and it regulates mtDNA-encoded ETC gene expression [68].
This unexpected regulation may provide an additional level of control for mitochondrial
respiration in brown adipocytes.

Figure 2. Control of glucose and lipid metabolism by PPAR in brown or beige/brite adipose tissue. Enzymes in red are
activated by PPAR. The enzyme in blue remains unchanged. Abbreviations: VLDL, very-low-density lipoprotein; LPL,
lipoprotein lipase; FFAs, free fatty acids; CD36, differentiation cluster 36; GPA, glycerol-3-phosphate acyltransferase; DGAT,
diacylglycerol acyltransferase; GLUT, glucose transporters; GK, glycerokinase; LD, lipid droplet; ATGL, adipose triglyceride
lipase; ABDH5, abhydrolase domain containing 5; UCP1, uncoupling protein 1. Figure was created using SMART–Servier
Medical Art (https://smart.servier.com, the last accessed date is 29 July 2021).

The brown-like cells that are recruited through cold exposure and that arise from
progenitors expressing TMEM26 and CD137 on the cell surface are referred to as beige
adipocytes [69]. The activation of PPARγ by synthetic agonists induces brown fat-gene
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transcription in white adipocytes, both in vivo and in vitro, and these brown-like cells are
referred to as brite adipocytes [70]. The significant morphological differences between brite
adipocytes and beige adipocytes have been observed—the former are paucilocular, while
the latter are multilocular [71]. PPARγ full agonists, such as classical TZDs, induce a brown
fat phenotype in subcutaneous WAT. On the other hand, PPARγ ligands with weak or
partial agonism, such as MRL24, nTZDpa, Mbx-102, and BVT.13, exhibit little or no brown-
ing effects [72]. Specifically, chronic treatment of TZDs induces activation of the PGC-1α
expression [73] and stimulates a powerful stabilization of the PRDM16 Protein [72]. In vitro,
brown adipocyte-like cells, which have numerous mitochondria and the presence of UCP1
protein, emerge in TZDs-treated white adipocyte cultures [70]. These cells have increased
expression of not only PGC1α and UCP1, but also other brown adipocyte-specific genes,
such as carnitine palmitoyltransferase 1b (CPT1B), ELOVL fatty acid elongase 3 (Elovl3),
and Cidea [70]. Li and colleagues further demonstrate that PPARγ-induced WAT browning
is mediated by SIRT1, PRDM16, C/EBPα and PGC1α. The transcriptional program of BAT
is triggered via an SIRT1–PPARγ–PRDM16 cascade, in which PPARγ is deacetylated by
SIRT1 on K268 and K293 and then recruits PRDM16 to increase the expression of BAT genes
such as Ucp1 and Cidea [74]. Moreover, the CDK inhibitor prevents S273 phosphorylation of
PPARγ and promotes the formation of brite adipocytes in WAT [71]. In human adipocytes,
kruppel-like factor 11 (KLF11) is directly induced by PPARγ and appears to cooperate
with PPARγ in a feed-forward manner to activate and maintain the brite-selective gene
program during long-term exposure to rosiglitazone [75]. In addition to the induction of
BAT genes, the browning process also involves the repression of WAT genes. The muta-
tion of critical amino acids within helix 7 of the PPARγ LBD suppresses TZD-mediated
inhibition of WAT genes, including resistin and angiotensinogen [76]. On the molecular
level, the repression of the WAT genes involves recruitment of two members of the carboxy-
terminal binding protein family, CtBP1 and CtBP2, which, directed by C/EBPα, to the
minimal promoter of the corresponding genes in response to the treatment of TZDs [76].
Therefore, PPARγ depends on its post-translational modifications and cofactor recruitment
profiles in order to modulate its ability that activating the distinct genes subsets. However,
TZD-induced browning is not associated with increased energy expenditure or weight
loss in vivo, although UCP1-mediated uncoupled respiration is enhanced in adipocytes.
Hence, it is important to uncouple TZDs’ benefits from their adverse effects. Further
research showed that the constitutively deacetylated PPARγ (K268R/K293R) mutant mice
resisted HFD-induced obesity by increasing brown remodeling in WAT, and they main-
tained the insulin-sensitizing response to TZD while displaying few adverse effects on fat
deposition [77]. Thus, PPARγ deacetylation may dissociate the metabolic benefits of the
PPARγ agonist from its adverse effects. Interestingly, the ablation of PPARγ in the sWAT
of 12-month-old mice revealed PPARγ preferential regulation of brown fat gene expression
for the maintenance of browning programs during aging [78].

4. PPARα

Unlike PPARγ, PPARα is mainly expressed in the liver, and the expression level
of PPARα is low in both human and rodent WAT [79]. However, expression of PPARα
in human subcutaneous and omental adipose tissue has been reported to be negatively
correlated with body mass index (BMI) [80]. PPARα expression is also decreased in the
WAT of mice with genetically or HFD-induced obesity, and PPARα agonists can reduce
adiposity and improve insulin resistance in such obese mouse models by stimulating
both differentiation and fatty acid oxidation in adipocytes [81]. Similarly, the activation
of PPARα by GW7647 also stimulates differentiation and fatty acid oxidation in human
adipocytes [82]. In terms of adipogenesis, the effect of PPARα seems to be partially shared
with PPARγ. On the other hand, PPARα may promote a futile cycle of lipolysis and
fatty acid re-esterification through the induction of GK in human white adipocytes [83].
Other studies further clarified the capacity of PPARα to promote lipolysis through several
mechanisms in white adipocytes. Firstly, PPARα activation increases the expression of
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ATGL and HSL, which catalyze the first two important steps of lipolysis [84]. Secondly,
PPARα agonists increase Ap2a2 expression, which facilitates the efficient endocytosis
of β-adrenergic receptors (β-ARs) and thereby allows the avoidance of desensitization
and internalization of β-ARs caused by prolonged exposure to agonists [85]. Moreover,
the activation of PPARα by Wy14,643 upregulates the gene expression of adiponectin
receptors (Adipor1 and Adipor2) in the WAT of obese diabetic KKAγ mice [86]. In addition,
PPARα has been shown to have a potent anti-inflammatory effect in white adipocytes,
by inhibiting CD40 expression via upregulation of SIRT1 expression through the AMPK
pathway in TNFα-treated 3T3-L1 cells [87]. All of these actions of PPARα in the WAT
can enhance energy consumption and improve adipocyte hypertrophy, as well as obesity-
induced insulin resistance. In addition, other studies showed that PPARα has a key
role in regulating the crosstalk between the ER and mitochondria. In response to an
adiponectin signal, PPARα binds to the activating transcription factor-2 (ATF2) promoter
region, resulting in the inhibition of ATF2 transcription, thereby alleviating ER stress and
apoptosis in adipocytes [88].

As PPARα is the key regulator of cellular fatty acid uptake and oxidation (Figure 2), it
is not surprising that PPARα is highly expressed in BAT. PPARα-deficient mice, despite hav-
ing a normal BAT morphology, exhibited a thermogenesis-associated disorder in response
to cold exposure. [89] Furthermore, compared with PPARα-deficient mice, liver-specific
PPARα-null mice had more severe hypothermia after 24h-fasting, indicating that extra-
hepatic PPARα is necessary for maintaining whole-body temperature [90]. The possible
explanation includes, but is not limited to, the role of PPARα in BAT. PPARα is activated
by endogenous ligands that are derived from cold-induced lipolysis, and it upregulates the
fatty acid oxidation and thermogenic genes through a cooperative mechanism with PGC1α.
This regulation is initiated by the positive feedback loop of PPARα-induced PGC1α ex-
pression. In addition, PPARα regulates the expression of PRDM16, which binds to the
PPARα-binding site of the PGC1α gene promoter and enhances PGC1α expression [91].
The energy source used for ATP production or thermogenesis is mainly supplied by glucose
or fatty acids in BAT. Pyruvate dehydrogenases (PDH) and pyruvate dehydrogenase ki-
nases (PDK) play a key role in the process of supplying energy from glucose. The activated
PPARα competes with hepatocyte nuclear factor 4 alpha (HNF4α), a positive regulator,
to bind the PDHβ promoter region, thereby suppressing PDHβ expression during cold
exposure [92]. This finding agrees with the above-mentioned switching of fuel preference in
BAT under cold conditions. Moreover, PPARα activation resulted in a reversal of whitening,
with the favored thermogenesis being sustained by enhanced β3-adrenergic stimulation,
lipolysis, and β-oxidation in BAT of the mice with HFD-induced obesity [93]. However,
recent studies have suggested that PPARα is dispensable in thermogenesis. Even though
PPARα agonists enhance the function of BAT, PPARα depletion in BAT did not affect the
expression of classic BAT markers (such as Ucp1, Cidea and Cox7a1) [66]. In addition, WT
and PPARα-null mice had no differences in BAT function during CL316,243 (β3-adrenergic
agonist) treatment [94]. Furthermore, another study confirmed that the redundancy of
PPARα with PPARγ is because PPARα binds to a subset of PPARγ sites [95].

Indeed, in vitro PPARα activation in human white adipocytes induces the expression
of brown adipocyte-selective genes, such as PGC1α, PRDM16, UCP1 and DIO2 [91]. In
addition, the activation of PPARα by chronic fenofibrate administration increases the gene
expression of PGC1α and irisin, and it yields UCP-1-positive beige cells in the sWAT
of the mice with HFD-induced obesity [96]. Furthermore, PPARα-null mice displayed
a disrupted induction of thermogenic and brite markers in the inguinal WAT upon β3-
adrenergic agonist treatment, which was associated with lower PDK4 expression [94].
Taken together, these data indicate that PPARα activation can promote the browning of
WAT. Surprisingly, recent research showed that PPARα, despite its marked upregulation
by cold in inguinal WAT, is completely dispensable for cold-induced browning in mice
because cold-induced changes in gene expression in inguinal WAT are fully maintained in
the absence of PPARα [97]. The reason why PPARα is induced by cold exposure, if it is not
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involved in regulating gene expression in inguinal WAT, remains unknown. The possible
explanation is that PPARα activation is a sufficient and unnecessary condition during WAT
browning.

5. PPARβ/δ

Similar to PPARγ, the expression of PPARβ/δ is also upregulated during adipocyte dif-
ferentiation, and the difference is that PPARγ is expressed at the late stage of differentiation
whereas PPARβ/δ is expressed in the initial stage of differentiation [98]. In vitro, PPARβ/δ
promotes preadipocyte differentiation by inducing the expression of adipogenesis-related
genes, such as PPARγ and fatty acid transporter (FAT) [99]. Another study showed that
PPARβ/δ plays an important role in the proliferation of adipocyte precursor cells, and
it has only a minor impact on terminal adipocyte differentiation [100]. This finding is
consistent with the observation that PPARβ/δ knockout mice had impaired gonadal adi-
pose stores [101]. On the other hand, the activation of PPARβ/δ promotes fatty acid
oxidation and energy uncoupling in vivo and in vitro [102]. Moreover, PPARβ/δ prevents
angiotensin-II-induced adipocyte hypertrophy and stimulates adipocyte remodeling with
smaller adipocytes, while decreasing inflammation and increasing adiponectin secretion
via the activation of haem oxygenase-1 (HO-1) expression and the Wnt-canonical path-
way [103]. The activation of PPARβ/δ by GW501516 arrested IL-6–dependent reduction
in insulin-stimulated Akt phosphorylation and glucose uptake by inhibiting ERK1/2 and
inhibiting the activation of the signal transducer and activator of transcription-3 (STAT3)
and the upregulation of the suppressor of cytokine signaling 3 (SOCS3) [104]. Otherwise,
in adipose tissue-resident macrophages, PPARβ/δ is upregulated by IL-13 to control the
polarization of macrophages toward alternative activation, thereby improving insulin
sensitivity [105]. Furthermore, PPARβ/δ ablation impairs macrophage M2 polarization,
which, in turn, causes inflammation and results in the stimulation of lipolysis and insulin
resistance in adipocytes.

In BAT, PPARβ/δ activation induces the expression of genes related to fatty acid oxi-
dation and thermogenesis (Figure 2) [102]. Furthermore, BAT-specific PPARβ/δ knockout
mice are compromised with respect to maintaining body temperature during cold expo-
sure, because PGC1α no longer binds to the UCP1 promoter in the absence of PPARβ/δ.
Interestingly, PPARβ/δ not only mediates the actions of PGC1α, but also regulates the
expression of twist family BHLH transcription factor 1 (twist-1), which inhibits histone
H3 acetylation on the promoters of PGC1α target genes, suggesting a negative-feedback
regulatory mechanism [106].

As a nutritional signal sensor, PPARβ/δ has been described as a candidate for the
induction of adiposal browning [102]. However, in mice with HFD-induced obesity, phar-
macological PPARβ/δ activation tackles glucose intolerance and reduces adipocyte size,
but not positive UCP1 beige adipocytes were not shown in the sWAT, which may have
been because of the enhanced Cidea gene expression, which inhibited the activity of UCP1
by forming a complex [107]. On the other hand, a recent study showed that PPARβ/δ
mediates leptin-induced FGF21 expression in the crosstalk of brain–visceral adipose tissue,
therefore contributing to the white-to-beige cell transition in WAT via autocrine/paracrine
mechanisms [108].

6. Conclusions

Numerous studies support the crucial role of PPARs in maintaining metabolic home-
ostasis in adipose tissue (Figure 3). PPARγ plays a key role in adipocyte differentiation, and
lipid storage, PPARα and PPARβ/δ are primarily involved in adaptive thermogenesis and
lipid utilization in adipose tissue. Selective and potent PPARα or PPARγ agonists enhance
the activity of BAT and induce the “browning “of WAT (Figure 2). However, over the last
decades, market withdrawal and the failure of drug development programs have made
people doubt the clinical value of compounds with PPAR-activation functions. Meanwhile,
the PPARγ agonist rosiglitazone and dual PPAR agonists displayed ineluctable adverse
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effects that led to restricted use or halted development. Nevertheless, most of these side
effects were either caused by nonspecific and off-target effects of the drugs or excessive
PPARγ activation. With the development of targeted therapy, PPAR targeted therapy will
regain its brilliance.

Figure 3. (A) Effects of physiologic and pharmacologic PPAR activation on white and brown adipocyte biology. (B)
Physiologic and pharmacologic PPAR activation promote the “browning” of WAT. Figure was created using SMART–Servier
Medical Art (https://smart.servier.com, the last accessed date is 29 July 2021).

At present, significant advances have been made in understanding the sophistication
of the function of adipose tissue and the role of adipose tissue in controlling systemic
energy balance. Obviously, targeting adipose tissue is an effective strategy for the treat-
ment of obesity, insulin resistance, T2D, and another metabolic syndromes. In adipose
tissue, PPARs represent how various metabolic signaling networks converge into a single
nuclear factor, and the transcriptional activity of PPARs is controlled by multiple regulative
layers of alternative splicing, post-translational modification, and coactivator/suppressor
interaction, thereby resulting in its time- and tissue-specific responses. The study of al-
ternative splicing and post-translational modification of PPARs in adipose tissue under
diverse physiological and pathological conditions still needs further research. Altogether,
we are convinced that the targeting of adipose PPARs in metabolic disorders remains a
valuable and promising approach, with a future ahead of it.
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Abstract: Carbohydrates and lipids are two components of the diet that provide the necessary
energy to carry out various physiological processes to help maintain homeostasis in the body.
However, when the metabolism of both biomolecules is altered, development of various liver
diseases takes place; such as metabolic-associated fatty liver diseases (MAFLD), hepatitis B and C
virus infections, alcoholic liver disease (ALD), and in more severe cases, hepatocelular carcinoma
(HCC). On the other hand, PPARs are a family of ligand-dependent transcription factors with an
important role in the regulation of metabolic processes to hepatic level as well as in other organs.
After interaction with specific ligands, PPARs are translocated to the nucleus, undergoing structural
changes to regulate gene transcription involved in lipid metabolism, adipogenesis, inflammation
and metabolic homeostasis. This review aims to provide updated data about PPARs’ critical role
in liver metabolic regulation, and their involvement triggering the genesis of several liver diseases.
Information is provided about their molecular characteristics, cell signal pathways, and the main
pharmacological therapies that modulate their function, currently engaged in the clinic scenario, or
in pharmacological development.

Keywords: metabolic alterations; hepatic damage; nuclear factors; pharmacological targets

1. Introduction

The liver is the main organ responsible for biochemical metabolism in the human
body, compounds absorbed by the intestine such as nutrients or drugs, first pass through
the liver, where they are processed into simpler products, maintaining and regulating
their levels in the bloodstream [1]. Carbohydrates and lipids are two components of the
diet that are metabolized by the liver to generate the necessary energy, leading to several
physiological processes that help maintain body homeostasis [2]. However, a dysfunction
in hepatic metabolism can result in the genesis of several hepatic diseases such as_MAFLD,
ALD, fibrosis/cirrhosis, viral hepatitis by hepatitis B (HBV) or hepatitis C(HCV) infection,
or in some cases HCC [2,3].

Peroxisome proliferator-activated receptors (PPARs) are a family of ligand-dependent
transcription factors that regulate essential metabolic processes in the liver and other organs
where they are activated by endogenous ligands such as fatty acids and similar compounds.
Three isoforms of PPARs are known: PPARα, PPARβ/δ, and PPARγ, all of them with
different distribution, affinity and specificity for their agonists, and the ability to modulate
lipid metabolism and energy homeostasis in mammals [4]. All the changes that occur
during liver injury alter metabolic functionality, aggravate liver damage, and make PPARs
important therapeutic targets for the treatment of these diseases [5].
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2. Overviews of PPARs α, β/δ and γ

As we previously mentioned, PPARs are transcription factors of nuclear hormone
receptor, a family composed by three subtypes: PPARα, PPARβ/δ, and PPARγ; each
encoded by a different gene located in different chromosomes and characterized by different
distribution patterns and specific ligands [6–8]. In this section, we describe the molecular
characteristics and functions of each subtype.

2.1. Structure and Molecular Characteristics

Structurally, PPARs are similar to steroid and thyroid hormone receptors, and they can
be stimulated by small lipophilic ligands [9]. In general, the three-dimensional structure
of PPARs consists of a canonical domain that is shared with other nuclear receptors,
including the amino-terminal AF-1 trans activation domain (A/B domain); a DNA-binding
domain (DBD or C domain) in their N-terminus containing two highly conserved zinc
finger motifs with globular structure; and a dimerization and ligand-binding domain
(LBD or E/F domain) with a ligand-dependent transactivation function AF-2 (promotes
the recruitment of co-activators) at the carboxy-terminal region, which is responsible for
ligand specificity and PPAR activation binding to the peroxisome proliferator response
elements (PPRE) [7–11] (Figure 1A). The LBD is characterized by its size, which is larger
than other nuclear receptors; this feature allows a wide range of unsaturated fatty acids to
bind [7,10,12]. In addition, PPARs contain a hinge region functioning as a docking site for
cofactors (D domain) [8,11]. PPARs’ subtype structures are illustrated in Figure 1B.
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2.2. Mechanisms of Action 

Figure 1. Representation of PPARs’ structure and their molecular function. (A) The universal
structure of PPARs is represented by AF-1, DBD, HD and LBD domains. The active form of PPARs
is heterodimerizing with RXR in conjunction with ligands, co-activators and co-repressors that
modulate their function. (B) PPARs’ subtypes representations. (C) Transcription of PPARs target
genes start upon the union of PPAR-RXR and the ligands and co-activators into PPRE sequences.

2.2. Mechanisms of Action

After interaction with the specific ligands, PPARs are translocated to the nucleus, and
heterodimerizes with another nuclear receptor; the retinoid X receptor (RXR), which binds
to PPAR through two zinc fingers in the DBD, specifically PPREs present in the vicinity
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of PPAR-responsive genes promoters, subsequently altering co-activator/co-repressor
dynamics to modulate transcription [7,8,10]. PPREs generally have a direct repeat of
hexanucleotide core recognition elements (5′AGGTCA-3′) spaced by one or two bp [11].
In addition, the hexanucleotide core has an extension 5′-AACT that provides polarity for
heterodimer binding with RXR [12]. Once activated, the heterodimer PPARs/RXR recruit
different nuclear receptor co-factors and gene transcription initiates [11] (Figure 1C). In
addition, PPAR co-activators are cAMP response element-binding protein, steroid receptor
coactivator-1, and the PPARγ coactivator 1α. In addition, co-repressors comprise the
nuclear receptor co-repressor, and silence the mediator of the retinoid and thyroid hormone
receptor [8,11].

The activation of PPARα and PPARβ/δ mostly facilitates energy combustion and
the activation of PPARγ contributes to energy storage [10]. Table 1 summaries the main
characteristics of each PPAR subtype.

Table 1. Main characteristics of PPAR subtypes.

PPAR Subtype PPARα PPAR β/δ PPARγ

Gene location Human chromosome 22q12.2–13.1 Human chromosome
6p21.1–21.2

Human chromosome
3p25

Isoforms None None PPARγ1, PPARγ2, PPARγ3

Tissue distribution

Liver, heart, skeletal muscle
(tissues with high fatty acid

oxidation rates); brown adipose
tissue, kidney, adrenal gland.

Liver, kidney, skeletal and
cardiac muscle, adipose tissue,

brain, colon, vasculature,
esophagus, gut. Ubiquitous.

Mainly in adipose tissue
(white and brown). Other
tissues such as liver, gut,

kidney, retina, immunologic
system, muscles, spleen,

urinary bladder, heart, lung,
brain, vasculature.

Endogenous Ligands

Unsaturated and saturated fatty
acids and their derivatives

(8-S-hydroxyeicosatetraenoic acid,
arachidonic acid lipoxygenase
metabolite LTB4, arachidonate

monooxygenase metabolite
epoxyeicosatrienoic acids),

leukotriene derivatives, VLDL
hydrolysis products.

Unsaturated fatty acids,
arachidonic acid

cyclooxygenase metabolite
prostacyclin, the linoleic acid

15-lipoxygenase-1 product
13-S-hydroxyoctadecadienoic

acid, carbaprostacyclin,
components of VLDL.

Polyunsaturated fatty acids,
prostanoids (15-deoxy-∆12,

14-prostaglandin J2
(15-dPGJ2)),

13-hydroxyeicosatetraenoic
acid, components of oxidized

LDL, eicosanoids, oxidized
alkyl phospholipids.

Functions

Major regulator
of the mitochondrial and

peroxisomal β-oxidation (fatty
acid metabolism), lowers lipid

levels, anti-inflammatory
activities.

Increase lipid catabolism,
improves the plasma

HDL-cholesterol levels and
insulin resistance, induce cell

proliferation and
differentiation,

anti-inflammatory activities.

Regulate adipocyte
differentiation, lipid storage,

and glucose metabolism
(improves insulin sensitivity),
main regulator of metabolic

genes, increase fatty acid
oxidation, HDL and

uncoupling protein, decrease
triglycerides, improves

vascular integrity, energy
balance, anti-inflammatory

activities.
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Table 1. Cont.

PPAR Subtype PPARα PPAR β/δ PPARγ

Target genes

CYP8B1, FATP, FAT/CD36, liver
cytosolic FABP, LPL.

Lipid/hormone transport genes.
(LEPR, SLC27A2, SLC27A4).

Acyl-CoA metabolism. (ACOT12,
ACSL3, ACSL3, ACSL5, ACSL1,

ACSM3, FABP1, FABP3).
β-oxidation.

(ACAA2, ACADM, ACADS,
ACADVL, CPT1A, CPT2, ETFDH,

HADHA, HADHB, SLC25A20,
SLC22A5, TXNIP).

Ketogenesis/ketolysis genes.
(FGF21, HMGCS2), Peroxisomal
β-oxidation (ABCD2, ABCD3,

ACAA1A, ACOX1, ECH1,
HSD17B4).

Lipogenesis.
(ACACB, AGPAT2, ELOVL5,

ELOVL6 FADS1, GPAM, MLYCD,
MOD1).

Lipases and lipid droplet proteins.
(ADFP, CIDEC, PNPLA2, S3-12).

Lipoprotein metabolism.
(ANGPTL4, APOA1, APOA2,

APOA5, APOCIII, LIPC, PCTP,
VLDLR).

Cholesterol and bile metabolism.
(ABCA1, ABCB4, CYP7A1, FXR,

LXR)

Genes related with lipid
uptake, represses genes that

participated in lipid
metabolism and efflux.

LPL, PGAR, IDK, PDK-1,
Ubiquitin C, CPT1, AOX,

LCAD, UCP1, UCP3,
PGC1-alpha.

Tumor angiogenesis (Pdgfrβ,
Pdgfb, c-kit)

AP2, CAP, IRS2, GLUT4,
GLUT2, adiponectin, ACS,

PCK2, LPL, FAT/CD36, FABP,
GYK fatty acid transport,

acyl-CoA synthetase,
glucokinase, leptin, perilipin,
GK PEPCK, UCP 1, UCP-2,

UCP-3, LXR-alpha,
TNF-alpha, IL-6.

References [8,10–15] [8,10–14,16,17] [8,10–14,17–20]

HDL, High density lipoprotein; LDL, low density lipoprotein; VLDL, Very low-density lipoprotein.

Signal Pathways

PPARs activated different signal pathways, mainly via endogenous ligands products
of the metabolic pathways of fatty acids, which is the reason why they are called lipid
sensors [10]. The main signal transduction pathways related with different PPARs subtypes
are recapitulated in Figure 2.
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gluconeogenesis, lipid metabolism, thermogenesis, adipocyte differentiation, ubiquitination and cell
survival, depending on the target gene and tissues where they are activated.

3. Role of PPARs in Liver Diseases

The most shocking liver diseases worldwide are MAFLD, fibrosis, HCC, HBV and
(HCV infections, along with ALD. Several of them, such as HCC, represent a major cause
of mortality in the world. Because of this, it is necessary to understand PPARs role as
metabolic regulators in the development of these pathologies, and design new effective
ligands able to modulate the activity of these receptors, minimizing side effects. The main
functions of PPARs in each one of the aforesaid diseases will be described below

3.1. Gene Expression Alterationof PPARs in MAFLD

MAFLD, formerly named non-alcoholic fatty liver disease (NAFLD), affects 20–30% of
adult population in western countries [21]. This damage is characterized by hepatic steato-
sis accompanied by one of three features: overweight or obesity, T2DM, or lean or normal
weight with evidence of metabolic dysregulation [22]. During MAFLD, elevated level of
circulating free fatty acids increases fat influx into hepatocytes, causing an augmented
fatty acid oxidation in mitochondria and peroxisomes leading to ROS generation, causing
oxidative stress [23]. Imbalance between ROS generation and antioxidant mechanisms
leads to mitochondrial and peroxisome dysfunction; and eventually to apoptosis of hepato-
cytes exacerbating the proinflammatory events of non-alcoholic steatohepatitis (NASH).
Peroxisomes and mitochondria jointly perform various metabolic roles including O2 and
lipid metabolism; these organelles are indispensable in a healthy liver for the breakdown of
long-chain fatty acids, very-long-chain fatty acids, and branched-chain fatty acids through
α and β-oxidation. Subsequently, they prevent the accumulation of fatty acids (FAs) in the
liver. In addition, Acyl-coenzyme A oxidase enzyme (ACOX1) is a rate-limiting enzyme of
peroxisomal beta-oxidation of long chain fatty acids exclusive of peroxisomes, alterations
in ACOX1 results in hepatic steatosis [24].
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3.1.1. PPARα

Of all PPARs; PPARα is the most relevant one to NASH pathogenesis; since it is
a metabolic sensor upregulated by fasting and responsible for transcriptional upregula-
tion of β-oxidation genes [25], then altered expression of this transcription factor induces
lipogenesis. Therefore, PPARα agonists are potential targets for NASH treatment. Per-
oxisome biogenesis and proliferation are also regulated by PPARα. After the activation
this nuclear transcription factor, the expression of several genes encoding for peroxisomal
proteins and genes controlling beta oxidation, fatty acid uptake, triglyceride turnover,
bile acid synthesis, adipogenesis, ketogenesis, glucose metabolism and adipocyte differ-
entiation are induced [10,26–28]. Additionally, PPARα exerts anti-inflammatory effects
through a negative crosstalk with NF-κB and AP-1 (Activator Protein 1) [29]. In normal
conditions, hepatocytes have a high expression of PPARα. In NASH patients, hepatic ex-
pression of PPARα decreases and negatively correlates with the severity of the disease [30].
Correspondingly, several authors have reported that expression of PPARα is reduced
in NASH models [31,32]. PPARα reduction is believed to be due to an increased expres-
sion/activation of Rho-associated protein kinase (ROCK) and to a reduction in peroxisomes
number caused by elevated ROS in NASH [33,34]. Hepatic decrease in PPARα expression
causes a deficiency in the transcription of its target gene carnitine palmitoyl transferase
1 (CPT-1A) and excessive FAs tend to accumulate in the form of triglycerides, since they
cannot go through the inner mitochondrial membrane and reach the mitochondrial matrix
for further metabolism [35].

Levels of PPARα are recovered in NASH with statins [31] due to a reduced RhoA cell
membrane translocation. Additionally, PPARα increases as a result of lifestyle change or
bariatric surgery with the improvement of histological NAFLD score [30].

Intriguingly, some PPARα properties, such as increased DNA synthesis and peroxi-
some pro-liberation, are observed only in mice and rats, but not in humans. This could be
due to the ten-fold higher expression of PPARα in the liver of rodents, that can also par-
tially explain differences in the efficacy of PPARα agonists in experimental models against
human studies. Interestingly, it has been suggested that increased hepatic expression of
PPARα and target genes involved in fatty acid oxidation is a protective response to high
fat diet [36–38].

Mice deficient in PPARα are susceptible to dietary fat-mediated NASH, oxidative
stress, cell death and hepatic inflammation [36,39–41]. Pharmacological activation of
PPARα in the methionine–choline-deficient diet (MCDD) NASH model, reduces lipid
peroxidation and TG content in the liver, and reverses steatohepatitis and fibrosis [42,43].
Additionally, PPARα agonists prevent dietary steatohepatitis by a direct effect on inflam-
mation, independent of its effect on lipid accumulation in hepatocytes and independent of
PPARα binding to PPREs [44]. Additionally, Pirfenidone seem to be a PPARα agonist that
improves NASH through SIRT1/LKB1/pAMPK signaling [32].

3.1.2. PPARβ/δ

PPARβ/δ is well expressed in hepatocytes, Kupffer cells (KCs) and hepatic stellate cells
(HSCs). Most of the work to study MAFLD has been conducted with PPARβ/δ agonist. In
MCDD-fed mice, the treatment with PPARδ agonist GW501516 increased hepatic expression
of ACOX1, CPT-1A and FABP1 (liver fatty acid binding protein); and decreased hepatic
triglyceride content [45]. In obese monkeys, GW501516 normalized serum insulin and TAG
concentrations, decreased low-density/lipoprotein cholesterol, and increased high-density
lipoprotein cholesterol [46]. Additionally, PPARβ/δ agonist has been shown in high fat
diet-fed mice to favor a slender phenotype, improved insulin sensitivity, and prevent
hepatic lipid accumulation, due to higher rates of energy expenditure [47]. It also favors
an upregulation of Adfp and Cpt1a and enhanced FA oxidation, as well as activation of
AMPK and inhibition of sterol regulatory element-binding protein 1c (SREBP-1c), reducing
hepatic lipogenesis using GW501516 [48].
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In 2008, Riserus et al. published a paper confirming that GW501516 reduced liver
fat content, and TG, LDL, ApoB and insulin in plasma in moderate obese men and mus-
cle expression of CPT1b was also significantly increased [49]. Other PPARβ/δ agonists
tested in overweight subjects with dyslipidemia demonstrated diminution in GGT and
favorable lipid profiles [50]. Adenovirus mediated upregulation of PPARβ/δ into db/db
mice resulted in the activation of SREBP-1c, upregulation of lipase, and improved liver
steatosis [51]. Similarly, Liu et al. found increased hepatic expression of ACC1, FA uptake
and beta oxidation [52]. Quite the opposite, PPARδ-null mice had lower metabolic activity
and glucose intolerance [53]. Use of hepatocyte-specific PPARδ null mice identified that
hepatic PPARβ/δ augments FA muscle utilization and improves dyslipidemia through a
metabolic network between hepatic PPARβ/δ and muscle PPARα. Up to now, there is not
enough evidence that PPARβ/δ clinical intervention can be effective for the treatment of
MALFD, and carcinogenesis remain a concern.

3.1.3. PPARγ

PPARγ is mostly known by its role in regulation of adipocyte differentiation and high
expression of adipose tissue and macrophages. However, hepatic PPARγ expression is
robustly induced in NAFLD patients and experimental models [54–57]. Increased activation
of PPARγ downregulates the expression of pro-inflammatory cytokines, such as TNF-α,
IFN-γ, IL-2, IL-1β, IL-6, MCP-1, and MIP-1β [57] and results in a decreased activation of
TLR-4 pathway. In contrast, activation of TLR-4 pathway leads to the downregulation of
PPARγ by negatively interfering with NF-kB in macrophages [58]. Additionally, it polarizes
macrophages into anti-inflammatory M2 phenotype [59].

PPARγ upregulates proteins associated with lipid uptake, TAG storage, and the for-
mation of lipid droplets, such as FABP4, fat-specific protein 27 (FSP27)/Cidec, CD36,
monacylglycerol O-acyltransferase 1, and perilipin 2; then PPARγ hepatic expression pro-
motes steatosis. Overexpression of PPARγ2 in hepatocytes increased steatosis; on the
contrary, in mice hepatocyte-specific PPARγ-deficient (Pparγ-DHEP) hepatosteatosis was
decreased [60–62]. In Pparγ-DHEP mice, liver expression of genes associated with adipoge-
nesis, and FA uptake were downregulated, but systemic insulin resistance, adiposity, and
hyperlipidemia were aggravated [56]. In HFD-fed animals, Pparγ and Srebp1c, CD36 and
FAS are overexpressed. Even though activation of PPARγ is steatogenic, treatment with
PPARγ ligands to genetically obese or diet-induced NASH mice decreases hepatic TAG
due to adiponectic-mediated glucose uptake and AMPK activation, thereby improving
FA oxidation in hepatocytes [62]. Thiazolidinediones (TZD), also called glitazones, are
PPARγ-ligands and in the absence of adipose tissue, the liver is the primary target for TZD
action. Clinical trials utilizing TZDs showed significant improvement in hepatic steatosis
and inflammation. However, weight gain concerns and other side effects remain.

3.1.4. Clinical Trials of PPAR-Related Drugs in NASH

Elafibranor is a well-known dual PPARα/δ agonist. A Phase-2b Golden-505 study
has demonstrated that, in NASH patients without cirrhosis treated with 120 mg daily
for 52 weeks, insulin, sensitivity, glucose homeostasis, and lipid metabolism were im-
proved and inflammation reduced [63]. However, in phase III study, Genfit announced
interim results after 72 weeks in RESOLVE-IT study which showed that the trial did not
meet histological improvement or NASH resolution without worsening of fibrosis in the
ITT intention to treat (ITT) population of 1070 patients with nonalcoholic steatohepatitis
(NASH) and fibrosis (https://www.natap.org/2020/AASLD/AASLD_162.htm) (accessed
on 30 July 2021).

FXR agonists are used to treat non-alcoholic fatty liver disease (NAFLD), in part
because they reduce hepatic lipids.

Obeticholic acid (OCA) is a selective and potent agonists for the farnesoid X receptor
(FXR). FXR-PPARγ cascade has demonstrated clinical efficacy in NASH. In the phase 3
double-blind, randomized, placebo-controlled, multicenter, REGENERATE study, it was
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demonstrated that after 18 months OCA significantly improved fibrosis in 1218 noncir-
rhotic NASH patients using 25 mg. Additionally, Nonalcoholic Fatty Liver Disease Activity
Score decreased (by ≥2 points), and quality of life was impaired, or NASH resolution had
greater patient-reported outcomes (PROs) improvements in some domains (ClinicalTri-
als.gov, Number NCT02548351, https://doi.org/10.1016/j.cgh.2021.07.020) (accessed on
30 July 2021).

The thiazolidinedione class of insulin-sensitizing drugs, including rosiglitazone and
pioglitazone, are potent pharmacologic PPARγ agonists. Thiazolidinediones increase
plasma adiponectin levels in DM2 and NASH patients [64,65] and levels became similar
to the values observed in control subjects. Pioglitazone treatment increases adiponectin
concentrations, and improves hepatic insulin resistance and liver histology in NASH [66].
In NASH patients treated with pioglitazone, a reduction was observed in hepatic steato-
sis but also necroinflammation and fibrosis [67]. It has been suggested that adiponectin
may play an important role in mediating the beneficial effects of pioglitazone in NASH
patients, inhibiting hepatic fatty acid synthesis, gluconeogenesis and de novo lipogen-
esis, via activation of AMPK. It also activates PPARα with the stimulation of fatty acid
oxidation [68].

Ianifibranor (IVA337) is a next-generation pan-PPAR agonist addressing the patho-
physiology of NASH: metabolic, inflammatory and fibrotic. A phase 2b study aiming to
evaluate the efficacy and the safety of two doses of IVA337 (800 mg, 1200 mg) per day
for 24 weeks versus placebo in adult NASH patients with liver steatosis and moderate to
severe necroinflammation without cirrhosis demonstrated that SAF Activity Score (SAF-A)
decrease at least 2 points (SAF histological score, calculated as the sum of lobular inflam-
mation score and balloning score) with stable or decreases CRN Fibrosis Score (CRN-F)
(Clinical Trial NCT03008070).

3.2. PPARs Expression in Liver Fibrosis

Hepatic fibrosis results from a chronic inflammatory process that affects hepatocytes
or biliary cells. Inflammation leads to the activation of effector cells, which results in the
accumulation of extracellular matrix components, such as collagens. In liver, HSCs appear
to be the primary source of extracellular matrix. These cells change its normal function as a
retinol storage cell to a proliferative, contractile and myofibroblastic-like phenotype [69].
Persistent fibrosis leads to cirrhosis—a pathology with an ominous parenchymal lesion
and many clinical complications—and even to HCC. Numerous molecular pathways are
involved in fibrosis development, but one mainly important is TGF-β pathway. TGF-β is a
pleitrotropic cytokine involved as the dominant stimuli for HSCs to produce extracellular
matrix (ECM) wound-components and is increased in experimental and clinical fibrosis
and its expression is regulated mostly through Smads signaling [70]. A pathway that seems
exclusive to liver fibrosis comprises Toll-like receptor 4 (TLR4). TLR4 is activated on HSCs
surface by lipopolysaccharides derived from translocated intestinal bacteria, triggering cell
activation and fibrogenesis.

3.2.1. PPARα

PPARα is not expressed in rodent or human HSCs [71]. PPARα is poorly expressed in
macrophages due to the high levels of IL-1b; but its activation reduces liver inflammation
by directly targeting IL-1r antagonist [72]. Oleoylethanolamide, an endocannabinoid-like
molecule ameliorated thioacetamide-induced hepatic fibrosis blocking the activation of
HSCs inhibiting the expression fibrosis markers, and genes involved in inflammation and
extracellular matrix remodeling. These improvements could not be observed in PPARα
knockout mice [73].

3.2.2. PPARβ/δ

Contrary to PPARγ role in HSC activation; PPARβ/δ is highly expressed in acti-
vated HSCs. In liver injury, PPARβ/δ activation facilitates HSC proliferation by activating
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p38–JNK–MAPK in CCl4-induced liver fibrosis [74] and augments fibrotic markers ex-
pression such as collagen I, α-SMA, TIMPs, and MMPs [75]. PPARβ/δ agonist L165041
and GW501516 increased hepatic expression of fibrosis markers in carbon tetrachloride
(CCl4)-injected mice [75,76] and L-165041 increased hepatotoxicity due to HSC activation.
Therefore, suppressing PPARβ/δ would be a promising way to avoid fibrosis. PPAR β/δ
possesses anti-inflammatory effects in the liver due to direct binding to NF-kB p65 subunit;
however, high expression of hepatic proinflammatory factor MCP-1 in CCl4-induced liver
disease is associated with PPARβ/δ [77]. PPARβ/δ inhibition reduce liver inflamma-
tion through regulation of LPS-mediated TLR4 signaling pathway in cultured hepatocyte
cells [78]. PPARβ/δ activation inhibits macrophage activation, showing anti-inflammatory
effects [79] and adenoviral over expression of PPARβ/δ in mice decrease JNK signaling and
inflammatory markers [80]. Lastly, it has been shown that PPARβ/δ has hepatoprotective
effects modulating NF-κB signaling, consequently attenuating CCl4 hepatotoxicity [81].

3.2.3. PPARγ

PPARγ is a key factor in HSCs activation and fibrosis pathogenesis. PPARγ can regu-
late the TGF-β/Smads pathway and binds directly to Smad3 and inhibits TGF-β-induced
CTGF and α-SMA expression in smooth muscle cells [82]. Several molecules that upregu-
late PPARγ can inhibit TGF-β production during fibrosis in different tissues [83,84]. PPARγ
is involved in HSC transdifferentiation and fibroblast transformation, PPARγ2 is highly
expressed in quiescent HSC, and PPARγ is downregulated during HSC activation [85].
Accordingly, PPARγ restoration prompts the change in activated HSC to quiescent HSC
and suppresses activity of AP1 [86]. Most PPARγ agonists can reduce hepatic fibrosis by
restraining HSC proliferation and driving activated HSC to apoptosis [87]. In addition,
PPARγ can reduce the overexpression of α-SMA, type I collagen, and hydroxyproline
and thereby inhibit liver fibrosis [88]. PPARγ ameliorate liver fibrosis and inhibit HSC
proliferation regulating many transcription factors, such as CCAAT/enhancer binding
protein (C/EBP), LXRα and SREBP-1c, which are depleted when HSCs are activated [89].
PPARγ overexpression could directly reverse liver fibrosis in mice fed with a methionine–
choline-deficient (MCD) diet by reducing the expression of α-SMA and tissue inhibitors
of metalloproteinases (TIMPs) and increasing HSCs cell apoptosis [90]. Capillarization is
a term used to describe when liver sinusoidal endothelial cells (LSECs) lack fenestration
and develop an organized basement membrane, which is permissive for HSC activa-
tion and is a preamble to fibrosis [91]. PPARγ agonist ameliorates LSECs activation and
inflammation [92]; while PPARβ/δ and PPARα agonists induce ICAM-1 expression in
non-stimulated ECs playing an important role in liver fibrosis [93].

On the other hand, monocyte-derived macrophages and bone-marrow derived
macrophages highly express PPARγ [94]. This nuclear factor induces macrophage M2
polarization, and in consequence an anti-inflammatory liver response. In a CCl4-induced
liver damage model, null mice for PPARγ in macrophages and HSC showed aggravated
liver necroinflammation and fibrosis compared to Pparγ-DHEP mice and control mice
demonstrating the important role of alterations in macrophages and HSCs in liver fibro-
sis [95]. Furthermore, in mice subjected to bile duct ligation rosiglitazone inhibited NF-kB
activation and hepatic fibrosis, but these changes disappeared in Pparγ-DHEP mice [96].
Crosstalk was observed between PPARγ and FXR in HSC cells, which was involved in
regulating inflammation, contributing to the antifibrotic activity of FXR ligands in rodent
liver cirrhosis models [97].

In conclusion, the knowledge of PPARs’ relationship with HSC activation and inflam-
mation will provide a therapeutic strategy for liver fibrosis.

3.2.4. Clinical Trials of PPAR-Related Drugs in Liver Fibrosis

PPARs play an important role in liver fibrosis, by regulating downstream targeted
pathways, such as TGF-β, MAPKs, and NF-κB p65. However, no direct clinical trial
is registered in in the official database of the U.S. National Library of Medicine (https:
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//clinicaltrials.gov/ct2/home; acceded on 30 July 2021) regarding liver fibrosis, only as
part of NASH outcomes.

3.3. PPARs in Hepatocellular Carcinoma

HCC is the most common malignant tumor of the liver, and it is the third leading cause
of cancer deaths worldwide [98]. However, the survival of patients with late diagnosis is
still limited, as many of the therapies are no longer efficient. Therefore, it is important to
search for new therapeutic alternatives that, in conjunction with those mentioned above,
might help reduce the incidence of HCC. In the following section the role of PPARs in the
development of HCC will be described:

3.3.1. PPARα

The role of PPARα has been debated in the past decade. On one hand, several studies
postulate that activation of this transcription factor is fundamental for the development of
HCC in a wide variety of experimental animal models and in human HCC cells [99–101].
However, Xiao YB et al. demonstrated, in a total of 804 samples of human HCC, lower
expression of PPARα in the nucleus than in those of normal liver tissue; on the other
hand, high expression both in nucleus and in cytoplasm of PPARα correlated with a longer
survival time of patients with HCC [102].

The differential localization in the nucleus or cytoplasm may be the answer to the
pleiotropic effect of PPARα; however, Thomas et al. postulated that a variant transcript
of human PPARα lacks full exon 6 due to alternative splicing, generating a truncated
PPARα-tr protein lacking ligand binding domain that cannot binds to PPRE, but is capable
of autonomously regulating proliferative and proinflammatory genes [103].

In recent years, increasing obesity and diabetes were related to increase in HCC, yet
the molecular mechanism correlating both pathologies has not been elucidated. Senni et al.
demonstrated that catabolism of fatty acids through β-oxidation is the main mechanism
that allows the use of fatty acids in proliferation through the regulation of β-catenin on
PPARα [104].

3.3.2. PPARβ/δ

As mentioned above, the functions of PPARβ/δ overlap with those of PPARα in
peripheral tissues, while in the liver its functions are more related to the processes regulated
by PPARγ. Liu S et al. showed that the overexpression of PPARβ/δ protects the liver of
mice from fatty acid overload; in addition, the inflammatory pathways are also decreased,
so the risk of developing HCC is probably reduced [80]. On the other hand, Vacca et al.
studied the role of this nuclear factor in the modulation of liver proliferation, confirming
the low expression of PPARβ/δ in human HCC and the reduced expression of target genes
such as Cpt-1 and TGFβ1. They also verified that the PPARβ/δ agonist GW501516 reduces
the proliferative potential of Hepa1-6 hepatoma cells [105].

On the other hand, Kim et al. reported metabolic reprogramming in sorafenib-resistant
HCC identifying PPARβ/δ as a key regulator of glutamine metabolism and reductive
carboxylation, consequently inhibition of PPARβ/δ activity reversed metabolic reprogram-
ming in HCC cells and sensitized them to sorafenib, suggesting PPARβ/δ as a potential
therapeutic target [106].

3.3.3. PPARγ

The expression and activation of PPARγ in HCC has been a controversial issue;
however, in recent years, Yu et al. demonstrated that PPARγ expression is significantly
reduced in tumor tissue compared to non-tumor liver tissue, particularly in early tumors.
Lately, this same research group demonstrated that PPARγ activation suppresses migra-
tion and invasion of HCC cells, and can inhibit metastasis in an orthotopic HCC model
in vivo [99,107].
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Recently, Zuo et al. showed that low levels of expression of peroxisome proliferator-
activated receptor gamma coactivator 1α (PGC1α) were associated with a poor prognosis in
HCC and revealed the molecular mechanism of PGC1α in the metabolism and progression
of HCC. PGC1α suppresses HCC cell metastasis by inhibiting the Warburg effect through
regulation of the WNT/β-catenin/PDK1 axis, concluding that the tumor suppressor activ-
ity of PGC1α depends on PPARγ [108].

Several co-therapies have been developed aimed at modulating the activity of PPARγ
Wang et al., proposed that flavonoid avicularin inhibit cell proliferation, migration and
invasion, and changes in cell apoptosis and cell cycle, through positive regulation for
PPARγ [109]. For its part. telmisartan can modulate the ERK1/2, TAK1 and NF-κB sig-
naling axis, such as agonist of PPARγ, exerting antitumor effects, and increasing tumor
sensitivity to sorafenib [110]. Additionally, Abd-El Baset et al. indicated that β-ionone
(βI), a cyclic isoprenoid, can regulate the expression of PPARγ, through ofRXR, proposing
β-ionone such as a potential chemotherapeutic agent in combination with sorafenib [111].
Finally, it has been shown that simvastatin can inhibit the HIF-1α/PPARγ/PKM2 axis,
suppressing PKM2-mediated glycolysis, decreasing cell proliferation, and increasing the ex-
pression of apoptotic markers in HCC cells, sensitizing of them to sorafenib treatment [112].

In conclusion, even though the activation and expression of PPARs in HCC develop-
ment continues to be controversial, in recent years, complementary therapies have been
developed that mainly involve PPARα and PPARγ-activation, sensitizing tumor cells to
traditional anticancer treatments used in HCC.

3.3.4. Clinical Trials of PPAR-Related Drugs in HCC

Metronomic chemotherapy is a new modality of drug administration in which there
is an administration of conventional chemotherapeutic agents at very low doses target
activated endothelial cells in tumor, without the risk of developing adverse effects [113]. A
prospective one-arm, multicenter phase II clinical trial evaluated the progression-free sur-
vival, safety and tolerability of a metronomic chemotherapy, which included capecitabine,
rofecoxib (PPARγ agonist, and PPARβ antagonist) and pioglitazone, a PPARγ agonist
in 38 patients with non-curative HCC, and the median progression-free survival was
2.7 months, the median overall survival was 6.7 months [114]. As regards side effects,
the most common adverse event was edema grade 3, in 66% of patients [114]. This trial
offers interesting results about the efficacy of a biotherapy that includes minimal doses of
agonists that modulate the response of PPARs, and its safety, in patients with an advanced
stage of HCC. Unfortunately, it is one of the few registered clinical trials where this type of
therapy is evaluated in HCC patients.

3.4. PPARs in HBV and HCV Infections

Infection with HBV or HCV represents one of the main causes of chronic liver disease
in the world. However, in endemic areas, a considerable number of patients are infected
with both viruses, mainly as a result of common routes of transmission. Several studies
have shown that dual-infected patients have an increased risk of advanced liver disease,
fibrosis-cirrhosis, and HCC compared to monoinfected patients. Currently, little is known
about the role that PPARs play in the development of the infection [115].

3.4.1. PPARα

PPARα overexpression is characteristic both in the acute and chronic phases of HBV
disease; this due to the cccDNA of HBV which has binding sites for global and liver-specific
transcription factors such as CCAAT enhancer-binding protein (C/EBP), retinoid X receptor
(RXR), and PPARα that bind to enhancer regions I (ENI), Core and Pre-Surface2/Surface
promoter proteins [116]. In this manner, after HBV infection there is a PPARα over-
expression in hepatocytes characteristic in the G2/M phases of the cellular cycle [117].
Additionally, in the same study performed by Xia et al., they found a negative regulation
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of TGF-β2 in primary human hepatocytes with HBV infection and TGF-β2 treatment, the
levels of PPARα, RXRα, CEBPB mRNA and viral replication decreased significantly [117].

In 2017, Du et al. showed that PPAR agonists such as bezafibrate, fenofibrate and
rosiglitazone increase HBV replication, which shows that it is important to analyze viral
load in HBV infected patients [118]. Moreover, natural agonists such as resveratrol have
a direct effect on Sirtuin-1, promoting PGC1a deacetylation, and this, in turn, supports
the transcriptional activity of PPARα, which, according to in vivo and in vitro models,
allowed HBV replication [119]. Data of real-time PCR demonstrated that mice knockdown
of PPARα or RXRα abolished RSV-induced HBV replication; such a mechanism is clearly
dependent on PPARα [119].

HCV infection, through HCV core protein activity, affects the expression and activity of
PPARγ in hepatocytes. A decreased expression of this protein is related to the accumulation
of lipid droplets in the liver and the eventual development of fatty liver disease [120]. The
mechanism is mediated by the HCV core protein, which localizes in the membrane of
lipid vesicles and induces hepatic fat accumulation by activating SREBP-1c [120]. One of
the mechanisms that explains this effect is through a miRNA. In a study carried out by
Shirazaki et al., they infected Huh-7.5 hepatoma cells with a JFH1 strain derived from HCV,
finding that this procedure induces the expression of miR-27a [121]. This miRNA targets
PPARγ directly, reducing lipid synthesis and increasing lipid secretion; two processes that
possibly promote HCV replication and virion efflux [122].

3.4.2. Clinical Trials of PPAR-Related Drugs in Infection HBV/HCV

Despite therapeutic potential of PPARs on HBV/HCV infection, no direct clinical
trial is registered in in the official database of the U.S. National Library of Medicine
(https://clinicaltrials.gov/ct2/home; acceded on 30 July 2021).

3.5. PPARs and Their Role in the Development of ALD

Alcohol is the most socially accepted addictive substance, and its excessive consump-
tion is related to serious health problems [123]. ALD is one of the main causes of death
worldwide [124]. This injury is produced by a chronic or binge consumption of ethanol,
that is, by ingestion of >40 g or higher of alcohol per day over a prolonged period, or
consumption of five standard drinks, 70 g of alcohol in less than 2 h approximately [125].
ALD has a broad spectrum that begins with simple disorders, until more severe forms of
liver injury develop. Accumulation of fat in the liver, induced by alcohol consumption
(AFL), or steatosis, is the earliest response, and 80–90% of chronic alcohol drinkers develop
this damage process; this injury can be reversible through exercise, a low fat-calorie diet
consumption, or alcohol withdrawal [125,126]. If noxious stimuli continue, liver damage
progresses to an inflammatory lesion, known as alcoholic hepatitis, where only 20–40% of
chronic consumers develop it, and can slowly progress to steatohepatitis, fibrosis, cirrhosis,
and eventually to HCC [127]. Several risk factors have been identified such as gender,
where women are more likely to develop ALD, since there are lower levels of gastric alcohol
dehydrogenase, in addition to the presence of a higher proportion of body fat [128,129].
Genetic variants are other risk factors that allow ALD progression, studies demonstrate
that variations in patatin-like phospholipase domain-containing protein 3 (PNPLA3), trans-
membrane 6 superfamily member 2 (TM6SF2) and membrane-bound O-acyltransferase
domain-containing protein 7 (MBOAT7) are important genetic determinants of risk and
severity of ALD. Although their mechanisms and responses are not entirely clear, mutations
in these genetic variants seem to be related to lipid metabolism [125,130,131]. Finally, a
co-infection with hepatitis virus B or C can accelerate progression of ALD to liver fibrosis,
cirrhosis, or HCC [132].

3.5.1. PPARα

The first alteration that occurs after excessive alcohol is an increase in the proportion
of reduced nicotinamide adenine dinucleotide (NADH) and oxidized nicotinamide adenine
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dinucleotide (NAD+) in hepatocytes [133]. Ingested ethanol is metabolized through the
activity of the cytosolic alcohol dehydrogenase enzyme in acetaldehyde, and subsequently
in acetate through the participation of the mitochondrial aldehyde dehydrogenase enzyme.
Both enzymes use NAD+ as a co-factor, and in response NADH is produced in both
steps [134] An increase in NADH levels results in a disruption of mitochondrial β-oxidation
of fatty acids, an alteration in energy supply and an increase in fatty acid formation,
allowing AFL development [133,134].

Currently, several key molecular mechanisms have been identified as triggers for the
AFL development after excessive alcohol intake; one of them is regulated by an increase
in the expression of SREBP-1c, and on the other hand, by the decrease in the expression
of PPARα. The latter allows ALF generation via fatty acid synthesis induction, and fatty
acid-β-oxidation inhibition [135].

Acetaldehyde can inhibit PPARα activity through its covalent binding to the tran-
scription factor, consequently, the binding of PPARα to a specific DNA sequence is also
inhibited [136]. On the other hand, alcohol can indirectly block PPARα activation by
oxidative response generated by upregulation of cytochrome P450 2E1 activity [137].

In a study carried out by Nakajima et al., it was observed that PPARα knockout mice
administered with a liquid diet containing 4% ethanol, exhibited hepatomegaly, inflam-
mation, apoptosis, and fibrosis [138]. RXR function is also affected by the consumption of
ethanol. Feeding mice with ethanol showed a decrease in the levels of RXRα protein, which
in turn did not allow binding of PPARα/RXRα to DNA, decreasing mRNA for several
genes regulated by PPARα, and therefore, the development of steatosis was favored [139].

Information demonstrating that PPARα agonist administration improves hepatic in-
jury induced by alcohol consumption has been generated. In experimental studies with
C57BL/6 mice fed with ethanol and treated with WY14643, a PPARα agonist, fat accumula-
tion in the liver was prevented [139,140]. Recently, the hepatoprotective effect of Danshen,
a traditional Chinese medicine compound, was evaluated in an experimental model of
alcoholic liver damage using male C57BL/6 mice, and in an in vitro model. Danshen was
effective in preventing ALD through activation of PPARα and reducing 4-hydroxynonenal
levels [141]. Other natural compound that has been shown to be effective in preventing
alcoholic liver damage is Solanum muricatum Ait (pepino fruit), a common plant cultivated
in Taiwan. In an animal model of alcoholic liver damage this compound was effective in im-
proving lipid accumulation induced by ethanol, and the molecular evaluation showed that
this response is mediated through induction of hepatic levels of p-AMPK and PPARα; also,
this compound reduced SREBP-1c expression, an important hepatic lipogenic enzyme [142].

3.5.2. Clinical Information about PPARs Activity in ALD

Fibrates are PPARα agonists used to treat problems such as dyslipidemia and hy-
percholesterolemia; however, there is various evidence that demonstrate its effectiveness
in reducing alcohol consumption in mice and rats [143,144]. On the other hand, Muñoz
et al., in 2020, demonstrated that treatment with Fenofibrate (100 mg/kg) was effective in
producing an increase in the expression and activity of the protein alcohol dehydrogenase
1, showing an additional pharmacological mechanism of action to counteract liver damage
due to alcohol consumption [145].

Other agonists of these nuclear receptors such as pioglitazone, rosiglitazone, and
ciglitazone also have beneficial effects in reducing alcohol consumption [146]; nevertheless,
none of the available studies have focused on elucidating the mechanisms by which these
agonists can improve liver functionality after chronic damage due to alcohol consumption
in humans. Regarding clinical trials, at the present there are no trials registered in in the
official database of the U.S. National Library of Medicine (https://clinicaltrials.gov/ct2
/home; acceded on 30 July 2021) related with PPARs agonists and ALD patients. This
represents an opportunity area to explore the efficacy and safety of PPARα agonist drugs
in patients with ALD.
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In conclusion, ALD is a pathology responsible for the morbidity and mortality of
millions of people around the world. The first harmful response that occurs is steatosis,
which occurs in more than 80% of people who consume alcohol in a chronic way. In this
phase, the role played by PPARα has allowed the understanding of mechanisms of damage
that occurs after alcoholic intake. Agonists of PPARα have demonstrated efficacy at the pre-
clinical level to prevent development of alcoholic liver disease in its most advanced stages;
however, it is necessary to continue studying their effects and safety in clinical studies.

4. Conclusions and Perspectives

Liver disease continues to be a challenge to health systems worldwide. In previous
years, the search for new therapeutic strategies was focused on the study of fibrogenic
processes, and the role of HSC. However, in recent years the efforts of liver disease pro-
fessionals have focused on the study of early stages of the disease, where accumulation
of lipids and metabolic alterations are key processes for the development of these dis-
eases. Figure 3 and Table 2 summarize the role of PPARs as metabolic sensors in different
liver diseases.
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Figure 3. Main molecular targets regulated by PPARs in liver diseases addressed in this review:
metabolism-associated fatty liver disease (MAFLD), alcoholic liver disease (ALD), fibrosis, HBV viral
hepatitis or HCV infection and hepatocellular carcinoma (HCC). Blue arrows indicate over-activation,
while red arrows indicate downregulation of triggered responses. Hep, hepatocytes; KCs, Kupffer
Cells; HSCs, Hepatic Stellate Cells.
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Table 2. Role of PPARs in liver diseases.

Liver
Disease Expression Function Mutation Reference

MAFLD

Hepatocytes
Kupffer Cells

Hepatic Stellate
Cells

↓ PPARα
↑ PARβ/δ
↑ PPARγ
↑ PARβ/δ
↑ PPARγ

PPARα: Induces
lipogenesis
PPARβ/δ:

Augments liver fat
content and

decreases
insulin sensitivity
PPARγ: Promotes

steatosis

PPARA:
CM003689 association with

elevated plasma lipid
concentration in diabetes

CM025499
CM025500 associated

with diabetes
PPARG: CM981614,

CM981615, CM1617313
associated with Obesity
CM066185, CM066187,
CM066186, CM066188,
CD066392, CX022192
Associated with IR

CR032439 association
with increased

height/lipid metabolism
CR057908 association with

increased body weight

[25,47,62]
The Human Gene
Mutation Database,
consulted July 2021

Fibrosis
Kupffer Cells

Hepatic Stellate
Cells (activated)

↓ PPARα
↑ PPARβ/δ
↓ PPARγ

PPARα: Increases
oxidative stress

and inflammation
PPARβ/δ: Facilitates

HSC activation
PPARγ: key factor in
HSCs activation and

regulation of
inflammation

No mutations associated
with liver fibrosis [73,74,90]

Hepatocellular
carcinoma Hepatocytes

↑ PPARα
↑ PARβ/δ
↓↑PPARγ

PPARα: Regulates
expression of

B-catenin, c-Fos,
c-Myc, Cyclin D1.

PPARγ: Modulates
activity of p53,
ERK1/2, TAK1

and NF-κB

PPARG:
R280C, C285Y, Q286P, F287Y,

R288C, R288H
S289C mutations are

potential loss offunction
mutations in various aspects
including ligand binding for

PPARγ activation

[104–106,147]

HBV and
HCV

infections
Hepatocytes ↑ PPARα

↓ PPARγ

PPARα: Increase
fatty acid Synthesis

PPARγ:
Decrease β-oxidation

No mutations associated
with HBV, or HCV infection [116–119]

Alcoholic
liver disease Hepatocytes ↑ PPARα

PPARα: Increase
fatty acid Synthesis

Decrease β-oxidation

No mutations associated
with alcoholic liver disease [134–137]

Since the first description of PPARs [148], our knowledge about these nuclear factors
has been increasing. At first, PPARs were only considered as regulators of lipid metabolism;
however, currently they are considered the main hepatic metabolic mediators, having an
important role in various processes such as: cell survival, regulation of ubiquitination,
adipocyte differentiation, regulation of thermogenesis and gluconeogenesis mediators.
Taking the above into account, the design and study of new pharmacological therapies
for the treatment of liver diseases should be aimed at modulating the activity of these
transcription factors.

Finally, the use of liver-specific PPAR-null mice has opened the possibility of studying
other important mechanisms in which PPARs are involved [149], mainly as mediators of
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epigenetic regulation mechanisms through their interaction with enzymes such as Sirtuin-
1 [32,150], the regulation of PPAR promoters, through DNA methyltransferases (DN-
MTs) [151], and the regulation of their expression through a variety of microRNAs [152].
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Abstract: Nonalcoholic fatty liver disease (NAFLD) is considered a manifestation of metabolic
syndrome (MS) and is characterized by the accumulation of triglycerides and a varying degree of
hepatic injury, inflammation, and repair. Moreover, peroxisome-proliferator-activated receptors
(PPARs) play a critical role in the pathophysiological processes in the liver. There is extensive
evidence of the beneficial effect of polyphenols such as resveratrol (RSV) and quercetin (QRC) on
the treatment of liver pathology; however, the mechanisms underlying their beneficial effects have
not been fully elucidated. In this work, we show that the mechanisms underlying the beneficial
effects of RSV and QRC against inflammation in liver damage in our MS model are due to the
activation of novel pathways which have not been previously described such as the downregulation
of the expression of toll-like receptor 4 (TLR4), neutrophil elastase (NE) and purinergic receptor
P2Y2. This downregulation leads to a decrease in apoptosis and hepatic fibrosis with no changes in
hepatocyte proliferation. In addition, PPAR alpha and gamma expression were altered in MS but
their expression was not affected by the treatment with the natural compounds. The improvement
of liver damage by the administration of polyphenols was reflected in the normalization of serum
transaminase activities.

Keywords: inflammation; liver damage; toll-like receptor 4; P2Y2 receptor; metabolic syndrome;
resveratrol; quercetin

1. Introduction

An increase in the intake of sugars (sucrose and fructose), a lack of physical activity,
and genetic predisposition predict the development of metabolic syndrome (MS), inde-
pendently from obesity and the prevalence of this disease is increasing dramatically in
Western and developing countries [1]. MS is a cluster of cardiovascular risk factors associ-
ated with obesity and insulin resistance (IR) and is strongly linked to an increase in the
level of systemic inflammation markers such as C-reactive protein (CRP), interleukin 6
(IL-6), and tumor necrosis factor-alpha (TNF-α) and an increase in the free fatty acid (FFA)
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concentration [2]. This disorder is not only associated with a higher risk of appearance
of type 2 diabetes and cardiovascular events, but it also impacts the liver in different
ways. Nonalcoholic fatty liver disease (NAFLD) is considered the hepatic manifestation
of MS and is characterized by triglyceride accumulation and a variable degree of hepatic
injury, inflammation, and repair [3,4]. Moreover, some reports suggest a link between liver
inflammation and IR [3–5].

FFA, such as saturated fatty acids, activate toll-like receptors (TLR), which are a family
of surface receptors that are present in all cells and are typically involved in the innate
immune responses [2]. Particularly, TLR2 and TLR4 play a key role in obesity-related
inflammation, IR, and vascular dysfunction [6,7]. In the liver, TLR expression was observed
on a variety of cells and plays an important part in multiple liver diseases [8]. However,
the direct role of TLR4 in these processes in the liver tissue is unclear [9].

When exposed to inflammatory stimuli, neutrophils release a large group of serine
proteases, among which neutrophil elastase (NE) is the most important [10]. Obesity is asso-
ciated with an increase in NE activity and NE is also implicated in IR by inhibiting hepatic
Insulin receptor substrate 1. This effect is dependent on the activation of TLR4 [11,12].

After an inflammatory signal, adenosine 5′-triphosphate (ATP) is released into the
extracellular space. ATP is known for its important role in intracellular cell metabolic
pathways; however, this nucleotide can also act as a danger signal on the purinergic
receptors (P2X or P2Y) which are diffusely expressed in various organs including the
liver [13]. These receptors are essential regulators of physiological functions and serve as
danger signals that trigger inflammation after injury [14]. Purinergic signaling, by P2Y,
interacts with other signaling molecules to form a complex network, regulating numerous
cellular processes including phagocytosis, chemotaxis, cytokine production, proliferation,
differentiation, and death [13,15]. P2Y2 receptors are also associated with fat accumulation,
hepatic steatosis, IR, metabolic complications, and inflammation [16,17].

On another hand, peroxisome-proliferator-activated receptors (PPARs) are activated
through endogenous agonists (fatty acids and their derivatives) or exogenous agonists
and regulate transcriptional activity [18]. Each PPAR isotype possesses specific functional
characteristics to control a whole spectrum of physiological functions in the liver, including
oxidative stress, lipid, and glucose metabolism, inflammatory responses, regenerative
mechanisms, and cell differentiation and proliferation [19].

PPARγ is generally increased in livers with steatosis of both animal models of obesity
and NAFLD patients. As opposed to PPARγ, PPARα plays a critical role in the regulation
of fatty acid uptake, beta-oxidation, ketogenesis, synthesis of bile acid, and turnover of
triglycerides to prevent hepatic steatosis [18]. In addition to its role in the regulation
of metabolism, PPARα also has anti-inflammatory effects by inhibiting TLR4 expression
and by inhibiting the NF-κB signaling pathway [20]. PPARγ has emerged as a potential
target for the treatment of inflammatory diseases such as ulcerative colitis, atherosclerosis,
asthma, and rheumatoid arthritis [21]. However, as far as we know, there are no reports on
the association of PPAR expression and P2Y2 protein levels in the liver.

In recent years polyphenols such as resveratrol (RSV) and quercetin (QRC), which
are present in fruits and vegetables, have gained interest by researchers for preventing
and treating diseases, including obesity and obesity-related metabolic diseases [22]. These
molecules are available as pills or capsules and people take these nutritional supple-
ments. Although there are studies that demonstrate the antihypertensive, antioxidant,
and anti-inflammatory properties in different human and animal models, the mechanisms
underlying the beneficial effects of RSV and QRC have not been fully elucidated [22–24].

There is also little evidence of the effect of polyphenols on liver disorders associated
with inflammatory and metabolic signaling through TLR4 and purinergic receptors [25].
Although some authors have identified flavonoid derivatives such as potent P2Y2 receptor
antagonists, little is known about the effect of flavonoids on purinergic receptor expres-
sion [26,27]. Hence, the present study aimed to evaluate the effect of RSV and QRC mixture
on the expression of TLR4, NE, and P2Y2 receptors and their association with the expres-
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sion of PPARs. In addition, we assessed whether the expression of these elements was
associated with fibrosis, apoptosis, and proliferation in an MS rat model.

2. Results
2.1. Metabolic Syndrome

The characterization of the MS model was done by analyzing the animal body weight,
blood pressure, and intra-abdominal fat and by the serum biochemical analysis. As
shown in Table 1, MS animals had an increased body weight and they developed central
obesity, hypertension, dyslipidemia (high levels of triglycerides), hyperinsulinemia, and IR
(HOMA-IR). Serum adipokine concentrations are higher in the MS group when compared
to the Control group.

Table 1. The effects of the administration of RSV + QRC on body characteristics and biochemical parameters in Control and
Metabolic syndrome (MS) rats.

Control Control/RSV + QRC MS MS/RSV + QRC

Weight (g) 492.7 ± 11.2 507.3 ± 15.7 583.3 ± 12.9 a 441.3 ± 9.3 b

Central adiposity (g) 5.2 ± 0.7 6.1 ± 0.9 13.1 ± 0.5 a 8.1 ± 1.4 b

Blood pressure (mm Hg) 101.7 ± 2.5 106.7 ± 2.4 143.6 ± 1.0 a 113.2 ± 1.3 b

Glucose (mg/dL) 92.1 ± 0.9 91.7 ± 0.8 96.5 ± 1.9 93.3 ± 1.0

Total Cholesterol (mg/dL) 56.2 ± 1.7 59.4 ± 3.2 64.1 ± 1.4 62.1 ± 0.8

Triglycerides (mg/dL) 83.6 ± 6.7 78.9 ± 4.2 145.2 ± 6.2 a 98.3 ± 5.2 b

Insulin (ng/mL) 0.15 ± 0.04 0.13 ± 0.02 0.48 ± 0.05 a 0.17 ± 0.02 b

HOMA index 0.91 ± 0.2 0.62 ± 0.12 2.41 ± 0.3 a 0.7 ± 0.06 b

Leptin (ng/dL) 2.6 ± 0.3 2.3 ± 0.1 5.3 ± 0.4 a 4.1 ± 0.8

Adiponectin (µg/mL) 4.2 ± 0.3 3.8 ± 0.1 6.5 ± 0.5 a 5.9 ± 0.3

Values are mean ± SEM. n = 6 in each group; a p < 0.01 MS without treatment vs. Control without treatment; b p < 0.01 vs. MS group.
Abbreviations: MS, metabolic syndrome; HOMA-IR, Homeostatic model assessment of insulin resistance.

As expected, the treatment with RSV + QRC significantly decreased body weight,
central adiposity, hypertension, hypertriglyceridemia, and restored IR in the MS group. In
the Control group, polyphenol-administration did not affect the body or serum parameters.

2.2. TLR4 Expression

Figure 1 shows the expression of TLR4 in the liver from Control and MS rats. The pres-
ence of a label for TLR4 was located in hepatocytes around the central vein. The proportion
of TLR4 in the MS group was 2.8 times higher compared to the Control. RSV + QRC admin-
istration significantly diminished TLR4 expression in both Control and MS groups although
this effect was more evident in the MS rats (53% vs. 87%, respectively) (Figure 1C,D).

2.3. Neutrophil Elastase (NE) Expression

Due to the association of NE with TRL4 expression, we studied if the administration
of natural compounds exerts an effect on this enzyme. The presence of the label for NE was
located in regions away from the lumen of the vessels. The proportion of NE located in the
liver of rats with MS was 5 times higher than that detected in the Control (Figure 2A,B).
RSV + QRC treatment in Control and MS animals reverses the proportion of NE by 80%
(Figure 2C,D).
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Figure 1. RSV + QRC administration decreased TLR4 expression in the liver from Control and MS
rats. The detection of TLR4 immunostaining (red) was located in hepatocytes around of central vein.
Wheat germ agglutinin (WAG) labeled with Oregon Green® 488 was used to label the membranes and
2-[4-(Aminoiminomethyl) phenyl]-1H-Indole-6-carboximidamide hydrochloride (DAPI) for nuclei.
The graph with the values of the percentage of positive TLR4 area is in the lower-left corner. a p < 0.05
vs. Control: b p < 0.01 vs. MS group. Panel (A) = Control group, Panel (B) = metabolic syndrome (MS)
group, Panel (C) = Control/RSV + QRC group, Panel (D) = MS/RSV + QRC group. Bar = 50 µm.

Figure 2. Effect of the administration of natural compounds on Neutrophil elastase (NE) immunode-
tection. The detection of NE immunostaining (red) was located in regions away from the lumen of
the vessels. Wheat germ agglutinin (WAG) labeled with Oregon Green® 488 was used to label the
membranes and DAPI for nuclei. The graph with the values of the percentage of positive NE area is
in the lower-left corner. a p < 0.05 vs. Control: b p < 0.01 vs. MS group. Panel (A) = Control group,
Panel (B) = metabolic syndrome (MS) group, Panel (C) = Control/RSV + QRC group, Panel (D) =
MS/RSV + QRC group. Bar = 50 µm.
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2.4. P2Y2 Expression

Figure 3 revealed the differences in the expression of P2Y2 in livers from the Control
and MS groups. The presence of labels for P2Y2 receptors was located mainly in hepatocytes
around the central vein. The proportion of P2Y2 in the MS group was 32% higher compared
to the Control. However, the treatment with natural compounds significantly diminished
the P2Y2 expression in the same proportion (50% approximately) in both, Control and MS
animals (Figure 3C,D).

Figure 3. Effect of administration of RSV + QRC on the expression of the P2Y2 receptor in the liver
from Control and MS rats. The detection of P2Y2 immunostaining (red) was located in hepatocytes
around of central vein. Wheat germ agglutinin (WAG) labeled with Oregon Green® 488 was used to
label the membranes and DAPI for nuclei. The graph with the values of the percentage of positive
P2Y2 area is in the lower-left corner. a p < 0.05 vs. Control: b p < 0.01 vs. MS group. Panel (A) =
Control group, Panel (B) = metabolic syndrome (MS) group, Panel (C) = Control/RSV + QRC group,
Panel (D) = MS/RSV + QRC group. Bar = 50 µm.

2.5. Fibrosis

Because fibrosis is considered an indicator of liver damage, we analyze this parameter
in the liver from the experimental groups. The liver of rats with MS presented mainly
perivascular fibrosis (PVF), with indications of interstitial fibrosis (IF) and replacement
fibrosis (RF) in the region surrounding the vessels, including both the central vein (CV)
and the intralobular vein (ILBV) in the triad. Fibrosis was increased in the tissues from MS
animals that were damaged similarly as was found with Masson’s trichrome staining (MT)
(Figure 4) for total collagen deposits and confirmed with Sirius Red (SR) staining (Figure 5)
for collagen I y III. The proportion of total collagen deposits in MS was 3 times more than
that observed in the Control tissue. The RSV + QRC administration reduced deposition of
fibrosis in the MS group almost reaching Control values (Figure 4).

Collagen I and III accumulation was confirmed by SR analysis. Livers from MS rats
had 122% more collagen deposition compared to the livers from Control rats (Figure 5A,B).
When Control and MS animals were treated with RSV plus QRC, both groups presented
less collagen I and III depositions, although the decrease is more evident in MS animals
(59% vs. 85%, respectively) (Figure 5C,D).
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Figure 4. Resveratrol and quercetin administration attenuates liver fibrosis in the liver from MS
rats. Representative images of Masson’s Trichrome staining; the triad and central vein (CV) in
each condition are presented. The proportion of collagen deposits is greater in MS in the perivas-
cular region (PVF), between (IF) and within the hepatocytes (RF) surrounding the vessels, both
in the CV and in the triad. In the lower-left corner, the graph with the % total positive collagen
area in each group is presented. a p < 0.05 vs. Control: b p < 0.01 vs. MS group. Abbreviations:
C = Control, MS = metabolic syndrome; RSV + QRC = resveratrol plus quercetin, ILBV = interlob-
ular vein, bd = bile duct, bv = blood vessel, PVF = perivascular fibrosis; IF = interstitial fibrosis,
RF = replacement fibrosis. Bar = 50 µm.

2.6. Apoptosis and Proliferation

Afterward, we researched if the treatment with polyphenols was able to prevent apop-
tosis using the Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (Figure 6). Our results showed that livers from rats with MS presents 3.34 times more
cells in apoptosis compared to the Control animals (Figure 6A,B). The cells in apoptosis
were located towards the lumen of the vessels as well as in the hepatocytes around the
vessels, mainly in the central vein. RSV plus QRC treatment significantly reduced apopto-
sis (72%) in livers from MS rats; while the percentage did not change significantly in the
Control group (Figure 6C,D).
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Figure 5. Effect of the administration of Resveratrol and Quercetin on fibrosis by Picrus-Sirius Red staining (SR) in livers
from Control and MS rats. Representative images of the central vein (CV) of each condition are presented. Hepatocytes (RF)
surrounding the vessels. The graph with the % SR positive (fibrosis) area in each group is shown in the lower-left corner.
a p < 0.05 vs. Control: b p < 0.01 vs. MS group. Panel (A) = Control group, Panel (B) = metabolic syndrome (MS) group,
Panel (C) = Control/RSV + QRC group, Panel (D) = MS/RSV + QRC group. Abbreviations: PVF = perivascular fibrosis;
IF = interstitial fibrosis, RF = replacement fibrosis (hepatocytes surrounding the vessels). Bar = 50 µm.

Figure 6. Resveratrol and quercetin treatment decreased apoptosis in livers from MS rats. The
cells in apoptosis are located towards the lumen of the vessels as well as in the hepatocytes around
the vessels, mainly in the central vein. The nuclei were marked with DAPI. The graph with the
percentage of positive TUNEL positive cells is in the lower-left corner. a p < 0.05 vs. Control; b p < 0.01
vs. MS group. Panel (A) = Control group, Panel (B) = metabolic syndrome (MS) group, Panel (C) =
Control/RSV + QRC group, Panel (D) = MS/RSV + QRC group. Bar = 50 µm.
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The results shown in Figure 7 show the proliferative activity in liver tissue sections.
Proliferating cell nuclear antigen (PCNA)-positive cells (brown color with a fine granular
appearance) in the MS group were higher when compared with the Control group, and
were localized as a part of infiltration. Our observations suggest that these cells could be
Kupffer cells due to their localization in sinusoids (Figure 7A,B). The oral treatment with
natural compounds significantly decreased the staining levels in the MS group; however,
there were no significant differences in PCNA staining levels in the Control group.

Figure 7. Expression of proliferating cell nuclear antigen (PCNA) in liver tissue from Control and
MS rats. Thin arrows indicate the locations of PCNA positive cells. The thick arrows indicate cellular
infiltrates and the orange arrow indicates a PCNA positive hepatocyte. Panel (A) = Control group,
Panel (B) = metabolic syndrome (MS) group, Panel (C) = control/RSV + QRC group, Panel (D) =
MS/RSV + QRC group. Bar = 100 µm.

2.7. Expression of PPARs

We also evaluated the expression of PPARs isotypes in the experimental groups
because they play a major role in metabolism and the inflammation process in the liver.
Western blot analyses revealed differences in the expression of PPAR-α and PPAR-γ in
liver homogenates from all groups (Figure 8). As expected, PPAR-α expression was higher
in Control rats when compared to MS rats and PPAR-γ was increased in liver form MS rats.
Nevertheless, protein levels of both PPARs isotypes were not modified by the treatment
with natural compounds in both, Control and MS groups.

2.8. Activity of Transaminases

Finally, serum transaminases activity was determined in all groups because liver dis-
ease is often reflected by biochemical abnormalities. ALT and ALP activity was significantly
higher in the MS than in Control rats (Table 2). This indicated liver damage in MS rats;
however, no significant difference was seen between Control and MS groups in AST and
GGT activities. Treatment with natural compounds significantly reduced ALT and ALP
activities in MS animals (66% and 32%, respectively).
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Figure 8. Effect of resveratrol and quercetin treatment on the expression of PPAR isotypes in the liver.
Representative western blot from Control (A) and metabolic syndrome (MS) rats (B). (C) Expression
of PPAR-α and PPAR-γ in Control group; (D) Expression of PPAR-αand PPAR-γ in MS group. Data
represent mean ± SEM (n = 6 per group).

Table 2. Effects of polyphenols on liver function in experimental groups.

Control Control/RSV + QRC MS MS/RSV + QRC

ALT (U/L) 17.6 ± 3.2 21.0 ± 1.7 42.2 ± 9.1 a 14.2 ± 2.5 b

AST (U/L) 114.4 ± 8.4 87.2 ± 16.5 112.3 ± 15.6 103.7 ± 13.3

GGT (U/L) 4.8 ± 1.2 2.4 ± 1.5 4.8 ± 1.2 2.4 ± 1.5

ALP (U/L) 55.5 ± 3.7 60.0 ± 7.8 73.0 ± 5.4 a 50 ± 4.0 b

Values represented as means and standard errors, the different superscript letters mean a significant difference; a p < 0.05 vs. Control:
b p < 0.01 vs. MS group. Abbreviations: MS: metabolic syndrome; ALT, alanine transaminase; AST, aspartate transaminase; GGT,
gamma-glutamyltransferase: ALP, alkaline phosphatase.

3. Discussion

Extensive evidence has demonstrated the beneficial effect of polyphenols on the
treatment of cardiometabolic disorders. The mechanisms underlying the beneficial effects of
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RSV and QRC have not yet been fully elucidated and have mainly been related to epigenetic
processes, intrinsic antioxidant activity, and anti-inflammatory mechanisms [23,24,28].
However, to the best of our knowledge, there are not reports on the effect of RSV and QRC
on the pathways analyzed in this paper. In this work, we show that the decrease in TLR4
and NE expression are new mechanisms through which these natural compounds may have
a protective role on liver damage associated with MS. These decreases are then followed
by the diminution in liver fibrosis and apoptosis. Also, a novel finding presented in this
study is that the treatment with RSV and QRC mixture is associated with the decrease in
the expression of the P2Y2 receptor. Moreover, we evaluated if these anti-inflammatory
effects are associated with differences in PPAR α and γ expression.

Table 1 shows that the administration of RSV + QRC reversed some signs of MS such
as body weight, central adiposity, hypertension, IR, and dyslipidemia without affecting
the concentration of glucose, total cholesterol, adiponectin, and leptin; these results are in
accordance with our previous reports [22,24,29].

Numerous studies have shown that different mechanisms exert synergic action in
the development or progression of liver disease linked to MS such as accumulation of
fatty acids, oxidative stress, and inflammation [24,28]. On this aspect, some authors have
reported that TLR4 is involved in obesity and liver damage [7,30]. We analyzed the
expression of the TLR4 receptor in livers from all experimental groups (Figure 1). Our
results on the anti-inflammatory effects of polyphenols by decreasing TLR4 expression and
its signaling pathway are in line with those reported by other authors [31,32]. Zhang [33]
reported that non-esterified fatty acids (NEFAs), a crucial source of energy in the liver,
may activate TLR4. On this aspect, in a previous study from our group, we found that
circulating levels of NEFAs were higher in MS rats and that the RSV + QRC treatment
reduces these levels [22]. This effect could be added to the decrease of TLR4 caused by
FFA as a result of the presence of polyphenols since RSV plus QRC reduce the amount of
FFA by increasing their oxidation in the liver [34]. Therefore, further studies are needed to
support our hypothesis.

Another mechanism that mediates liver damage controlled by TLR4 is the activation
of neutrophils and the release of NE. Although this enzyme might be a potential target to
treat liver disorders linked to obesity and MS, there are still few studies reporting the effect
of polyphenols on NE expression [11,13,35]. We observed that the livers from MS rats had
an increase in this enzyme compared to livers from Control rats and that the RSV plus
QRC mixture was able to abolish the expression of NE; however, it would be interesting to
evaluate the effect of polyphenols treatment on NE activity.

Some authors have proposed that ATP serves as a messenger that links inflammation
and metabolic derangements through its binding to the P2Y2 receptor [13,14,17]. Moreover,
some reports have shown the therapeutic role of polyphenols by acting as antagonists
of the P2Y2 receptors [25–27]. A novel finding of the present study is that the treatment
with RSV plus QRC can decrease the expression of P2Y2 in livers from MS rats; hence,
we suggest that this is a new mechanism for the therapeutic role of polyphenols in liver
disease without ruling out their other pleiotropic effects.

Liver inflammatory and purinergic signaling modulate several physio-pathological
processes such as proliferation, differentiation, migration, and death in response to in-
jury [36,37]. Therefore, we analyzed the effect of the administration of polyphenols on
the levels of fibrosis, apoptosis, and proliferation in livers from Control and MS animals
(Figures 4–7). Figures 4 and 5 show that MS is associated with an increase in liver fibrosis
compared to the Control group, and the administration of RSV + QRC mixture reverted
this effect. Our results are in line with experimental and clinical evidence which suggests
that RSV and QRC attenuate liver inflammation and fibrosis [28,38,39].

Results in Figure 6 demonstrate that livers from MS animals showed significantly
higher levels of hepatocytes in apoptosis compared to the Control group. This effect was
abolished by the treatment with polyphenols (Figure 6C,D). Our data are in accordance
with previous studies that showed the association of apoptosis and liver disease as well
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as the anti-apoptotic role of polyphenols [38,40]. Subsequently, we studied if there were
differences in the proliferative levels in the tissue from all experimental groups, due to the
regenerative capacity of the liver in response to injury. However, we found that the positive
nuclear immunoreactivity was limited to Kupffer cells in the liver sections from MS animals
and that the administration of RSV plus QRC decreased the levels of proliferation (Figure 7).
These results suggest that the pathway through which the RSV + QRC treatment reverses
apoptosis and fibrosis generated by MS is related to the decreased expression of P2Y2 and
TLR4 receptors thus diminishing inflammation. This is linked to the fact that there are
cellular infiltrates and higher levels of NE. The differences that we found in the analysis of
cellular proliferation with those of other studies could be due to the experimental model of
MS and the tested doses of RSV + QRC used here as the regenerative response of the liver
has been previously reported by other authors in experimental models of acute hepatic
damage [41].

PPAR α and PPAR γ play a pivotal role in the control of several cardiometabolic
diseases including liver diseases and these nuclear receptors bind FFA as their physiological
ligands. Indeed, activated PPARs exert anti-inflammatory activities in several models
through their ability to antagonize other signaling pathways [18]. They interact with
other proteins, including Nuclear factor kappa B, Activated protein-1, and AMP-activated
protein kinase, and they also downregulate TLR4 [20,42]. We found that livers from MS rats
show a decreased expression of PPAR α and that PPAR γ is upregulated (Figure 8). These
results suggest a relationship between the increase in inflammatory components, such
as TLR4 and NE, and were consistent with other studies which indicated that PPARs
receptors play a protective role in attenuating liver fibrosis [43–45]. Furthermore, there
are conflicting reports on the contribution of PPAR α in various liver cell types to regulate
cell proliferation [46,47]. Although the treatment with these concentrations of polyphenols
did not affect the PPARs expression in MS animals, RSV + QRC could be regulating
PPARs activity. To further clarify this point, it would be important to evaluate the effect of
RSV + QRC administration on gene expression of transcriptional targets of PPARs in livers.

Finally, we analyzed the levels of transaminases to evaluate if the damage observed
in the liver was reflected in their leak into the bloodstream. In this study we observed a
significant increase in serum ALT and ALP activities in the MS rats when compared to Con-
trol rats and that the polyphenol mixture improved levels of these hepatic markers. These
results are consistent with observations by other authors showing the hepatoprotective
effects of natural compounds [4,39,48].

4. Materials and Methods
4.1. Animals and Surgical Procedures

All of the experiments were conducted in accordance with the ethical guidelines of
the Instituto Nacional de Cardiología Ignacio Chávez (protocol #14-860). Male Wistar
rats, 25 days old and weighing 45 ± 9 g, were randomly separated into two groups of
12 animals: group 1, Control rats that were given tap water for drinking, and group 2, MS
rats that received 30% sugar in their drinking water during 20 weeks. Half of each group
of rats (Control or MS) received their sucrose solution or drinking water with a mixture
of RSV and QRC every day for four weeks in a dose 50–0.95 mg/kg/day, respectively
(provided by ResVitaléTM, which contains 20 mg of QRC per 1050 mg of RSV). Groups
without RSV + QRC treatment only received the vehicle (n = 6 per group). The mixture of
RSV and QRC had been previously dissolved in 1 mL ethanolic solution (20%). The animals
were maintained under standard conditions of light and temperature with water and food
(LabDiet 5001; Richmond, IN, USA) ad libitum. At the end of the treatment, the animals
were weighed and systolic arterial blood pressure was determined in conscious animals
by a plethysmographic method previously described [22]. After overnight fasting, rats
were euthanized by decapitation by guillotine. The intra-abdominal white adipose tissue
(retroperitoneal fat pad) was carefully dissected with scissors, wet weight was determined,
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and then the tissue was discarded. The livers were excised and divided for histological
analyses while fresh.

4.2. Measurement of Serum Biochemical Parameters

The fasting measurements of glucose, total cholesterol, and triglycerides were per-
formed with commercial enzymatic kits (RANDOX Laboratories Ltd., Crumlin, Country
Antrim, UK). Serum insulin levels were measured using a rat-specific insulin radioim-
munoassay (Linco Research, Inc., Saint Charles, MO, USA). IR was estimated from the
homeostasis model (HOMA-IR), as previously described [24].

Serum glutamic-oxaloacetic transaminase (SGOT/AST), glutamic pyruvic transami-
nase (SGPT/ALT), alkaline phosphatase (ALP), and γ-glutamyl transferase (GGT) activities
were determinate spectrophotometrically using UV-test, International Federation of Clinical
Chemistry [IFCC] (Roche Cobas C-501, Roche Diagnostics, IN, USA) [49].

4.3. Liver Tissue Preparation and Histological Examinations

The liver tissue of each group was processed to make frozen sections (10 µm). Sections
for colorimetric staining (Picro-Sirius Red (SR)) and Masson’s trichrome (MT) were placed
on gelatinized slides. The sections for purinergic receptor P2Y2, TLR4, and NE, and
PCNA were placed on electro-charged slides. The photomicrographs for MT and SR
were taken with a QIMAGING Micropuplisher 5.0 camera with Real-Time Viewing (RTV)
coupled to an Olympus BX5 microscope. The images for PCNA were acquired with a
Carl Zeiss microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). Analysis and
quantification of the area with collagen deposits (MT and SR) and with a signal for P2Y2,
TLR4, NE, and the percentage of PCNA and TUNEL positive cells was performed with
Image-Pro Premier Version 9.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Four fields of each animal (n = 6) were analyzed, for a total of 16 fields of each condition in
20× photomicrographs.

4.3.1. Fibrosis Detection

For the detection of fibrosis, the staining was performed with Accustain Trichrome
Stain (MT) Kit (Sigma-Aldrich, HT15) and Picro-SR solution (ab246832; Abcam PLC,
Cambridge, UK) following the manufacturer’s instructions.

4.3.2. Immunofluorescence

The sections were incubated in blocking solution for 1 h at room temperature. The
incubation with the primary antibodies at a dilution of 1: 500 [(anti-P2Y2 (sc-518121],
anti-TLR4 (sc-518121) and anti-NE (sc-55549) was carried out overnight at 4 ◦C. A 1:200
dilution of the secondary antibody m-IgGκBP (sc-516141) was used for NE and P2Y2; while
for TLR4 a 1:400 dilution of mouse anti-rabbit IgG (sc-3753) with overnight incubation at
4 ◦C was done (all from Santa Cruz Biotechnology, CA, USA). Nuclei were labeled with
DAPI. Observation and photographs for fluorescence images were obtained with a Cell
Imaging Station (Life Technologies, Carlsbad, CA, USA).

4.3.3. Apoptosis and Proliferation Analysis

The apoptosis of liver cells was detected using the In Situ Cell Death Detection
Kit, TMR (tetramethylrhodamine-5-dUTP) red, version 12 (12156792910; Roche Applied
Science, Mannheim, Germany) according to the manufacturer’s instructions. Sections
were mounted with DAPI and observed in fluorescence microscopy (FLoid™ Cell Imaging
Station). The percentage of TUNEL positive cells was calculated.

For PCNA, the incubation for 48 h at 4 ◦C with mouse monoclonal antibody (13-
3900-Invitrogen Biotechnology, Waltham, MA, USA) (1:50) and the incubation for 1 h at
37 ◦C with m-IgGκ BP-HRP:sc-516102 (Santa Cruz Biotechnology, CA, USA) (1:500) as sec-
ondary antibody was carried out. The signal was revealed with the 3,3′-Diaminobenzidine
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(DAB)/chromogen substrate and hematoxylin. The images were captured in a Carl Zeiss
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).

4.4. Western Blotting Analysis

The livers were homogenized in a lysis buffer pH = 8 (25 mM Hepes, 100 mM NaCl,
15 mM Imidazole, 10% glycerol, 1% Triton X-100) and protease inhibitor cocktail. The
homogenate was centrifuged at 19,954× g for 10 min at 4 ◦C; the supernatant was separated
and stored at −70 ◦C. The Bradford method was used to determine the total proteins [50].

A total of 50 µg protein was separated on an SDS-PAGE (12% bis-acrylamide-laemmli
gel) and transferred to a polyvinylidene difluoride (PVDF) membrane. Blots were blocked
for 1 h at room temperature using Tris-buffered saline (TBS)-0.01% Tween (TBS-T 0.01%)
plus 5% non-fat milk. The membranes were incubated overnight at 4 ◦C with rabbit primary
polyclonal antibodies PPAR-α, and PPAR-γ from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) as previously described [26]. All blots were incubated with Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibody as a loading control. Images from films
were digitally obtained by GS-800 densitometer with the Quantity One software (Bio-Rad
Laboratories, Inc. Hercules, CA, USA) and they are reported as arbitrary units (AU).

4.5. Statistical Analysis

Results are expressed as mean ± standard error of the mean (SEM). Differences were
considered statistically significant when p < 0.05. The different letters (a and b) in tables
and figures indicate significant differences. We applied a one-way analysis of variance
(ANOVA) followed by a Bonferroni post hoc test using the SigmaPlot program version 11
(Jandel Scientific, San Jose, CA, USA).

5. Conclusions

The most important outcome of the present study was that there is a downregulation
of the expression of TLR4, NE, and P2Y2. This is a new mechanism underlying the
beneficial effects of RSV and QRC against inflammation in liver damage associated with
MS. This effect leads to a decrease in apoptosis and fibrosis with no changes in hepatocytes
proliferation. In addition, PPAR alpha and gamma expressions were altered in MS but their
expression was not affected by the treatment with the natural compounds.
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Abstract: The current treatment options for type 2 diabetes mellitus do not adequately control the
disease in many patients. Consequently, there is a need for new drugs to prevent and treat type
2 diabetes mellitus. Among the new potential pharmacological strategies, activators of peroxisome
proliferator-activated receptor (PPAR)β/δ show promise. Remarkably, most of the antidiabetic
effects of PPARβ/δ agonists involve AMP-activated protein kinase (AMPK) activation. This review
summarizes the recent mechanistic insights into the antidiabetic effects of the PPARβ/δ-AMPK
pathway, including the upregulation of glucose uptake, muscle remodeling, enhanced fatty acid
oxidation, and autophagy, as well as the inhibition of endoplasmic reticulum stress and inflammation.
A better understanding of the mechanisms underlying the effects resulting from the PPARβ/δ-AMPK
pathway may provide the basis for the development of new therapies in the prevention and treatment
of insulin resistance and type 2 diabetes mellitus.

Keywords: PPARβ/δ; AMPK; GDF15; insulin resistance; type 2 diabetes mellitus

1. Insulin Resistance: A Major Determinant of Type 2 Diabetes Mellitus

The prevalence of type 2 diabetes mellitus has reached global epidemic proportions
and is one of the medical challenges of the 21st century [1]. Type 2 diabetes mellitus is
defined by the presence of fasting hyperglycemia, which is responsible for the development
of long-term complications, a decreased quality of life, and premature death [1]. It should be
noted that abnormal glucose regulation may begin more than 10 years before the diagnosis
of type 2 diabetes mellitus with the development of obesity-associated insulin resistance,
which is defined as an impairment in the ability of insulin to maintain glucose homeostasis.
However, at this early stage, subjects are asymptomatic, with glycemic values near normal
levels because pancreatic islets usually respond by increasing insulin secretion to maintain
normoglycemia in a process known as β cell compensation. Over time, β cell compensation
for insulin resistance fails, resulting in fasting hyperglycemia and the establishment of
type 2 diabetes mellitus [2]. As insulin resistance precedes and predicts type 2 diabetes
mellitus [3], the development of new effective pharmacological approaches that prevent
or delay its progression to type 2 diabetes mellitus relies on targeting the underlying
pathological mechanisms. This is of paramount importance as current treatment options
do not adequately control hyperglycemia or prevent the negative impact of type 2 diabetes
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mellitus in all patients. Among the new pharmacological strategies for treating obesity-
induced insulin resistance and type 2 diabetes mellitus, Peroxisome Proliferator-Activated
Receptor (PPAR)β/δ agonists show promise [4–6]. Ligands of this nuclear receptor have
been reported to ameliorate insulin resistance and type 2 diabetes mellitus mainly through
the activation of AMP-activated protein kinase (AMPK), a central regulator of multiple
metabolic pathways. This review summarizes the recent mechanistic insights into how
PPARβ/δ activates AMPK to ameliorate insulin resistance and type 2 diabetes mellitus.

2. Basic PPARβ/δ and AMPK Features

PPARs are members of the nuclear receptor superfamily of ligand-inducible tran-
scription factors. The PPAR subfamily comprises three isotypes: PPARα (NR1C1: nuclear
receptor subfamily 1, group C, member 1, according to the nomenclature agreed by the NC-
IUPHAR Subcommittee on Nuclear Hormone Receptors), PPARβ/δ (NR1C2), and PPARγ
(NR1C3) [4–6]. The PPARβ/δ isotype is ubiquitously expressed, but is most abundant in
metabolically active tissues/cells, mainly those associated with fatty acid (FA) metabolism
such as skeletal and cardiac muscle, hepatocytes, and adipocytes, and in macrophages.
Ligand binding and activation of PPARβ/δ lead to its heterodimerization with its obli-
gate dimerization partner retinoic acid receptor (RXR or NR2B). These heterodimers then
bind to peroxisome proliferator response elements (PPREs) located in the promoters of
their target genes to regulate their transcription. PPARβ/δ also regulates gene expression
through DNA-independent mechanisms via crosstalk with other transcription factors [4–6].
Furthermore, it has been proposed that PKCα is a binding partner of PPARβ/δ, suggesting
it as a mechanism through which the receptor may impact platelet reactivity [7]. Another
example for a non-genomic effect of PPARβ/δ is the ligand-dependent interaction of the
receptor with T-cell protein tyrosine phosphatase 45 (TCPTP45), which enhances insulin
signaling [8]. In addition, the physiological activation status of PPARβ/δ depends on
the presence of tissue-enriched specific ligands and the recruitment of coactivators or
corepressors. Many of the target genes regulated by PPARβ/δ are involved in lipid and
glucose metabolism, tissue repair, and inflammation [4–6]. The natural ligands of all PPAR
isotypes are polyunsaturated and saturated FAs and their derivatives, but most of them
show little receptor isotype selectivity. The development of several synthetic ligands with a
high affinity and specificity for PPARβ/δ (GW501516, GW0742, and L-165041) has helped
the understanding of the functions and pharmacology of this nuclear receptor [6] (Figure 1).
Although no selective PPARβ/δ agonists have yet been approved for human use, several
ongoing clinical trials are studying the efficacy and safety of several compounds selectively
targeting this nuclear receptor: ASP0367 and ASP1128 (Mitobridge/Astellas Pharma, Cam-
bridge, USA), MBX-8025 or Seladelpar (CymaBay Therapeutics, Neward, NJ, USA), and
REN-001 (Reneo Pharmaceuticals, San Diego, CA, USA).

Over the last twenty years, many studies have robustly demonstrated that PPARβ/δ is
crucial in regulating lipid metabolism and glucose homeostasis. Consequently, its activation
is especially helpful in experimental models to prevent insulin resistance, type 2 diabetes
mellitus, and associated metabolic disorders. Interestingly, many of the antidiabetic effects
of the PPARβ/δ activators involve the activation of AMPK [6].

AMPK is a protein kinase that protects against insulin resistance and is activated by
a low cellular energy status and glucose starvation [9]. These conditions, which activate
AMPK, are signaled by the rise of the cellular AMP/ATP and ADP/ATP ratios. Once
activated, AMPK triggers catabolic pathways that generate ATP and inhibits anabolic
pathways that consume ATP. The heterotrimeric structure of AMPK comprises the α

catalytic subunit and the regulatory β and γ subunits [9–11]. The binding of AMP to
the γ subunit promotes AMPK activation through the phosphorylation of a conserved
threonine (Thr172) residue within the α subunit via three complementary mechanisms:
(1) phosphorylation by the upstream kinases liver kinase B1 (LKB1), Ca2+/calmodulin-
dependent protein kinase kinase β (CaMKKβ), and transforming growth factor β-activated
kinase 1 (TAK1); (2) inhibition of Thr172 dephosphorylation by protein phosphatases;
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and (3) allosteric activation. In addition to AMP, ADP also activates AMPK through
mechanisms 1 and 2, while ATP inhibits these three mechanisms [9–11].
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Given the importance of AMPK in lowering insulin resistance and associated metabolic
disorders, many AMPK activators with different mechanisms of action have been devel-
oped. The most important AMPK activator is metformin, which is the most prescribed
drug for type 2 diabetes mellitus treatment (Figure 1). However, its mechanism of action
remains to be fully elucidated [12]. It has been reported that pharmacological metformin
concentrations directly activate AMPK. By contrast, suprapharmacological metformin
concentrations inhibit mitochondrial complex I, thereby reducing mitochondrial ATP
production and increasing cellular AMP levels that subsequently activate AMPK [10,12].
A novel direct AMPK activator, PXL770 (Poxel), is being evaluated in an ongoing clin-
ical trial (ClinicalTrials.gov 3 August 2021). In addition, many natural products, in-
cluding resveratrol [13] and berberine [14], also indirectly activate AMPK by increasing
cellular AMP levels. Another group of AMPK activators are AMP analogs, such as 5-
aminoimidazole-4-carboxamide ribonucleoside (AICAR), which activate the γ subunit of
AMPK [15]. A different group of ligands, exemplified by A-769662, includes synthetic
direct activators that promote the allosteric activation of AMPK and the protection against
Thr172 dephosphorylation [16,17]. Tetrahydrofolate analogs such as pemetrexed and
methotrexate constitute another group of AMPK activators. These molecules inhibit the
metabolism of ZMP, the phosphorylated form of AICAR, and promote its accumulation
and subsequent activation of AMPK [18,19]. Finally, AMPK inhibitors are also useful in
elucidating the effects mediated by this kinase. Compound C/dorsomorphin is an ATP-
competitive AMPK inhibitor. However, this inhibitor is not specific for AMPK and shows
AMPK-independent cellular effects [20]. More recently, a new direct inhibitor of AMPK
has been characterized, SBI-0206965, with a 40-fold greater potency than compound C [21].

Once AMPK is activated, it phosphorylates key metabolic substrates and transcrip-
tional regulators that affect many aspects of cellular metabolism, increasing glucose uptake,
FA oxidation, mitochondrial oxidative capacity, and insulin sensitivity [22,23]. Interestingly,
a high-fat diet (HFD) reduces AMPK phosphorylation levels in the skeletal muscle, liver,
and other tissues, thereby indicating that restoration of the activity of this kinase can over-
come metabolic alterations associated with the overconsumption of fat in animal models.
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3. PPARβ/δ as a Major Regulator of Insulin Resistance through AMPK Activation

In the following sections of the review, we discuss studies that implicate AMPK
activation in the antidiabetic effects of PPARβ/δ ligands in the main organs involved in
insulin resistance.

3.1. Skeletal Muscle

The primary site of insulin resistance in obesity and type 2 diabetes mellitus is the
skeletal muscle, as it accounts for around 80% of insulin-stimulated glucose disposal [24–26].
Activation of AMPK in skeletal muscle by contraction (a process that results in a signifi-
cant decrease in cellular ATP levels) or by activators of this kinase is associated with an
insulin-independent mechanism that stimulates glucose transporter 4 (GLUT4) vesicle
trafficking to the plasma membrane, resulting in elevated glucose transport into muscle,
which lowers plasma glucose levels. This mechanism involves the phosphorylation by
AMPK of tre-2/USP6, BUB2, cdc16 domain family member 1 (TBC1D1) and TBC1D4 (also
known as Akt substrate of 160 kDa, AS160) [27], and phosphatidylinositol 3-phosphate
5-kinase [28]. Contrary to what was initially believed, a recent study suggested a role for
AMPK in the regulation of insulin-stimulated glucose uptake [29]. The PPARβ/δ agonist
GW501516 was reported to upregulate basal and insulin-stimulated glucose uptake in
cultured primary human skeletal myotubes through AMPK activation [30], providing a
role for AMPK in the antidiabetic effects of PPARβ/δ agonists (Figure 2). The authors
of the study later reported that the activation of AMPK by GW501516 could be due to
a reduction of the cellular energy status, as they observed an increase in the AMP/ATP
ratio [31] (Figure 3). Moreover, transgenic mice with muscle-specific overexpression of
PPARβ/δ show increased levels of mitochondrial enzymes and oxidative muscle fibers,
which are more resistant to fatigue than glycolytic fibers, resulting in enhanced running
endurance [32]. Notably, this overexpression of PPARβ/δ is accompanied by AMPK activa-
tion, with GW501516 and exercise training synergistically increasing oxidative myofibers
and running endurance [33] (Figure 2). In the skeletal muscle of these mice, there is an
interaction between PPARβ/δ and AMPK that is accompanied by more glycogen stores,
increased levels of GLUT4, and an augmented capacity for mitochondrial pyruvate oxida-
tion [34]. Thus, PPARβ/δ mimics the effects of endurance exercise training and GW501516
could be used as an exercise mimetic. In fact, this compound, sold under the name of
Cardarine, has been misused for performance enhancement [35] and was entered into the
list of prohibited substances in 2009 by the World Anti-Doping Agency [36]. This effect of
PPARβ/δ was initially reported not to be associated with an increase in the mRNA levels of
PPARγ co-activator 1α (PGC-1α) [32]. PGC-1α mediates mitochondrial biogenesis and its
upregulation is associated with adaptation to endurance exercise through increased muscle
mitochondrial numbers. However, later studies confirmed that PPARβ/δ does increase
the protein levels of this transcriptional co-activator [37,38]. More recently, an elegant
study revealed the mechanisms by which PPARβ/δ increased PGC-1α levels and activated
AMPK in skeletal muscle during exercise [39]. PPARβ/δ increased PGC-1α protein levels
via a post-transcriptional mechanism by protecting it from degradation through binding
to PGC-1α and limiting its ubiquitination. PPARβ/δ also promoted the transcription of
nuclear respiratory factor 1 (NRF-1), resulting in increases in the mitochondrial respiratory
chain and in the transcription of CaMKKβ, ultimately leading to AMPK activation [38]
(Figure 3). Overall, these findings showed that PPARβ/δ is essential for the maintenance
and increase in mitochondrial enzymes, unveiling a new mechanism through which this
nuclear receptor activates AMPK. This conclusion is supported by the phenotype of mice
in which PPARβ/δ is selectively ablated in skeletal muscle myocytes. This somatic mu-
tation causes a muscle fiber-type switching toward lower oxidative capacity that results
in markedly reduced capacity to sustain running exercise, obesity, and type 2 diabetes
mellitus [37].
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Figure 3. Mechanisms involved in the activation of AMPK by PPARβ/δ. AMPK is activated by
PPARβ/δ through three mechanisms: (1) an increased AMP/ATP ratio; (2) an increased transcription
of CaMKKβ; and (3) increased levels of GDF15 that sustain AMPK activation. AMPK, AMP-activated
protein kinase; CaMKKβ, Ca2+/calmodulin-dependent protein kinase kinase-β; GDF15, growth
differentiation factor 15; PPARβ/δ: peroxisome proliferator-activated receptor β/δ.

In obesity, as the amount of visceral adipose tissue increases, so does the rate of
lipolysis. This increases FA mobilization and raises the levels of circulating non-esterified
FAs, which induce insulin resistance in skeletal muscle through activation of toll-like
receptor (TLR)-dependent mechanisms or by promoting the accumulation of deleterious
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complex FA derivatives such as diacylglycerol (DAG) and ceramides. These pathways
ultimately activate kinases (IκB kinase β, c-Jun N-terminal kinase 1, and protein kinase Cθ)
that phosphorylate insulin receptor substrate 1 (IRS-1) on serine residues, attenuating the
insulin signaling pathway [40]. The activation of PPARβ/δ in myotubes has been reported
to transcriptionally upregulate the expression of target genes involved in FA β-oxidation
such as pyruvate dehydrogenase kinase 4 (PDK4) and carnitine palmitoyltransferase-
1β (CPT-1β). The increase in the expression of these genes promotes FA β-oxidation
and reduces their availability to form complex lipids that induce insulin resistance [41]
(Figure 2). CPT-1β, which catalyzes the rate-limiting step of mitochondrial FA oxidation,
is inhibited by malonyl-CoA, a product of acetyl-CoA carboxylase (ACC) [22]. AMPK
phosphorylates and inhibits ACC, thereby causing a decrease in intracellular malonyl-CoA
levels, relieving CPT-1β inhibition and increasing FA oxidation. Therefore, PPARβ/δ
activation in skeletal muscle increases mitochondrial FA oxidation by upregulating the
expression of the target genes involved in this process as well as through increasing CPT-1β
activity by phosphorylating AMPK.

In obese patients, the release of free FAs from visceral adipose tissue is also an impor-
tant factor that triggers endoplasmic reticulum (ER) stress. This process induces insulin re-
sistance by several mechanisms including the activation of inflammatory pathways, which
activate the serine/threonine kinases that phosphorylate IRS-1 on serine residues [42].
PPARβ/δ ligands inhibit ER stress in skeletal muscle through a mechanism that seems to
involve AMPK activation and the subsequent inhibition of extracellular signal-regulated
kinase (ERK1/2) (Figure 2). In fact, AMPK activation protects against several deleterious
processes by reducing ER stress [43–46]. Notably, there is inhibitory crosstalk between
AMPK and ERK1/2 [47], with the inhibition of ERK1/2 promoting AMPK and Akt sig-
naling and reversing ER stress-induced insulin resistance in skeletal muscle cells [48].
Therefore, PPARβ/δ ligands seem to require the activation of AMPK to inhibit ER stress,
which strongly contributes to the antidiabetic effects of these compounds.

Recently, we reported that the metabolic effects caused by the pharmacological activa-
tion of PPARβ/δ may involve the stress-activated cytokine growth differentiation factor 15
(GDF15) [49]. This divergent member of the transforming growth factor β (TGFβ) super-
family [50] plays an important role in several biological processes, including the regulation
of energy homeostasis [51]. In fact, overexpression of Gdf15 in mice ameliorates glucose
tolerance and insulin sensitivity and lowers body weight, although no difference in food
intake was observed [52]. By contrast, administration of GDF15 to rodents reduces food
intake and ameliorates glucose tolerance. Interestingly, a recent study reports that high
pharmacological doses of GDF15 used in most studies reduce food intake, while physio-
logical induction of endogenous circulating GDF15 levels does not affect it [53]. Although
TGFβ receptors were initially reported to mediate the effects of GDF15, the presence of
TGFβ contamination in recombinant GDF15 and the lack of a direct binding of GDF15
to known TGFβ receptors led to the search for the bona fide receptor of GDF15. Four
independent groups reported in 2017 that GDF15 signals through the glial cell line-derived
neurotrophic factor (GDNF)-like alpha-1 (glial cell-derived neurotrophic factor receptor
alpha-like (GFRAL))/rearranged during transfection (RET) co-receptor complex [54–57].
The expression of GFRAL is limited to the central nervous system, specifically in the area
postrema of the brainstem and parts of the nucleus of the solitary tract. Its activation by
GDF15 in obesity improves glucose tolerance by reducing food intake. However, it has
been reported that GDF15 also regulates metabolic parameters independently of changes in
food intake [58], suggesting that GDF15 might also exert its effects via other receptors and
peripheral mechanisms. We have reported recently that PPARβ/δ ligands increase GDF15
levels through an AMPK-p53-dependent mechanism [49]. Interestingly, the beneficial
effects of the PPARβ/δ agonist GW501516 on glucose intolerance, FA oxidation, ER stress,
inflammation, and AMPK activation in HFD-fed mice were abrogated by the injection of a
GDF15-neutralizing antibody as well as in Gdf15-/- mice. More importantly, these findings
demonstrated that the increase in GDF15 caused by PPARβ/δ activation resulted in AMPK
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activation that did not require central effects, as these effects were observed in cultured
myotubes and isolated muscle, suggesting the presence of autocrine/paracrine effects
for GDF15 in skeletal muscle for which the mediating receptor remains to be identified
(Figure 3). Although additional studies are needed to reject the potential involvement of
GFRAL on the GDF15-mediated antidiabetic effects of PPARβ/δ agonists, as Gfral mRNA
is absent in C2C12 cells [49,55] and skeletal muscle [49,59], the GDF15-mediated activation
of AMPK in isolated skeletal muscle and cultured myotubes seems to exclude this recep-
tor. The question that remains unanswered is the identity of the new potential receptor
responsible for the autocrine/paracrine effects of GDF15 in skeletal muscle. Future studies
should shed light on this issue.

3.2. Liver

Alterations in liver function are frequently observed in insulin resistance and type 2
diabetes mellitus. In fact, many patients suffering these metabolic alterations present
nonalcoholic fatty liver disease (NAFLD), defined by a hepatic lipid accumulation >5% of
the liver weight [60]. Hepatic lipid accumulation can also trigger inflammation, resulting
in more severe liver disorders such as nonalcoholic steatohepatitis (NASH), cirrhosis, and
hepatocellular carcinoma (HCC). Intriguingly, although hepatic lipid accumulation results
from insulin resistance, it also contributes to hepatic insulin resistance [61], thereby sug-
gesting that reversing hepatic steatosis can delay the progression from prediabetes to overt
type 2 diabetes mellitus. Unregulated lipogenesis and reduced FA oxidation contribute to
lipid accumulation in the liver, with AMPK regulating both processes in hepatocytes. Thus,
as mentioned above, AMPK-mediated ACC inhibition leads to a decrease in intracellular
levels of malonyl-CoA, which is both a precursor for FA biosynthesis and a potent allosteric
inhibitor of FA oxidation. Moreover, AMPK reduces the expression of lipogenic genes by
phosphorylating transcription factors such as sterol regulatory element binding protein-1c
(SREBP-1c) [62] and carbohydrate-responsive element-binding protein (ChREBP) [63]. It
has been reported that HFDs reduce hepatic phospho-AMPK levels and increase phospho-
ERK levels, with GW501516 treatment preventing these changes by a mechanism that
may involve an increased AMP/ATP ratio and elevated plasma β-hydroxybutyrate levels,
indicating enhanced hepatic FA oxidation [64] (Figure 2). Interestingly, a different study
reported that GW501516 treatment stimulated AMPK and ACC phosphorylation and at-
tenuated FA synthesis in wild-type hepatocytes, but not in AMPKβ-/- hepatocytes [65],
thereby confirming the involvement of AMPK in these effects.

Autophagy is a catabolic process that delivers intracellular proteins and organelles to
the lysosome during starvation for degradation and recycling, thereby promoting the redis-
tribution of nutrients to maintain cellular energetic balance [66]. Notably, the inhibition
of autophagy results in triglyceride accumulation and reduced FA oxidation in the liver,
while drugs increasing autophagy alleviate liver steatosis in mice fed an HFD [67]. AMPK
activation promotes autophagy through two different mechanisms: inhibition of the mam-
malian target of rapamycin (mTOR) protein kinase complex and direct phosphorylation
of Unc-51-like kinase 1 (ULK1) [68]. Recently, it has been demonstrated that PPARβ/δ
reduces hepatic steatosis and stimulates FA oxidation in the liver and hepatic cells by an
autophagy-lysosomal pathway involving the AMPK-mTOR pathway [69] (Figure 2). More
generally, the roles of PPARs and their novel ligands as potential drugs for the treatment of
NAFLD have been reviewed recently [70].

Insulin resistance and type 2 diabetes mellitus are closely associated with a chronic
low-grade inflammation characterized by an abnormal production of cytokines. Of these
cytokines, interleukin 6 (IL-6) has been reported to induce hepatic insulin resistance [71].
IL-6 induces insulin resistance in the liver through the activation of signal transducer
and activator of transcription 3 (STAT3) and the subsequent induction of suppressor of
cytokine signaling 3 (SOCS3), which inhibits insulin signaling by interfering with insulin
receptor activation, blocking IRS activation, and inducing IRS degradation [72]. In liver
cells, PPARβ/δ activation was demonstrated to prevent IL-6-induced STAT3 activation

309



Int. J. Mol. Sci. 2021, 22, 8555

and SOCS3 upregulation by counteracting the reduction in phospho-AMPK levels, which
inhibits STAT3 phosphorylation [73] (Figure 2). Consistent with this, the livers of Ppard−/−

mice show increased phospho-STAT3 levels. This action of PPARβ/δ prevents the reduction
in IRS-1 and IRS-2 levels caused by exposure of hepatic cells to IL-6 [73].

3.3. Heart

The risk of developing heart failure is higher in patients with insulin resistance and
type 2 diabetes mellitus, with inflammation being a key systemic factor contributing to
this relationship [74]. Indeed, the progression of cardiac hypertrophy and heart failure
usually entails a local rise in proinflammatory factors, which are under the transcriptional
control of nuclear factor-κB (NF-κB). Notably, AMPK activation may block NF-κB signaling
through suppressing IκB kinase activity [75]. It has been reported that PPARβ/δ activation
reduces the lipid-induced expression of NF-κB-target genes in the hearts of mice and in
human cardiac cells, with these effects involving an AMPK-dependent mechanism [76]
(Figure 2). In addition, NF-κB activity has been reported to be increased in the hearts of
PPARβ/δ-knockout mice compared with wild-type mice, which is consistent with the
anti-inflammatory effects of PPARβ/δ activity.

ER stress contributes to the pathogenesis of diabetic cardiomyopathy by promoting
apoptotic cell death in the myocardium [77]. PPARβ/δ activation prevents lipid-induced
ER stress in the heart by inducing autophagy [78]. In addition, PPARβ/δ-knockout mice
display a reduction in autophagic markers. However, in contrast to what has been reported
for the liver [69], these effects of PPARβ/δ occur in an AMPK-independent manner.

4. Going the Other Way: The AMPK-PPARβ/δ Pathway

While previous sections of this review clearly demonstrate that many of the antidia-
betic effects of PPARβ/δ agonists are mediated via AMPK activation, a few studies have
reported the opposite, i.e., the regulation of PPARβ/δ by AMPK. In fact, a recent study
proposed the existence of a positive loop between activated AMPK, PPARβ/δ, and myocyte
enhancer factor 2A (MEF2A), the latter being a transcription factor that upregulates the
expression of Ppard and Glut4 [79]. The authors of this study demonstrated that AMPK
activation increases PPARβ/δ levels via MEF2A [79]. As mentioned above, increased levels
of PPARβ/δ would activate the NRF-1/CaMKKβ pathway, thereby leading to AMPK
activation, ultimately closing the loop (Figure 4). Thus, PPARβ/δ activates AMPK and
AMPK activity influences PPARβ/δ levels, establishing a mutual cooperation that regulates
MEF2A promoter activity and Glut4 expression.

More recently, it has been reported that AMPK regulates PPARβ/δ phosphoryla-
tion, modulating its activity [80]. The authors of this study observed that the AMPK
agonist metformin induced the phosphorylation of PPARβ/δ at Ser50 through the common
LXRXXSXXXL phosphorylation motif recognized by this kinase, which localizes in the short
N-terminal A/B activation domain of this nuclear receptor. Of note, AMPK-mediated phos-
phorylation of PPARβ/δ at Ser50 resulted in an accumulation of the protein levels of this
PPAR isotype, suggesting that its phosphorylation attenuated PPARβ/δ degradation. In
fact, PPARβ/δ phosphorylation at Ser50 inhibits the p62-mediated misfolded PPARβ/δ au-
tophagic degradation. Despite the increase in PPARβ/δ levels caused by AMPK activation,
the findings of this study suggest that PPARβ/δ phosphorylation inhibits transcriptional
activity as a PPARβ/δ-Ser50 mutant showed increased activity compared with wild-type
PPARβ/δ. Although this study was conducted in cancer cell lines, the AMPK-mediated
phosphorylation of PPARβ/δ attenuated glucose uptake by reducing the expression of
Glut1, thereby suggesting that this pathway can have metabolic implications. Further
studies are needed to confirm whether this pathway operates in metabolic tissues such as
the liver and skeletal muscle and how it regulates metabolism.
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5. Conclusions and Perspectives

The development of novel drugs to treat type 2 diabetes mellitus continues to attract
attention in the metabolism field. The PPARβ/δ-AMPK pathway is in the spotlight as it
pharmacologically promotes the effects of exercise in skeletal muscle, such as increased
glucose uptake and FA oxidation. This pathway also prevents lipid-induced ER stress and
inflammation, thereby ameliorating insulin resistance. New specific molecular mechanisms
indicating how this pathway ameliorates insulin resistance are beginning to emerge, such
as the recently reported upregulation of GDF15 by PPARβ/δ agonists via AMPK. GDF15
upregulation activates AMPK, thereby implying that this mechanism contributes to the
effects of PPARβ/δ agonists by sustaining AMPK activation. In addition, Gdf15-/- mice
show reduced AMPK activation in skeletal muscle, whereas GDF15 administration results
in AMPK activation in this organ. Interestingly, this effect of GDF15 in AMPK activation
seems to be independent of the central receptor GFRAL, thereby suggesting that this
cytokine exerts autocrine/paracrine effects through yet to be determined receptors. Future
studies aimed at expanding the mechanisms of action of the PPARβ/δ-AMPK pathway
may facilitate the development of new antidiabetic compounds with improved efficacy
and minimal side effects for the treatment of insulin resistance and the prevention of its
progression to type 2 diabetes mellitus. In fact, type 2 diabetic patients might benefit
from the development of new antidiabetic drugs targeting both PPARβ/δ and AMPK
given the positive feedback loop that potentiates them each other. This might result in a
new generation of molecules for the prevention and treatment of obesity-induced insulin
resistance and type 2 diabetes mellitus. It is noteworthy that PPARβ/δ, similar to PPARα
and PPARγ, has been ascribed pro- and anti-tumor activities that have to be considered
in the development of new candidate drugs [5,81,82]. Several factors can contribute to
the highly debated functional role of PPARβ/δ in tumorigenesis or carcinogenesis. For
instance, the tumor promoter effects of PPARβ/δ agonists have been mostly observed in
animal models. Although these animal models are a valuable tool for basic tumor research,
they show some limitations and the conclusions obtained from these studies are not always
confirmed in human beings. Thus, the expression of the different PPAR isotypes is higher
in rodent than in human cells and the regulation of these nuclear receptors is also different
depending on the cell type studied [5]. These differences may explain why, after decades
of treating patients with the PPARα activators fibrates, no incidence of carcinogenesis has
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been reported, whereas it is well-known that administration of these drugs to rodents
leads to carcinogenesis. Either way, as controversy about the role of PPARβ/δ agonists in
cancer still remains, to minimize side effects, the success of PPARβ/δ-based treatment of
insulin resistance would benefit from the development of innovative strategies for organ-
or cell-type-specific drug delivery or release systems.
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Abstract: Peroxisome proliferator-activated receptors (PPAR), ligand-activated transcription factors
of the nuclear hormone receptor superfamily, have been identified as key metabolic regulators in
the liver, skeletal muscle, and adipose tissue, among others. As a leading cause of liver disease
worldwide, non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH)
cause a significant burden worldwide and therapeutic strategies are needed. This review provides an
overview of the evidence on PPAR-targeted treatment of NAFLD and NASH in individuals with type
2 diabetes mellitus. We considered current evidence from clinical trials and observational studies
as well as the impact of treatment on comorbid metabolic conditions such as obesity, dyslipidemia,
and cardiovascular disease. Future areas of research, such as possible sexually dimorphic effects of
PPAR-targeted therapies, are briefly reviewed.

Keywords: non-alcoholic fatty liver disease (NAFLD); non-alcoholic steatohepatitis (NASH); type 2
diabetes mellitus; peroxisome proliferator-activated receptors (PPAR)

1. Introduction

As a leading cause of liver disease worldwide, non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH) cause a significant burden [1]. NAFLD
is a common comorbidity especially among individuals living with type 2 diabetes mel-
litus (T2DM) [2]. The complex bidirectional pathophysiological relationships between
NAFLD and other metabolic diseases, particularly T2DM [3,4], demand a holistic and
interdisciplinary approach to the treatment of NAFLD [5].

T2DM represents a major risk factor for NAFLD with over 55% of persons living
with T2DM being affected by NAFLD [2]. T2DM furthermore predisposes individuals
to advanced NAFLD, including development of NASH and liver fibrosis, and increases
the risk of hepatocellular carcinoma [6,7]. NAFLD, in turn, increases the risk of incident
T2DM [8]. Among NAFLD patients with advanced fibrosis, the majority have T2DM [9].
This complex population with multiple metabolic alterations such as NAFLD and T2DM
should specifically be considered in the evaluation of potential pharmacological treatment
strategies for NAFLD.

Peroxisome proliferator-activated receptors (PPAR), ligand-activated transcription
factors of the nuclear hormone receptor superfamily, have been identified as key metabolic
regulators in the liver, skeletal muscle, and adipose tissue, among others [10,11]. PPAR
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modulation has long been employed in the pharmacological treatment of multiple con-
ditions, predominantly metabolic diseases such as T2DM and dyslipidemia, but has also
been examined in the context of liver disease [12–14]. Considering the pathophysiological
and epidemiological links between these conditions and NAFLD, PPAR modulators are
being examined regarding their effects on NAFLD [15,16].

In the following, we will review the clinical evidence on PPAR-directed therapy for
NAFLD, focusing on results and considerations in patients with type 2 diabetes mellitus.

2. PPAR Agonists in the Treatment of NAFLD with Concomitant T2DM

The three PPAR isotypes, PPARα, PPARβ/PPARδ, and PPARγ in humans compose
the 1C subfamily of the nuclear hormone receptor superfamily, which encompasses a large
group of ligand-regulated transcription factors that share a common modular structure [17].
Tissue expression and effects of activation vary by isotype and tissue, demonstrating both
redundant as well as distinct effects (reviewed in detail by [11,18]). Figure 1 provides an
overview of tissue-specific and systemic PPAR main functions. Overall, PPAR isotypes
exert pleiotropic functions in multiple tissues and pathways relating mainly to metabolism
and immunity, which can induce reduction of hepatic steatosis and improvement of liver
inflammation in patients with NASH [18]. Selected PPAR-agonistic molecules have demon-
strated anti-fibrotic properties in the context of NAFLD [19,20]. As such, PPAR represents
important targets in the treatment of NAFLD [15].
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Figure 1. Overview of main tissue-specific and systemic effects of PPAR activation. Blue fields
indicate proteins, purple fields indicate biochemical processes. Question marks indicate effects that
are suspected but not confirmed. Red bars indicate inhibition. Created with BioRender.com. Abbrevi-
ations: -ox, beta oxidation; ACAD, acyl-CoA dehydrogenases; ACC, acetyl-CoA carboxylase; AP-1,
activator protein-1; Apo A4, apolipoprotein A4; Apo C3, apolipoprotein C3; CPT, carnitine palmitoyl-
transferases; FA, fatty acid; FABP, fatty acid binding protein; FASN, fatty acid synthase; FATP1, fatty
acid transport protein-1; FFA, free fatty acid; FGF21, fibroblast growth factor 21; Gck, glucokinase;
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GK, glycerol kinase; GLUT2, glucose transporter 2; GPDH, glycerol 3-phosphate dehydrogenase;
HK, hexokinase; HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; HSC, hepatic stellate cell;
IκB, inhibitor of nuclear factor kappa B; KG, ketogenesis; IL-15, interleukin 15; IL-18, interleukin 18;
IL-1Ra, interleukin-1 receptor antagonist; LPL, lipoprotein lipase; LSEC, liver sinusoidal endothelial
cell; MLYCD, malonyl-CoA decarboxylase; NF-κB, nuclear factor kappa B; NRF-1, nuclear respiratory
factor 1; PK, pyruvate kinase; PGC-1a, PPARG coactivator 1 alpha; SCD, stearoyl-CoA desaturase;
SREBP-1c, sterol regulatory element binding protein 1; STAT, signal transducer and activator of
transcription family; TG, triglyceride; TGFβ, transforming growth factor β.

2.1. Molecular Basics of PPAR-Dependent Regulation

PPAR-dependent metabolic regulation of transcriptional activity occurs via several
mechanisms. Firstly, ligand-dependent PPAR activation (ligand-dependent transactivation)
prompts corepressor dissociation followed by heterodimerization with retinoid X receptors
(RXR) and recruitment of a co-activator. The activated heterodimer proceeds to bind specific
DNA sequences in the promotor regions of target genes, i.e., PPAR-responsive elements
(PPREs) [10,21]. This PPRE-dependent mechanism leads to increased transcription of target
genes. A multitude of both specific and shared ligands of PPARs has been identified,
including natural as well as synthetic ligands [11].

PPAR may also regulate gene transcription negatively. Ligand-dependent transre-
pression describes a protein-protein interaction that leads to decreased transcription of
predominantly inflammatory genes by interacting with transcription factors, such as mem-
bers of the nuclear factor κB (NF-κB) family, and is independent of binding to a receptor-
specific response element. Conversely, ligand-independent repression requires binding to
PPRE, followed by recruitment of co-repressors. These mechanisms are comprehensively
reviewed elsewhere [21]. Anti-inflammatory mechanisms of PPAR are mostly regulated
through transrepression [18].

2.2. PPARα (NR1C1)

In 1990, the first isoform of PPAR was identified in humans and later classified as
PPARα, which is encoded on the PPARA (NR1C1) gene [22]. This discovery was fueled
by exploration of the pharmacological mechanisms of fibrates, which had been produced
since the 1950s [12]. Multiple other synthetic and endogenous ligands for PPARα have
since been characterized, including phospholipids and fatty acids and their derivatives,
such as eicosanoids [11,23].

PPARα is a major regulator of cellular energy homeostasis and as such is expressed
predominantly in oxidative tissues, such as the liver, adipose tissue, skeletal muscle, heart,
and kidneys [11,24]. In the liver, the nuclear receptor is expressed mainly in hepatocytes but
also non-parenchymal cells, namely stellate cells and liver sinusoidal endothelial cells [25].

While PPARα is active in both the fed and fasting state, it has a central role pre-
dominantly in the adaptive response to the latter [26,27]. Main functions include the
transcriptional regulation of lipid catabolism by modulating expression of genes that medi-
ate triglyceride hydrolysis, fatty acid transport, and β-oxidation in liver, skeletal muscle,
and adipose tissue [23,28,29]. Additionally, PPARα regulates ketogenesis, which has been
found to be severely impaired in the absence of PPARα [26,27].

Other functions of PPARα that are related to NAFLD include direct anti-inflammatory
effects, which have been found to be independent of its metabolic functions in the liver [30].
Anti-fibrogenic effects of PPARα may be mediated through these anti-inflammatory ef-
fects as well as other mechanisms. Findings from pre-clinical mouse models of diet-
and thioacetamide-induced fibrosing NASH suggest that PPARα agonism indirectly ame-
liorates liver fibrosis through modulation of hepatic stellate cell activation and related
pro-fibrogenic pathways [31,32]. Interestingly, several findings indicate sexually dimorphic
responses to PPARα activation, which warrants further exploration in the clinical context
of NAFLD [33,34]. Diurnal cycling of nuclear receptor expression has been identified in
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several instances, notably including variable expression of PPARα [35]. A detailed review
of PPARα functions can be found here [36].

2.3. PPARδ (PPARβ; NR1C2)

The isoform PPARδ (also: PPARβ), encoded on the NR1C2 gene on chromosome
6, has previously been identified as a target for several metabolic conditions, including
NAFLD [37,38], as receptor modulation was found to increase insulin sensitivity and
improve lipid profile, while reducing obesity [39–41].

The receptor is expressed most abundantly in skeletal and cardiac muscle tissue, as
well as in brown and white adipose tissue, macrophages, and the liver [11,17,24]. In the
liver, the receptor further demonstrates a ubiquitous expression pattern, being present in
hepatocytes, hepatic stellate cells, liver sinusoidal endothelial cells, and Kupffer cells [25].
Endogenous ligands of PPARδ include fatty acids and eicosanoids [42].

PPARδ exerts beneficial metabolic functions through maintaining oxidative capacity of
skeletal muscle and mediating the adaptive response to exercise, enhancing mitochondrial
biogenesis, fatty acid oxidation, and glucose utilization [41,43,44]. An increase in mito-
chondria and mitochondrial proteins in skeletal muscle is facilitated by PPARδ-mediated
increase in peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a)
concentrations and nuclear respiratory factor (NRF-1) expression [45]. PPARδ further has
a critical role in the regulation of hepatic metabolism. In the pre-clinical setting, hepatic
PPARδ overexpression led to increased liver glucose utilization and de novo lipogenesis
while changing lipid profiles towards an increased ratio of monounsaturated to saturated
fatty acids [46]. Despite lipid accumulation, PPARδ-overexpressing cells displayed less
damage [46]. Overall, these findings indicate that PPARδ regulates hepatic glucose and
fatty acid metabolism, thus playing a pivotal role in hepatic energy substrate homeosta-
sis [46]. Further evidence suggests that liver-specific PPARδ activation also modulates
energy substrate homeostasis in skeletal muscle towards fatty acid oxidation [47]. Hepatic
PPARδ further regulates genes involved in lipoprotein metabolism, thus accounting for
its beneficial effects on lipid profiles, as well as pathways related to inflammation and
immunity, including promotion of anti-inflammatory macrophage polarization [48,49].
Recently, two detailed reviews have summarized the regulation of metabolism via PPARδ
with a focus on NAFLD etiopathogenesis [37,38].

2.4. PPARγ (NR1C3)

PPARγ, which is encoded by NR1C3 on chromosome 3, exerts its main metabolic
effects in adipose tissue, being expressed in white and brown adipose tissue, as well as
in macrophages [24]. Two isotypes of the PPARγ receptor, PPARγ 1 and PPARγ 2, have
been identified [50]. Among these isoforms, PPARγ 1 demonstrates a broader expression
pattern, while PPARγ 2 is predominantly expressed in adipose tissue [51].

Similar to other PPAR isoforms, endogenous ligands of PPARγ are fatty acids and
eicosanoids [11]. Synthetic agonists of PPARγ include the anti-diabetic treatments rosiglita-
zone and pioglitazone, but also arachidonic acid metabolite anti-inflammatory drugs such
as ibuprofen and indomethacin as well as the dual agonist saroglitazar [42,52].

PPARγ beneficially affects metabolism mainly by improving adipose tissue adipogen-
esis and adipose tissue fatty acid uptake and expenditure [52–54]. Adipose-tissue-specific
PPARγ deletion in a pre-clinical model leads to severe lipoatrophy, highlighting the role
of PPARγ in adipocyte development [55]. PPARγ deletion in adipose tissue and liver
has furthermore been linked to insulin resistance [54–56]. Accordingly, PPARγ activation,
for example with thiazolidinediones, displays insulin-sensitizing properties [52]. PPARγ
activation has also been demonstrated to increase levels of adiponectin, an anti-atherogenic
adipokine [48]. The receptor further possesses anti-inflammatory properties, acting via
modulation of macrophage polarization and attenuation of the NF-κB pathway [49,57,58].
Regarding direct anti-fibrotic properties, PPARγ activity is linked to hepatic stellate cells
displaying a quiescent phenotype and reduced hepatic stellate cell proliferation [59,60].
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3. Pharmacologic PPAR-Targeted Therapies

Several PPAR-modulating agents, with varying degrees of affinity for the different
PPAR isotypes, have been investigated for the therapy of NAFLD and NASH (Figure 2).
Table 1 provides an overview of recent controlled clinical trials reporting liver-related
outcomes in patients with NAFLD.
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3.1. Selective PPARα Modulator: Pemafibrate (K-877)

Pemafibrate is a selective PPARα modulator (SPPARMα), as among PPAR isotypes
it is highly selective for PPARα [69]. Structural differences of the pemafibrate molecule
compared to other PPARα agonists such as fenofibrate allow for this higher selectivity and
agonistic activity at the receptor ligand-binding site [70]. The drug is currently approved
and marketed in Japan for the treatment of dyslipidemia with high triglyceride (TG) and
low high-density lipoprotein cholesterol (HDL-C) levels under the name Parmodia® [71,72].
Thus, most evidence on pemafibrate in NAFLD is derived from trials conducted in this
target population.

Pre-clinical data indicate a beneficial effect of pemafibrate on some aspects of liver
histology in NAFLD/NASH. Steatosis, measured by area of oil red O staining but not
hepatic TG content, inflammatory activity, and fibrosis improved under pemafibrate in a
mouse model of diet-induced NASH [73]. In a STAM mouse model, mimicking NASH
with underlying diabetes, pemafibrate ameliorated inflammatory activity while again no
effect on hepatic TG content was observed [74].

A double-blind, randomized controlled phase 2 trial including 224 Japanese patients
with dyslipidemia treated with pemafibrate twice daily (0.025 mg, n = 34; 0.05 mg, n = 37;
0.1 mg, n = 36; 0.2 mg, n = 36) versus fenofibrate once daily (100 mg, n = 36) or placebo
(n = 34) over the course of 12 weeks has assessed the efficacy and safety of pemafibrate
for the treatment of dyslipidemia [75]. The study population included 12% patients with
T2DM and 20% with fatty liver. However, participants with poorly controlled T2DM
(glycated hemoglobin A1c (HbA1c) ≥ 8.4%), history of hepatic impairment, and aspartate
aminotransferase (AST) or alanine aminotransferase (ALT) levels more than 2-fold above the
upper limit of normal (ULN) were excluded [75]. Pemafibrate showed a dose-dependent,
significant reduction of plasma TG and increase in HDL-C levels compared to baseline
and placebo, while elevations of AST and ALT occurred less frequently compared to
fenofibrate [75].

Only patients with T2DM, 54% of whom had concomitant NAFLD (N = 166), were
included in the randomized, placebo-controlled phase 3 PROVIDE trial (pemafibrate
0.2 mg/day, 0.4 mg/day, or placebo over 24 weeks), to assess the effect on fasting serum
TG and further lipid-related as well as glycemic parameters [76]. The study demonstrated
a significant decrease in TG levels by around 45% in both treatment groups. The treatment
groups experienced fewer liver-related adverse events [76].

These findings were supported by a randomized controlled phase 3 trial, which
included 223 Japanese patients with dyslipidemia, who received either pemafibrate 0.2 mg,
0.4 mg, or fenofibrate 106.6 mg daily [77]. Besides improvements in TG and HDL-C levels,
the pemafibrate groups furthermore showed significant decreases in AST, ALT, gamma-
glutamyltransferase (γ-GT), and alkaline phosphatase (ALP) [77]. However, only 5% of the
participants had T2DM, no data on NAFLD is reported, and patients with poorly controlled
T2DM or liver impairment were excluded [77].

Recently, a large post hoc analysis has summarized evidence from six, randomized
controlled clinical trials of pemafibrate for treatment of dyslipidemia regarding outcomes
related to glycemic control and liver values [62]. This pooled analysis included 1253 pa-
tients, 36% and 43% of whom had T2DM and fatty liver disease, respectively [62]. Among
individuals with liver function tests above ULN at baseline, the proportion of patients
with normalization of ALT, γ-GT, and ALP was significantly higher in the group treated
with high-dose pemafibrate compared to placebo [62]. A significant decrease of liver tests
was observed in all groups, predominantly in the 0.4 mg per day group [62]. Markers of
glucose homeostasis, namely fasting plasma glucose and insulin, and homeostatic model
assessment of insulin resistance (HOMA-IR) decreased significantly among the pemafibrate
groups compared to placebo [62]. These data suggest a potential beneficial effect on both
liver outcomes and glycemic control.

Few studies have assessed the effect of pemafibrate on liver-related outcomes other
than blood-based markers. A single-arm, prospective trial investigated the efficacy and
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safety of pemafibrate 0.2 mg daily in patients with sonographically assessed NAFLD and
dyslipidemia (N = 20, 40% T2DM) over the course of 12 weeks [78]. Elevated ALT levels
decreased significantly in all participants (p = 0.001) and normalized in around half of the
patients [78]. Furthermore, liver stiffness measurement (LSM) by vibration-controlled tran-
sient elastography (VCTE) and controlled attenuation parameter (CAP) decreased, but this
did not reach statistical significance [78]. Similar findings were reported by a retrospective
study that evaluated the effect of pemafibrate in 31 patients with NAFLD/NASH (16%
T2DM), assessed non-invasively by FibroScan-aspartate aminotransferase (FAST) score,
who also received pemafibrate 0.2 mg daily [79]. A significant decrease in FAST score over
48 weeks was observed, with a moderate, non-significant decrease in LSM [79].

Several other studies have retrospectively investigated pemafibrate in NAFLD and
NASH [80–82]. Pemafibrate 0.2 mg was associated with improvements in several hepatic
markers after a follow-up of one year in non-diabetic NAFLD patients [82] and in patients
with biopsy-proven NASH [80].

To date, one randomized, placebo-controlled trial of pemafibrate 0.2 mg daily in
patients with NAFLD (N = 118), defined as a liver fat content of ≥10% measured by
magnetic-resonance-imaging-estimated proton density fat fraction (MRI-PDFF), has been
reported [61]. In total, 36% of participants had T2DM and 67% had metabolic syndrome [61].
While no significant change in liver fat content was observed over 72 weeks, LSM by
magnetic resonance elastography (MRE) significantly decreased by −6.2% (95% confidence
interval [CI] −11.5 to −0.8, p = 0.024) in the pemafibrate group compared to placebo [61].
Among the six serious adverse events reported, none were related to pemafibrate [61].

Overall, the evidence regarding pemafibrate’s potential in the treatment of NAFLD
patients with T2DM should be further explored. Currently only one randomized controlled
trial has been reported and the number of patients with both NAFLD and T2DM in present
studies is limited, hampering the extrapolation of findings to this population. Clinical trials
evaluating the effect of pemafibrate on histological liver outcomes are currently missing.

3.2. PPARα Agonists: Fibrates

Fibrates were the first drug class utilizing PPARα agonism, albeit unknowingly, until
discovery of the nuclear receptor [22]. Compared to pemafibrate, fibrates such as gemfi-
brozil, clofibrate, fenofibrate, and bezafibrate show relatively weak PPARα agonism [15,72].
While these substances are generally considered to be PPARα agonists, the individual
receptor profile may differ between drugs. Bezafibrate, for instance, shows activity at all
PPAR isotypes and may thus be classified as a pan-PPAR agonist [83]. Fibrates are currently
used in the treatment of dyslipidemia and their potential to improve NAFLD has been
explored for several decades [84]. In the field of liver disease, fibrates are further studied
regarding use in primary biliary cholangitis (PBC) [85].

Among individuals with T2DM, serum levels of CC chemokine ligand 5 (CCL5) [86],
a pro-inflammatory chemokine that has been implicated in advancing the development of
fibrosis in NAFLD and NASH, decreased during fenofibrate treatment [87]. Recently, use
of fibrates was identified as a protective factor against progression of NAFLD to advanced
fibrosis (odds ratio [OR] 0.90, p < 0.05), defined as an increase in non-invasive markers, in a
large cohort of American individuals with diabetes (N = 50,695) [7].

While promising results regarding hepatocellular damage and fibrosis have been
reported in pre-clinical models [88,89], these findings have not translated into a clear benefit
in clinical trials of NAFLD and NASH. In a small controlled clinical trial of gemfibrozil
(N = 46), a decrease in transaminases, predominantly ALT, in NASH patients was noted [90].
In a prospective single-arm, dual biopsy trial of NAFLD patients (N = 16), only hepatocyte
ballooning, but not other histological parameters, including steatosis, lobular inflammation,
and fibrosis, changed significantly under fenofibrate (200 mg/day) over 48 weeks [91].
Treatment decreased TG, γ-GT, and ALP, but not transaminases [91]. Only one participant
in this trial had T2DM [91].
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Randomized, placebo-controlled trials have assessed the effect of fenofibrate in in-
dividuals without T2DM. Among 25 participants with insulin resistance and metabolic
syndrome, fenofibrate reduced plasma TG as well as inflammatory markers interleukin-6
(IL-6) and high-sensitivity C-reactive protein (hsCRP), but did not improve insulin sensitiv-
ity [92]. Another trial assigned 27 patients with NAFLD (intrahepatic triglyceride (IHTG)
content by magnetic resonance imaging ((MRI) ≥ 5.6%) and obesity to receive fenofibrate,
niacin or placebo [93]. Fenofibrate decreased plasma TG and very low-density lipoprotein
(VLDL) composition regarding TG and apolipoprotein B (apoB) content, while having no
effect on insulin sensitivity or IHTG content [93]. Another clinical trial of non-diabetic
NAFLD patients reported an increase in total liver volume and total liver fat volume under
fenofibrate [94].

Thus, benefits of fibrates on liver-related outcomes in NAFLD currently seem limited,
although data from clinical trials are largely based on individuals without T2DM. Previous
trials failed to demonstrate insulin-sensitizing effects [92,93,95], but treatment might be
warranted in certain dyslipidemic conditions (see Section 4.2.). Treatment seems safe re-
garding liver outcomes, as most commonly liver enzyme elevations are transient, although
instances of acute liver injury during treatment with fibrates, mostly under fenofibrate,
have been reported [96,97].

3.3. Selective PPARδ/β Agonist: Seladelpar (MBX-8025)

Seladelpar (MBX-8025) was developed as a selective PPARδ (PPARβ) agonist [98].
The molecule improved several parameters of glucose homeostasis and liver histology,
including inflammation and steatosis, in a mouse model of NASH with T2DM and obe-
sity [99]. In humans, seladelpar has previously demonstrated beneficial metabolic effects
on atherogenic dyslipidemia (see Section 4.2), while no significant insulin-sensitizing effect
was observed [98].

A randomized, placebo-controlled phase 2 trial (NCT03551522) of seladelpar in pa-
tients with histologically confirmed NASH provided preliminary results, demonstrating no
effect on hepatic steatosis compared to placebo [18]. Final results, however, have not yet
been published and development of the molecule has been halted for this indication after
histological evaluation revealed findings of interface hepatitis [15].

3.4. PPARγ Agonists: Thiazolidinediones

Thiazolidinediones are a drug class of PPARγ agonists currently approved for the treat-
ment of diabetes due to their insulin-sensitizing effects [52], with similar effects on glycemic
control between different substances of the class [100]. Positive effects in NAFLD patients
have been confirmed by several systematic reviews and meta-analyses [19,63,101,102]. A
systematic review of eight randomized controlled trials of thiazolidinediones (pioglitazone
and rosiglitazone) for treatment of NAFLD or NASH (15% T2DM), which was diagnosed
based on histological criteria in the majority of cases, reported improvements in liver fat
content and in serum levels of transaminases [63]. A meta-analysis of five clinical trials further
indicated an improvement in lobular inflammation (risk ratio [RR] 1.72, 95% CI 1.33–2.22,
p < 0.0001) and fibrosis (RR 1.39, 95% CI 1.01–1.90, p = 0.04) with thiazolidinedione (pioglita-
zone and rosiglitazone) treatment, although these latter findings did not consistently hold up
in subgroup analyses [102]. Data obtained from another meta-analysis, which included eight
randomized controlled clinical trials of patients with biopsy-confirmed NASH (overall N = 516
in analysis of primary outcome), indicated that only pioglitazone, but not rosiglitazone, leads
to improvement of fibrosis ≥1 stage (OR 1.77, 95% CI 1.15–2.72, p = 0.009, and OR 1.18, 95%
CI 0.43–3.25, p = 0.74, respectively) and NASH resolution (OR 2.14, 95% CI 0.94–4.86, p < 0.001,
and OR 3.65, 95% CI 2.32–5.74, p = 0.07, respectively) [19].

3.4.1. Pioglitazone

Pioglitazone also exhibits weak PPARα agonism, which may explain the beneficial
effect on NAFLD compared with the other PPARγ agonists mentioned above [103]. Pioglita-
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zone may currently be considered for treatment of NASH according to several international
clinical guidelines [104–106]. Specifically, the clinical practice guidelines by the European
Association for the Study of the Liver (EASL) and the American Association for the Study of
the Liver (AASLD) state that treatment with pioglitazone may be discussed in patients with
confirmed NASH with and without concomitant diabetes [107,108]. Recently, a network
meta-analysis of 30 studies (N overall = 2356) found pioglitazone to be the most effective
therapy for (NAS) reduction along with rosiglitazone and gastric bypass [109].

In a murine model of NAFLD, high-fat-diet-induced steatosis was ameliorated through
pioglitazone administration by PPARγ- and PPARα-dependent increases of lipolysis, β-
oxidation, and autophagy [110]. Improvement of hepatic steatosis by pioglitazone was
found to be impaired in adiponectin knockout mice, indicating adiponectin involvement in
the mechanisms exerted by pioglitazone [111]. Among human patients with T2DM, piogli-
tazone increased adiponectin levels, which correlated with improvements in parameters of
glucose homeostasis [112].

Data on the anti-fibrotic effect of pioglitazone are not conclusive [19,102]. In different
rat models of fibrosis (carbon tetrachloride, bile duct ligation, choline-deficient diet), the
effect of pioglitazone treatment on fibrosis varied by the type of injury as well as stage of
fibrosis at administration [113]. In humans, genetic factors have been implicated in the
variation of response to pioglitazone [114] and in fibrosis regression among the Pioglita-
zone versus Vitamin E versus Placebo for the Treatment of Non-Diabetic Patients with
Nonalcoholic Steatohepatitis (PIVENS) trial participants [115].

In the randomized, placebo-controlled PIVENS trial (N = 247), the effects of vitamin
E and pioglitazone in NASH without T2DM were evaluated [116]. While significant
reductions of transaminases compared to placebo were observed, the primary endpoint of
a composite improvement in NASH histological features was not met in the pioglitazone
30 mg group after 96 weeks (34% vs. 19%, p = 0.04, pre-specified significance level of
0.025) [117]. While NAS improved significantly, fibrosis stage did not [117]. Histological
resolution of steatohepatitis was found to be associated with fibrosis regression among
participants of the PIVENS trial (OR 3.9, 95% CI 2.0 to 7.6, p < 0.001) [115].

The data suggest that a beneficial effect of pioglitazone is also present in T2DM
patients and may even be more pronounced in this group compared to patients without
T2DM. A placebo-controlled proof-of-concept study of 55 NASH patients with T2DM or
prediabetes confirmed a beneficial effect on several metabolic and histological features,
including steatosis and inflammatory activity [118]. Similarly, significantly more patients
in the pioglitazone group reached the primary endpoint of a ≥2-point reduction in NAS
compared to placebo (difference 41%, 95% CI 23% to 59%, p < 0.001) in a randomized
controlled trial of patients with T2DM or prediabetes (N = 101) after 18 months [65]. In this
trial, the mean change in fibrosis score was greater in the treatment group (difference −0.5,
95% CI −0.9 to 0) [65].

The data from this randomized placebo-controlled trial were evaluated specifically
with regard to the effect of pioglitazone in T2DM compared to prediabetes [66]. NASH
resolution under pioglitazone compared to placebo occurred significantly more often only
in the T2DM patients (60% vs. 1%, p = 0.002), but not in patients with prediabetes (55%
vs. 29%, p = 0.12), owing also to a high resolution rate under placebo in the prediabetes
group [66]. Similarly, the improvement in fibrosis stage was significant only in the T2DM
treatment group (−0.5 ± 0.9 vs. 0.2 ± 1.2, p = 0.042), but, as would be expected, this group
also presented significantly higher baseline fibrosis scores [66]. An 18-month proof-of-
concept study of the combination therapy of vitamin E 400 international units (IU) and
pioglitazone 30–45 mg in patients with T2DM and bioptically confirmed NASH (N = 105)
showed that a ≥2-point improvement in NAS (difference 35%, 95% CI 14–56%, p = 0.003)
and NASH resolution (difference 31%, 95% CI 11–50%, p = 0.005) occurred more often
in the combination than the placebo group [64]. The proportion of patients achieving an
improvement in fibrosis stage did not differ significantly between groups (52% vs. 30%,
p = 0.07) [64].
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The effect of pioglitazone on fibrosis improvement in T2DM and prediabetes thus
remains inconclusive. A meta-analysis of three of the above-mentioned trials along with
one Chinese trial of pioglitazone versus berberine indicated significant improvements in
steatosis, lobular inflammation, and ballooning, but not fibrosis [119].

Besides effects on NAFLD, pioglitazone is furthermore a strong insulin sensitizer and
has a protective effect on beta-cell function, delaying the onset of T2DM in individuals with
impaired glucose tolerance and impaired fasting glucose [120,121]. This was demonstrated
in several clinical trials, for example the Actos Now for Prevention of Diabetes (ACT
NOW) [122] and the Insulin Resistance Intervention After Stroke (IRIS) trials [123], which
showed a 72% (p < 0.001) and 52% (p < 0.0001) risk reduction of development of overt
T2DM under pioglitazone, respectively.

Despite strong indications that pioglitazone exerts multiple metabolic benefits in pa-
tients with T2DM, widespread use of pioglitazone is hampered by adverse effects. Besides
weight gain (see Section 4.1), pioglitazone has been implicated in increasing the risk of
bladder cancer [124–126] and fractures by decreasing bone mineral density [127]. However,
evidence on the association of bladder cancer with pioglitazone remains inconclusive. One
meta-analysis concluded that the risk of bladder cancer was not increased significantly
with pioglitazone use (hazard ratio [HR] 1.07, 95% CI 0.96 to 1.18) [126]. A more recent
systematic review and meta-analysis came to a similar conclusion when assessing data
from randomized controlled clinical trials, but did find a significantly increased risk among
subjects in observational studies (OR 1.13, 95% CI 1.03 to 1.25) [124]. Another systematic
review of observational trials stated that existing data were too heterogeneous to derive
a reliable conclusion [125]. An increased risk of bladder cancer was not described for
rosiglitazone, indicating a possible adverse effect specific to pioglitazone rather than the
drug class of thiazolidinediones [128].

Among individuals with NASH and T2DM/prediabetes, randomized to receive either
pioglitazone 45 mg or placebo, use of pioglitazone was associated with a decrease of bone
mineral density at the level of the lumbar spine at 18 months (−3.5%, p = 0.002) [127].
Bone mineral density did not change during the extension phase until 36 months and no
low-energy fractures were reported [127]. Overall, pioglitazone might be a viable option
for treatment of NASH in patients with T2DM, but individual risks and benefits should be
carefully weighed. Several trials of pioglitazone in NAFLD treatment are currently ongoing
(Table 2).

Table 2. Ongoing interventional trials of PPAR-targeted therapy in NAFLD/NASH.

Drug Name;
Target

Pharmaceutical
Company

Country
Trial

Registration ID
Trial Name

Participants
(Randomization) Intervention

Treatment
Duration
(Weeks)

Primary Outcome(s)
Secondary Outcome(s)

Pioglitazone;
PPARγ

South Korea NCT03646292

Adults w/NAFLD
(diagnosed on
ultrasound and
other modalities)
and T2DM
N = 60 (1:1:1)

Arm (1):
Empagliflozin 10 mg
Arm (2): Pioglitazone
15 mg
Arm (3):
Empagliflozin 10 mg +
pioglitazone 15 mg

24

Change in hepatic fat content by
MRI-PDFF.
Change in liver fibrosis by MRE,
changes in lipid profiles, liver
enzymes, glucose metabolism, and
inflammatory biomarkers.

Pakistan NCT04976283

Adults w/NAFLD
(diagnosed by
FibroScan) and
T2DM
N = 123 (1:1:1)

Arm (1): Pioglitazone
15 mg
Arm (2):
Empagliflozin
5–12.5 mg
Arm (3):
Empagliflozin 10 mg +
Pioglitazone 15 mg

52

Change in radiologic liver parameters.
Changes in liver enzymes, liver
fibrosis scores, body weight, body
composition, glucose metabolism, and
lipid profiles.

USA NCT04501406

Adults w/NASH
(histologically
confirmed) and
T2DM
N = 138 (1:1)

Arm (1): Pioglitazone
15 mg
Arm (2): Placebo

72

Proportion of patients achieving
≥2 points improvement in NAS w/o
worsening of fibrosis.
Resolution of NASH w/o worsening
of fibrosis, improvements in SAF score
and NAS, and change in fibrosis.
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Table 2. Cont.

Drug Name;
Target

Pharmaceutical
Company

Country
Trial

Registration ID
Trial Name

Participants
(Randomization) Intervention

Treatment
Duration
(Weeks)

Primary Outcome(s)
Secondary Outcome(s)

Saroglitazar;
PPARα/γ
Zydus Discovery

USA NCT03639623
EVIDENCES VIII

Adults 6 months
post-transplantation
for NASH
N = 15

Arm (1): Saroglitazar
4 mg 24

Safety (adverse events).
Changes in hepatic fat, metabolic
flexibility, lipid profiles, liver enzymes,
glucose metabolism, pharmacokinetics,
and quality of life.

USA NCT05011305

Adults w/NASH
(histologically
confirmed)
N = 240 (1:1:1)

Arm (1): Saroglitazar
2 mg
Arm (2): Saroglitazar
4 mg
Arm (3): Placebo

76

Resolution of NASH w/o worsening
of fibrosis.
Improvements in fibrosis, NAS and
SAF score, changes in lipid profiles,
liver enzymes, glucose metabolism,
and body weight.

USA NCT03617263
Adult females
w/NAFLD and
PCOSN = 90 (1:1)

Arm (1): Saroglitazar
4 mg
Arm (2): Placebo

34

Hepatic fat content by MRI-PDFF.
Changes in liver enzymes, liver
steatosis, liver fibrosis, BMI, body
composition, glucose metabolism,
pharmacokinetics, ovarian function,
and free androgen index.

India NCT04193982

Adults w/NAFLD
(histologically
confirmed)
N = 250 (1:1:1:1)

Arm (1): Saroglitazar
4 mg
Arm (2): Vitamin E
400 mg
Arm (3): Saroglitazar
4 mg + vitamin E
400 mg
Arm (4): Lifestyle
intervention

24

Change in NFS.
Changes in liver enzymes, lipid
profiles, liver fibrosis in histology,
NAS, and HbA1c.

Lanifibranor;
Pan-PPAR
Inventiva Pharma

USA NCT03459079
Adults w/NAFLD
and T2DM
N = 44 (1:1)

Arm (1): Lanifibranor
800 mg
Arm (2): Placebo

24

Change in IHTG by 1H-MRS.
Proportion patients w/ ≥ 30%
decrease in IHTG and NAFLD
resolution, changes in insulin
sensitivity, lipid profiles, glucose
metabolism, and biomarkers
of fibrosis.

USA NCT04849728
NATIV3

Adults w/NASH
(histologically
confirmed) and
fibrosis stages 2–3
N = 2000 (1:1:1)

Arm (1): Lanifibranor
800 mg
Arm (2): Lanifibranor
1200 mg
Arm (3): Placebo

72

Resolution of NASH and
improvement of fibrosis, and time to
first clinical outcome event.
Resolution of NASH w/o worsening
of fibrosis, improvement of fibrosis
w/o worsening of NASH, changes in
liver enzymes, lipid profiles, glucose
metabolism, and quality of life.

Abbreviations: 1H-MRS, proton magnetic resonance spectroscopy; BMI, body mass index; HbA1c, glycated
hemoglobin A1c; IHTG, intrahepatic triglyceride content; MRE, magnetic resonance elastography; MRI-PDFF,
magnetic resonance imaging proton density fat fraction; NAFLD, non-alcoholic fatty liver disease; NAS, NAFLD
Activity Score; NASH, non-alcoholic steatohepatitis; NFS, non-alcoholic fatty liver fibrosis score; PCOS, polycystic
ovary syndrome; SAF, steatosis activity fibrosis scoring system; T2DM, type 2 diabetes mellitus; USA, United
States of America; w/, with; w/o, without.

3.4.2. Rosiglitazone

The thiazolidinedione rosiglitazone has been withdrawn from the European market
and its use is restricted in the United States of America (USA) due to concerns regarding
cardiovascular safety (see Section 4.3). With regard to NAFLD, positive results have
previously been reported.

In a small, single-arm study of NASH patients (N = 30), 50% of whom had impaired
glucose tolerance or T2DM, resolution of NASH was observed in 10 out of 22 participants
(45%) with consecutive biopsies under rosiglitazone 8 mg daily after 48 weeks [129]. Serum
ALT levels improved significantly [129]. Similarly, in a single-arm trial that included only
T2DM-NAFLD patients (N = 68), rosiglitazone treatment over 24 weeks led to a reduction
of liver enzymes and improvement in glycemic control [130].

The Fatty Liver Improvement with Rosiglitazone (FLIRT) randomized placebo-controlled
trial was conducted in 63 patients with histologically confirmed NASH [131]. This trial
showed significant steatosis improvement (≥30%) in 47% of participants under rosiglitazone
versus 16% under placebo (p = 0.014), but failed to demonstrate a benefit regarding other
histologic outcomes after one year [131]. Interestingly, absence of diabetes was identified as
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a predictor of treatment response in this trial [131]. Among 44 patients who completed an
open-label, one-year extension phase of this trial, prolonged treatment with rosiglitazone did
not improve fibrosis stage or inflammatory activity [132].

The effect of rosiglitazone was further explored in combination therapies. Rosigli-
tazone 8 mg daily alone or with either metformin or the angiotensin receptor blocker
losartan was compared in a randomized, open-label trial of paired biopsies in patients
with confirmed NASH (N = 135) [133]. This trial showed no difference in NASH histology,
including steatosis, hepatocellular inflammation, and fibrosis, among the three treatment
groups [133]. Contrary to rosiglitazone alone and in combination with losartan, no weight
gain was observed in the group taking rosiglitazone in combination with metformin, but
this difference failed to reach statistical significance, indicating that metformin did not
sufficiently ameliorate weight gain under rosiglitazone [133].

More recently, an analysis of hepatic gene expression patterns in the treatment group
of the FLIRT trial revealed increased expression of hepatic PPARγ and pro-inflammatory
genes, indicating a potentially detrimental long-term effect of rosiglitazone treatment [134].
Given these findings and the concerns regarding cardiovascular adverse effects, rosiglita-
zone’s role in the treatment of NASH is currently limited.

3.4.3. Lobeglitazone

Lobeglitazone is a more recently developed thiazolidinedione that along with PPARγ
agonism also exerts partial PPARα-agonism, similarly to pioglitazone. Lobeglitazone
is currently approved and marketed in Korea as an anti-diabetes drug under the name
Duvie® [42].

In a murine model of diet-induced NAFLD with obesity (high-fat diet), lobeglitazone
administration for 4 weeks improved glucose homeostasis, hepatic steatosis, and serum
lipid profile, accompanied by upregulation of hepatic gene expression related to fatty acid
β-oxidation and decrease of genes involved in lipid synthesis and hepatic gluconeogene-
sis [135].

Data in human NAFLD is sparse. In a single-arm trial, 50 participants with T2DM
and NAFLD, defined as controlled-attenuation parameter (CAP) over 250 dB/m, received
lobeglitazone 0.5 mg for 24 weeks [136]. A modest but significant decline in hepatic
steatosis, assessed non-invasively by CAP, compared to baseline was observed (313.4 dB/m
vs. 297.8 dB/m, p = 0.016) [136]. Patients furthermore showed an improvement in glycemic
control and atherogenic dyslipidemia [136].

3.5. Dual PPARα and -γ Agonist: Saroglitazar

Given the positive findings regarding dual agonism at PPARα and PPARγ with
drugs such as pioglitazone, therapies specifically targeting both receptors for treatment
of metabolic conditions were developed [137]. Recently one dual agonist, saroglitazar,
was approved for NASH treatment in India (Lipaglyn®) [42]. The drug has previously
been approved and marketed in India for treatment of diabetic dyslipidemia [138,139].
Compared to pioglitazone, saroglitazar exerts potent PPARα and only modest PPARγ
agonism [140].

Data from pre-clinical, in vivo studies in rodent models indicate an improvement
of insulin sensitivity, lipid profile, and other metabolic parameters with saroglitazar ad-
ministration, while exhibiting a good safety profile [140]. In in vitro models of NASH
(palmitic-acid-treated HepG2 and HepG2-LX2 co-cultures), saroglitazar showed a benefi-
cial effect on several mechanisms involved in NASH pathogenesis [141]. In a mouse model
of diet-induced NASH (high-fat, choline-deficient diet), saroglitazar demonstrated a more
pronounced improvement in NAS compared to pioglitazone or fenofibrate [141]. Observed
beneficial effects regarding fibrosis and fibrotic biomarkers were further confirmed in a
mouse model of carbon tetrachloride (CCl4)-induced fibrosis [141]. These observations
are in line with findings reported from a diet-induced mouse model of NASH induced
by Western high-fat diet and sugar water [142]. In this model, saroglitazar improved all
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histologic features of NASH, including fibrosis stage, and led to resolution of NASH in the
treatment group [142].

In clinical trials in participants with diabetes, saroglitazar has demonstrated beneficial
effects on atherogenic dyslipidemia and insulin sensitivity. Decreases of TG, low-density
lipoprotein cholesterol (LDL-C), and fasting plasma glucose were observed in a placebo-
controlled trial of saroglitazar 2 mg or 4 mg in T2DM patients (N = 302) [143]. In a three-arm
trial of individuals with T2DM (N = 122), higher-dose saroglitazar (4 mg) showed significant
improvements in TG and LDL-C compared to pioglitazone [144]. No serious adverse
events were observed under saroglitazar [144]. Insulin-sensitizing effects in T2DM were
demonstrated more recently in a small randomized, placebo-controlled trial (N = 30) [145].

A systematic review evaluated the effect of saroglitazar in three clinical trials, currently
published as abstracts, demonstrating liver-related outcomes in NAFLD patients with
dyslipidemia [139]. Saroglitazar was shown to improve hepatic steatosis, assessed non-
invasively by CAP, and plasma ALT levels [139]. Further evidence of saroglitazar in NAFLD
exists from observational studies. In two prospective observational studies, patients with
T2DM and NAFLD on ultrasound, who received saroglitazar 4 mg for 24 weeks, showed a
significant improvement in transaminases, LSM, and steatosis, measured by CAP [146,147].

Promising findings from two phase 2 clinical trials of saroglitazar in NAFLD/NASH
have recently been published [67,148]. A paired biopsy, controlled trial randomized 16 patients
with histologically confirmed NASH to receive either saroglitazar 2 mg or 4 mg, or placebo
over 24 weeks [148]. NAS decreased in both treatment groups (−1.5 ± 0.84, p = 0.77 in 2 mg;
−1.9 ± 1.57, p = 0.60 in 4 mg), but differences were not statistically significant compared to
placebo (−1.33± 0.58) [148]. NASH resolution without worsening of fibrosis occurred in three
(4 mg) and four (2 mg) patients of the treatment groups compared to none under placebo [148].
In the four-arm, double-blind, randomized, controlled EVIDENCES IV trial (NCT0306172),
106 patients (52% T2DM) with obesity and NAFLD according to imaging or biopsy were
randomized to receive saroglitazar (1 mg, 2 mg, or 4 mg) or placebo for 16 weeks [67]. Patients
in all treatment arms achieved significant reductions in ALT, AST, ALP, and γ-GT [67]. Liver
fat content on MRI-PDFF decreased significantly in the high saroglitazar dose compared to
placebo (difference −23.8%, 95% CI −39.9 to −7.7, p = 0.004) [67]. Fibrosis markers decreased
but did not differ significantly from placebo [67,148].

Saroglitazar has exhibited a favorable safety profile [139]. For other molecules of
this drug class, adverse events were similar to pioglitazone, including edema and weight
gain [149]. Data on the use of saroglitazar currently seem promising although evidence
from larger trials with histological endpoints are lacking. Several phase 2 and 3 clinical
trials are currently ongoing to evaluate the use of saroglitazar in NAFLD (Table 2).

3.6. Dual PPARα and -δ Agonist: Elafibranor (GFT505)

Elafibranor (GFT505) is a dual agonist of PPARα and PPARδ, with predominant activity
on the former [150]. In several rodent models of NAFLD/NASH, elafibranor administration
decreased expression of pro-fibrotic and pro-inflammatory genes and improved various
histological outcomes, including steatosis, inflammation, and fibrosis [151]. In an in vitro
model of NASH, elafibranor was found to exert the strongest anti-NASH effects compared
to seven other PPAR-modulating agents [152].

In humans, elafibranor enhanced insulin sensitivity in liver and muscle tissue, and
reduced plasma TG, LDL-C, and ALT levels [153]. In the phase 2, randomized controlled
GOLDEN-505 study of 274 patients with histologically confirmed NASH (39% T2DM),
individuals treated with elafibranor 120 mg over 52 weeks had higher rates of NASH
resolution without worsening of fibrosis compared to placebo (19% vs. 12%, OR 2.31,
95% CI 1.02 to 5.24, p = 0.045) [68]. The effect was more pronounced in individuals with
NAS of ≥4 at baseline (OR 3.52, 95% CI 1.32 to 9.40, p = 0.013) [68]. Importantly, these
analyses were performed according to the revised definition of treatment response while
the protocol-defined primary endpoint was not met [68].
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Elafibranor subsequently went on to the phase 3 RESOLVE-IT trial (NCT02704403),
but the development has been halted after an interim analysis failed to achieve the primary
endpoint of NASH resolution without worsening of fibrosis [154,155].

3.7. Pan-PPAR-Agonist: Lanifibranor (IVA337)

Lanifibranor is an indole sulfonamide derivative and a balanced pan-PPAR agonist that
has demonstrated strong therapeutic potential in pre-clinical models of NAFLD/NASH [156].
Specifically, lanifibranor ameliorated insulin resistance and improved histological features
of NASH, including steatosis, ballooning, and inflammation, in diet-induced and genetic
animal models [157]. Lanifibranor showed both therapeutic as well as preventive anti-fibrotic
properties in a CCl4-induced model of fibrosis, inhibiting the expression of pro-fibrotic and
inflammatory genes [157]. In a mouse model of diet-induced NASH, the ameliorative effects
of lanifibranor on certain aspects of NASH histology were greater than those observed with
agonists of individual PPARs [158]. While macrophage infiltration due to acute CCl4-induced
injury remained unchanged under lanifibranor, macrophages displayed a metabolically acti-
vated phenotype, decreasing inflammation [158]. In vivo and in vitro models further indicate
a beneficial effect on portal hypertension. In rat models of cirrhotic liver disease (bile duct lig-
ation, thioacetamide exposure), lanifibranor lowered portal pressure, improved microvascular
function, and attenuated fibrosis [159]. These findings indicate potential in the treatment of
advanced chronic liver disease.

The impact of lanifibranor in human NASH has been evaluated in the randomized,
placebo-controlled phase 2 NATIVE trial (NCT03008070) [160]. In total, 247 patients with
non-cirrhotic (fibrosis stages F2–3), histologically active NASH (42% T2DM) were random-
ized to receive either lanifibranor (1200 mg or 800 mg) or placebo over 24 weeks [20]. The
primary endpoint of decrease in histological activity (≥2 points in the activity score SAF-A)
without worsening of fibrosis was significantly more likely in the higher dosage treatment
group compared to placebo (55% vs. 33%, RR 1.69, 95% CI 1.22 to 2.34, p = 0.007), while no
significant improvement was observed with the lower dose (48% vs. 33%, RR 1.45, 95%
CI 1.00 to 2.10 p = 0.07) [20]. An improvement of ≥1 fibrosis stage without worsening of
NASH also occurred more often in the high-dose lanifibranor group compared to placebo
(RR 1.68, 95% CI 1.15 to 2.46) [20]. A network meta-analysis of pharmacologic therapies for
NAFLD ranked the probability of achieving an improvement of ≥1 fibrosis stage as being
highest with lanifibranor (OR 2.38, 95% CI 1.21 to 4.67) [161]. Lanifibranor is one of the
two pharmacological therapies that have demonstrated an improvement in fibrosis stage in
clinical trials. The efficacy of lanifibranor is currently investigated in a phase 3 clinical trial
in patients with NASH (NATiV3; NCT0484972).

4. Comorbidities of the Metabolic Syndrome in the PPAR-Targeted Treatment of
Diabetic NAFLD Patients

Care of individuals with T2DM must consider co-existing conditions [162], and the
presence of NAFLD or NASH adds further complexity to this population with multiple
metabolic comorbidities [5]. The following chapter provides an overview of common
comorbid conditions of the metabolic syndrome in T2DM patients and the possible impact
of PPAR-directed therapies on these conditions. Findings are summarized in Table 3. Given
the large volume of evidence published on these topics, we focused on pivotal trials and
recent works summarizing previous findings.
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Table 3. Effects of PPAR-directed therapy on other comorbidities of the metabolic syndrome.

PPAR Target Drug Name Overweight and Obesity Effects on Lipid Levels Cardiovascular Comorbidities

PPARα
Pemafibrate No effect ↑ HDL-C

↓(↓) Triglycerides
Unknown; phase 3 trial
(PROMINENT) ongoing

Fibrates No effect ↑ HDL-C
↓ Triglycerides

Modest decrease of cardiovascular risk
in primary and secondary prevention

PPARδ Seladelpar No effect
↑ HDL-C
↓ LDL-C

↓ Triglycerides

No data on cardiovascular outcomes;
good cardiovascular safety profile

PPARγ

Pioglitazone
and other

thiazolidine-
dione

Weight gain (3–7% of body
weight)

↑ HDL-C
(↑) LDL-C
↓ Triglycerides

Risk reduction for several
cardiovascular outcomes; causing
fluid retention and edema; possibly
increased cardiovascular risk
with rosiglitazone

PPARα/γ Saroglitazar No effect
(↑) HDL-C
(↓) LDL-C
↓ Triglycerides

No data on cardiovascular outcomes;
good cardiovascular safety profile

PPARα/δ Elafibranor No effect (↑) HDL-C
↓ Triglycerides

No data on cardiovascular outcomes;
good cardiovascular safety profile

Pan-PPAR Lanifibranor Mild weight gain (3% of
body weight)

↑ HDL-C
↓ Triglycerides

No data on cardiovascular outcomes;
good cardiovascular safety profile

Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ↑,
increases; ↓, lowers; brackets denote conflicting or unclear results.

4.1. Overweight and Obesity

Both NAFLD and T2DM are closely linked with obesity. The prevalence of obesity has
been estimated at 51% among NAFLD patients, rising to 82% in patients with NASH [1].
Thus, pharmacological treatments for NAFLD should be evaluated with regard to their
effects on weight, especially in diabetic patients.

Among the discussed PPAR-directed therapies, weight gain has consistently been
reported for thiazolidinediones [100]. However, conflicting data exist as to whether this
weight gain is predominantly associated with fluid retention or an increase in adipose
tissue mass [163–165]. Possible cardiac implications of fluid retention are discussed in
chapter 4.3. Recent data from obese women treated with pioglitazone 30 mg over 16 weeks
compared to placebo indicate an increase in adipogenesis in the subcutaneous femoral
adipose tissue depot, which is considered beneficial for metabolic health compared to other
depots [166], while reducing visceral adipose tissue [167]. These findings are in line with
other evidence demonstrating improved adipose tissue metabolism [165] and an overall
beneficial cardiovascular effect of pioglitazone (see Section 4.3).

In the three-arm PIVENS trial of pioglitazone or vitamin E versus placebo, only the pi-
oglitazone group demonstrated a significant weight gain of 4.7 kg (p < 0.001) [117]. Overall,
trials have consistently reported a considerable increase of around 3–7% of body weight
during thiazolidinedione treatment [117,118,129,168,169], which was also confirmed in par-
ticipants with T2DM and prediabetes [65]. In a study by Bril et al. (2019), individuals with
T2DM, who received combination therapy with vitamin E and pioglitazone, demonstrated
a significant weight gain (5.7± 5.4 kg, p < 0.001) after 18 months compared to no significant
changes in the vitamin E and placebo groups [64]. Weight gain was not ameliorated by
combining pioglitazone with instructions regarding a hypocaloric diet [65,118]. Weight
gain among NASH patients in a 48-week trial of pioglitazone partially remained at the
6-month post-treatment follow-up [129].

Inconsistent findings regarding weight gain have been reported from trials of dual or
pan-PPAR agonists, which exert PPARγ agonism. Both bezafibrate and saroglitazar have
demonstrated no effect on body weight [139,170]. In the context of bezafibrate, it has been
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discussed that this might be due to concomitant PPARδ activation, ameliorating PPARγ-
mediated weight gain [170]. In contrast, weight gain has been observed for lanifibranor,
the pan-PPAR agonist currently under investigation in NAFLD [20]. Francque et al. (2021)
reported a 3% increase in body weight in both the low- and high-dose treatment group of
the phase 2 NATIVE trial [20].

No clinically relevant changes in body weight have been reported for seladelpar [99],
elafibranor [68], and fibrates, including fenofibrate [91] and pemafibrate [61].

4.2. Dyslipidemia

PPAR agonists have demonstrated effects mostly in the treatment of atherogenic
dyslipidemia, which is a common comorbidity in T2DM patients [16,171]. Atherogenic
dyslipidemia is defined by low plasma levels of HDL-C with elevated levels of TG and
small and dense LDL-C [172]. Atherogenic dyslipidemia represents a major risk factor for
cardiovascular disease. Effects of PPAR-agonists on cardiovascular outcomes are discussed
in Section 4.3.

As fibrates reduce TG and, to a lesser extent, improve levels of HDL-C [36], the use
of fibrates to reduce residual cardiovascular risk in persistent atherogenic dyslipidemia
despite lifestyle or statin treatment in patients with T2DM has been evaluated [173]. The
Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) trial included 9795 T2DM
patients without lipid-lowering treatment at baseline and without clear indication for the
former [174]. At 2 years, TG levels in the fenofibrate treatment group compared to placebo
were 21% and 29% lower in the subgroups of patients with and without other lipid-lowering
treatment during the study period, respectively [174]. In the large randomized, controlled
Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial, T2DM patients with
dyslipidemia (N = 5518) were treated with fenofibrate or placebo along with open-label
simvastatin [175]. A mild increase of HDL-C, paralleling that in the placebo group, and
regression in TG were observed in the fenofibrate group [175].

The selective PPARα agonist pemafibrate is currently approved in Japan for the
treatment of hyperlipidemia [72]. A thorough, detailed review of the role of pemafibrate
in the treatment of atherogenic dyslipidemia can be found here [176]. In the placebo-
controlled, phase 3 PROVIDE trial, the use of pemafibrate led to a significant decrease
of fasting TG compared to placebo (p < 0.001) [76], an effect that was stable during the
open-label extension period [177]. A pooled analysis of six placebo-controlled phase 2 and
3 trials in a large cohort of 1253 patients further confirmed these findings in combination
therapy [178]. After 12 weeks, TG levels in both statin users and non-users significantly
declined by 45–50%, in a dose-dependent manner with pemafibrate doses ranging from
0.1 mg/day to 0.4 mg/day, while no significant changes were observed in the placebo
groups (p < 0.001 vs. placebo) [178]. Currently available data indicate that the lipid-lowering
effects of pemafibrate are comparable or superior to those of fibrates [77,179].

Lipid-modulating effects of pioglitazone were observed in the Pioglitazone Effect
on Regression of Intravascular Sonographic Coronary Obstruction Prospective Evalua-
tion (PERISCOPE) [180] and Carotid Intima-Media Thickness in Atherosclerosis Using
Pioglitazone (CHICAGO) [181] trials. In the PERISCOPE trial, HDL-C levels signifi-
cantly increased and TG levels decreased in 543 T2DM patients who received pioglitazone
15–45 mg/day versus glimepiride 1–4 mg/day [180]. This was accompanied by a reduction
of coronary atherosclerosis progression with pioglitazone as measured by a decrease in per-
cent atheroma volume in intravascular ultrasound [180]. A post hoc analysis revealed that
atheroma regression was associated with changes in lipid levels [182]. In the CHICAGO
trial, pioglitazone compared to glimepiride reduced carotid intima artery intima-media
thickness in 462 patients with T2DM, which was found to be associated with improvements
in HDL-C in a post hoc analysis [181,183].

Beneficial effects of saroglitazar regarding TG levels in T2DM patients have been
reported in both randomized controlled trials as well as observational cohorts [184,185].
Saroglitazar is currently approved in India for treatment of atherogenic dyslipidemia in
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T2DM [185]. Recently, the randomized, controlled phase 3 PRESS XII trial evaluated the
effect of saroglitazar 2 mg or 4 mg compared to pioglitazone on glycemic control and
lipid profiles in 1155 patients with T2DM over 56 weeks [186]. Similarly, to participants
in the pioglitazone arm, participants in the saroglitazar groups experienced a significant
reduction of TG and LDL-C while HDL-C increased [186]. Information on use of other lipid-
lowering agents, however, is not reported [186]. A recent meta-analysis of five randomized
controlled trials confirms a benefit regarding TG reduction with saroglitazar compared
to placebo or pioglitazone, but not compared to active control with other lipid-lowering
agents (atorvastatin or fenofibrate) after 12 weeks [185]. Changes in HbA1c, LDL-C, or
HDL-C levels were not significant [185].

Improvements in lipid profiles have also been demonstrated in the now discontinued
agents seladelpar and elafibranor. In a randomized, placebo-controlled trial, seladelpar
with or without atorvastatin significantly lowered LDL-C and TG, and increased HDL-C
in individuals (N = 183) with dyslipidemia and abdominal obesity [98]. An improvement
of lipoprotein subfractions was observed in another randomized, placebo-controlled trial
with seladelpar alone or in combination with atorvastatin [187]. Compared to placebo,
elafibranor significantly reduced fasting TG and increased HDL-C in a randomized, placebo-
controlled trial of 141 patients with prediabetes or dyslipidemia, while LDL-lowering effects
were only observed in the prediabetes group [188]. Similar findings were reported in the
GOLDEN-505 trial in NASH patients [68].

Dyslipidemia is highly prevalent in individuals with NAFLD and T2DM, most of
whom benefit from statin therapy, given the pleiotropic beneficial cardiovascular [189] as
well as liver-related [190,191] effects of statins. Both FIELD and ACCORD trials showed
overall low rates of myopathy under fenofibrate alone and under combination of fenofibrate
with statins [174,175]. Overall, incidence rates of rhabdomyolysis in combination therapy
were found to be lowest for fenofibrate combinations, although risk was higher in older
and T2DM patients [192]. Among fibrates, gemfibrozil is associated with a higher risk
of muscle-related adverse events in combination therapy with statins due to different
pharmacokinetics, resulting in impaired statin metabolism [193]. Currently, statin-fibrate
combination therapy may be considered in select patients with severe or refractory mixed
dyslipidemia, intact renal function, and careful clinical follow-up [42].

In this context, the development of newer PPARα agonists for treatment of NASH
further leads one to question the safety of these treatments, especially in combination
with statins. Saroglitazar is specifically marketed for treatment of residual atherogenic
dyslipidemia under statin treatment and has demonstrated a favorable safety profile re-
garding myopathy in the phase 3 PRESS VI trial, where it was combined with atorvastatin
10 mg [144]. Likewise, the SPPARMα pemafibrate demonstrated a good safety profile,
regardless of statin use and mild renal dysfunction, in a pooled analysis of several random-
ized trials [178]. Effects of the Pan-PPAR agonist lanifibranor on lipid profiles were overall
modest with no muscle-related adverse events in the phase 2 NATIVE trial [20].

4.3. Cardiovascular Comorbidities

T2DM, along with comorbid obesity and dyslipidemia, constitutes a major risk factor
for cardiovascular disease (CVD) [194]. Moreover, several studies have provided evidence
that NAFLD could be an independent CVD risk factor with a potential synergistic in-
creased risk in patients with NAFLD and T2DM [195]. NAFLD patients are at risk of
excess mortality from CVD, with the risk increasing with more advanced disease [196].
Treatment strategies in NAFLD should thus be considered with regard to their effect on
cardiovascular conditions [197]. As PPAR modulation improves metabolism as well as
endothelial dysfunction and inflammation [198], several PPAR-targeted therapies have
been assessed regarding their potential to ameliorate cardiovascular disease and prevent
cardiovascular events (reviewed in [23,42]).

Given their role in atherogenic dyslipidemia and their long-standing market approval,
a lot of evidence exists regarding the effects of fibrates on cardiovascular outcomes [23].
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The previously mentioned FIELD and ACCORD trials are two landmark studies of fibrates
in the prevention of cardiovascular events in T2DM patients [174,175]. The randomized,
controlled FIELD trial (N = 9795) included individuals with T2DM both with and without
previous cardiovascular disease (approximately 1:4) and without specific indication for
dyslipidemia treatment or presence of NAFLD [174]. While fenofibrate did not reduce the
risk of major coronary events, it did reduce the incidence of non-fatal myocardial infarction
and microvascular-associated complications [174]. Furthermore, events were significantly
reduced in a subgroup analysis of those with dyslipidemia [174]. However, the ACCORD
trial failed to demonstrate a reduction of the CVD risk compared to statin therapy alone in
patients with T2DM at high risk for CVD [175]. In a meta-analysis of six primary prevention
trials, including ACCORD and FIELD, it was determined that fibrates lower the risk of
cardiovascular events (coronary heart disease death or non-fatal myocardial infarction) in
primary prevention, although the absolute effect was rather modest with an absolute risk
reduction of merely <1% [97]. The majority of patients included in the overall cohort had
T2DM [97].

Regarding secondary prevention, a systematic review and meta-analysis concluded
that fibrates were effective in the prevention of the composite outcome of non-fatal stroke,
non-fatal myocardial infarction, and vascular death [199]. This analysis, however, included
data on the drug clofibrate, which has been withdrawn from the market [199]. Whether
these findings can be extrapolated to currently available fibrates is unclear [199].

As described above, the SPPARMα pemafibrate has demonstrated beneficial effects on
atherogenic dyslipidemia. The effects of pemafibrate on reduction of cardiovascular events
in diabetic patients are currently being investigated in the clinical Pemafibrate to Reduce
Cardiovascular Outcomes by Reducing Triglycerides (PROMINENT) trial, which plans to
enroll 10,000 subjects in 24 countries [200].

Another class of drugs that has been extensively studied for potential cardiovascu-
lar outcomes is thiazolidinediones, especially pioglitazone [120]. Pioglitazone has been
demonstrated to improve certain parameters of cardiac metabolism and function in T2DM
subjects, including myocardial insulin sensitivity, left ventricular diastolic function, and
systolic function [201,202]. In the PERISCOPE trial of patients with coronary artery disease
and T2DM, pioglitazone furthermore slowed the progression of coronary atherosclerotic
lesions, assessed by intravascular ultrasound [180].

In the phase 3 PROspective pioglitAzone Clinical Trial In macroVascular Events
(PROactive) trial, the use of pioglitazone in the high-risk group of diabetic patients with
prior evidence of macrovascular disease was assessed [203]. After a mean follow-up of
almost 3 years, pioglitazone failed to significantly improve the composite primary outcome,
which included lower extremity revascularization among other cardiovascular endpoints
such as mortality and myocardial infarction (HR 0.90, 95% CI 0.80 to 1.02, p = 0.095) [203].
Regarding the narrower secondary composite outcome of all-cause mortality, non-fatal
myocardial infarction, and stroke, however, pioglitazone was superior to placebo (HR
0.84, 95% CI 0.72 to 0.98, p = 0.027) [203]. An individual patient data meta-analysis of
16,390 T2DM patients from 19 trials, including the PROactive trial, further confirmed
this observation of risk reduction in the composite endpoint of mortality, myocardial
infarction, and stroke (HR 0.82; 95% CI 0.72 to 0.94; p = 0.005) [204]. In the randomized,
placebo-controlled Insulin Resistance Intervention After Stroke (IRIS) trial, pioglitazone has
been shown to reduce the risk of stroke and myocardial infarction after a previous recent
cerebrovascular event in patients with insulin resistance but without diabetes (HR 0.76;
95% CI 0.62 to 0.93; p = 0.007) [123,169]. In patients with prediabetes and good adherence
to pioglitazone treatment (≥80%), the risk for acute coronary syndrome was reduced by
53% (95% CI 74% to 15%; p = 0.01) [205].

However, subjects receiving pioglitazone have also been found to be more likely to
develop edema and difficulty breathing in the IRIS study [169]. PPARγ prompts fluid
retention by increasing sodium avidity in the renal collecting ducts [206]. Data further
indicate that fluid retention is a class effect of thiazolidinediones rather than an effect of
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individual drugs [207]. Among NASH patients, however, data suggest that weight gain
may be attributable to an increase in adipose tissue rather than fluid retention, possibly
indicating that this adverse effect might be less pronounced in this patient group [163].

As sodium and fluid retention exert deleterious effects on the cardiovascular system,
the relationship between thiazolidinediones and heart failure has long been a matter of
debate. In a large individual patient data meta-analysis of Lincoff et al. (2007), subjects in
the pioglitazone group experienced serious heart failure significantly more often (HR 1.41;
95% CI 1.14 to 1.76; p = 0.002) [204]. However, this did not translate into an increased risk
of overall mortality (HR 0.92; 95% CI 0.76 to 1.11; p = 0.38) [204]. A secondary analysis of
the IRIS trial concluded that the risk of heart failure was not increased in individuals with
non-diabetic insulin resistance after cerebrovascular events under pioglitazone compared
to placebo (4.1% vs. 4.2%) [208]. Among patients with prediabetes and good adherence
(≥ 80%), the risk of the composite endpoint stroke, myocardial infarction, and hospital-
ization for heart failure was reduced (HR 0.61; 95% CI 0.42 to 0.88; p = 0.008) despite a
significantly higher rate of edema (37% vs. 25%; p < 0.001) [205]. In the IRIS trial, patients
with pre-existing heart failure were excluded, participants were closely monitored by their
providers, and dosage adjustments were performed where necessary, indicating that this
complication of pioglitazone treatment may be managed clinically without increased risk
of a negative outcome [208]. It has been hypothesized that weight gain may lead to overt
heart failure only in patients with underlying, sub-clinical cardiac dysfunction rather than
development of heart failure [197]. This seems plausible, given the high baseline prevalence
of cardiac dysfunction in the group of patients with T2DM [209].

A controversy regarding increased risk of cardiovascular mortality with rosiglitazone
has long been ongoing. A meta-analysis of 42 trials revealed a significantly increased odds
ratio of 1.43 (95% CI 1.03 to 1.98; p = 0.03) for myocardial infarction as well as an increased,
albeit not significant, odds ratio for death from cardiovascular causes 1.64 (95% CI 0.98 to 2.74,
p = 0.06) [210]. Updated meta-analyses have supported these findings [211,212]. In contrast, a
large open-label randomized controlled trial (N = 4447) of patients with type 2 diabetes, who
received either rosiglitazone or a combination therapy with metformin and sulphonylureas,
showed non-inferiority of rosiglitazone compared to the active control regarding the composite
primary endpoint of cardiovascular hospitalization or cardiovascular death (HR 0.99, 95% CI
0.85 to 1.16) [213]. While the American FDA has lifted restrictions on the use of rosiglitazone,
the approval of rosiglitazone by the EMA ended in 2010 [18].

As detailed below, other PPAR-modulating agents have demonstrated favorable ef-
fects on lipid profiles in diabetic patients, thus indicating possible beneficial effects in
cardiovascular disease (see Section 3.3), although long-term cardiovascular safety has not
been established. Notably, the partial PPARγ agonist saroglitazar has demonstrated a satis-
factory cardiovascular safety profile in the short term [186]. Likewise, no cardiovascular
safety concerns were raised for elafibranor [68].

In the context of cardiovascular conditions, it is worth noting that the antihypertensive
agent telmisartan, an angiotensin receptor blocker, further exerts agonistic effects at PPARγ
and -α. The role of telmisartan in the treatment of NAFLD has thus been evaluated
for both its renin-angiotensin-system (RAS)- and PPAR-modulating properties [214]. In
T2DM human subjects with arterial hypertension, telmisartan attenuated liver-spleen
ratio, indicating an improvement in hepatic steatosis [215]. In transcriptome analyses,
telmisartan was shown to ameliorate development of NASH in a mouse model of diabetic
NASH (STAM) [216]. Further studies are needed to determine the effect of telmisartan in
patients with NASH and liver fibrosis.

5. Outlook and Further Areas of Research

As outlined in the previous chapters, PPAR modulates a wide range of metabolic
functions and elicits pleiotropic effects in multiple tissues. Adding further complexity,
specific effects can be elicited and combined by the use of molecules with distinct activity
profiles on multiple PPAR isotypes [11]. This presents major challenges for research
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into PPAR therapies for NAFLD, but also offers considerable opportunities. One aspect
of NAFLD therapy that has elicited attention is the prospect of possible combination
therapies, simultaneously acting on several targets and thus offering synergistic treatment
effects [217]. Combination of PPAR-targeted therapies with other pharmacological agents
in the treatment of NAFLD will warrant careful exploration, given the multi-systemic
effects of PPAR modulation [217]. This holds true also for concomitant treatments targeted
towards other components of the metabolic syndrome such as the combination of statin
and fibrate therapy for dyslipidemia.

Similarly, an aspect of PPAR-targeted therapy needing further investigation is the
interplay of pharmacologic agents with PPAR modulation derived from the individuals’
environment. Among the identified ligands of PPARs are so-called endocrine-disrupting
chemicals (EDCs), which are defined as exogenous chemicals or mixtures of chemicals
that interfere with any aspect of hormone action [218]. EDCs have been demonstrated
to deregulate the activity of nuclear hormone receptors, such as PPAR isotypes and their
heterodimerization partner RXR [219]. Subsequently, modulation of PPARs by EDCs has
been discussed in the etiopathogenesis of NAFLD [220], obesity [221], and T2DM [222].
Although this may be far-reaching from a clinical point of view, the interaction between
PPAR-modulating pharmacological agents and EDCs in NAFLD patients with metabolic
conditions presents an interesting aspect for future research, especially given the high
worldwide prevalence of NAFLD.

Other PPAR-directed environmental factors may be immediately influenced by lifestyle
adjustments. As mentioned previously, nutrition-derived fatty acids and their metabo-
lites have been identified as ligands for all PPAR isotypes [11]. As a key regulator of
energy source homeostasis, PPARα, for example, mediates the response to acute fast-
ing, while its involvement in the adaptive response to intermittent fasting is not fully
elucidated [26,223,224]. PPAR activity may thus be directly or indirectly influenced by
adjustments in nutrition and dietary patterns, especially fasting, as well as modulation
of the gut microbiome [225,226]. Combination treatments of lifestyle interventions with
pharmacologic PPAR-targeted therapy thus present an interesting area for future research.
Ideally, clinical trials should consider these lifestyle-related factors to further elucidate
possible synergistic mechanisms with PPAR-targeted therapies.

Closely related to their function as key regulators in metabolism and energy home-
ostasis is the diurnal cycling of several PPAR isotypes. Specifically, PPARα and PPARδ
demonstrate diurnal expression and activity patterns, related to feeding status [35,47,227].
Circadian rhythm, encompassing the diurnal activity of several nuclear receptors, plays
a pivotal role in metabolic homeostasis and disturbances of the former have been linked
to NAFLD development [228]. Differences in the activation patterns of these receptors, as
would be prompted by pharmacologic therapies, might elicit metabolic responses different
to those observed with the natural fluctuation of PPAR activity. The extent to which this
affects overall metabolism, circadian rhythm, and treatment effects will warrant further
exploration [228].

Another aspect of research that has recently gathered interest is the sexual dimorphism
of several metabolic conditions, including amongst others NAFLD and T2DM [229–233],
although previous research in the field of NAFLD has often neglected to take these sex
differences into account [234,235]. While the biological and social factors contributing to
sex differences in metabolic and cardiovascular conditions as well as liver metabolism
are complex and manifold (as reviewed here [236] and here [237]), one particular target
of NAFLD treatment that has been identified as eliciting sexually dimorphic responses is
PPARα [11]. In previous research, PPARα SUMOylation in females has been described
as protecting the liver from estrogen-mediated intrahepatic cholestasis of pregnancy [34].
Recently, sexually dimorphic responses to PPARα activation by pemafibrate have been
described in a rodent model [33]. Four models of diet-induced NAFLD elicited distinctly
different responses in male compared to female mice, with transcriptome analysis indicating
marked differences in genes regulated by PPARα [33]. Sexually dimorphic gene expression
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related to PPARα was subsequently demonstrated in human liver tissue samples from
patients with NAFLD [33].

Because PPARα signaling is involved in the response to fasting, it could be hypothe-
sized that differential responses to fasting in male and female rodents [238] as well as to
dietary interventions in humans [239] might be mediated to some extent by PPARα. How-
ever, the degree to which these differences are conferred by sexual dimorphism in PPARα
activation remains to be elucidated further, as numerous other factors and mechanisms,
including estrogen signaling, strongly influence sex differences in the response to feeding
and fasting [240,241]. Interestingly, several clinical trials of PPARα agonists in humans
support a possible sexually dimorphic effect, although the results are inconclusive and the
magnitude as well as the direction of the effect remains unclear. A subgroup analysis of the
previously described ACCORD trial revealed a possible differential treatment effect, with
sex showing a significant interaction with treatment, resulting in more favorable effects in
men [175]. While improvement in lipid profiles was more pronounced in females in the
FIELD trial, this did not translate into a significant difference regarding cardiovascular
outcomes or significant interaction with treatment effect [174,242].

Data regarding possible sex differences in the other PPAR isoforms PPARδ and PPARγ
are scarce. While glucose homeostasis and insulin sensitivity have been described as sexu-
ally dimorphic factors [243], the role of PPARγ as a main regulator of these processes in
the context of these sex-specific findings is not well-described. Previous research clearly
indicates sex hormone signaling as a central mediator of these processes [243], with PPARγ
interacting with these pathways through estrogen receptor β (ERβ) [244]. In vitro find-
ings indicate an inhibition of PPARγ transcriptional activity through ERβ, which was in
accordance with increased PPARγ activity displayed by ERβ-deficient mice [244]. A rodent
model of PPARγ deficiency confirmed a sexually dimorphic response to PPARγ activation
by rosiglitazone [245]. The implications of these findings for PPAR-targeted therapy in
human diabetic NAFLD require further research.

6. Summary

Due to the central role of PPARs in metabolism, the use of PPAR-agonists in T2DM
patients offers unique challenges along with opportunities. PPAR-targeted therapies in
the field of NAFLD and NASH have demonstrated pleiotropic beneficial effects, both on
NAFLD-specific outcomes as well as on a multitude of metabolic functions.

The findings of the NATIVE trial of lanifibranor in particular represent a noteworthy
exception in the field of NASH pharmacotherapy, as regression of fibrosis has been demon-
strated. These findings, however, need to be further confirmed in the phase 3 NATiV3 trial.
While lanifibranor was safe with regard to muscle-related adverse events, reported weight
gain of around 3% may hamper use in NAFLD patients with metabolic comorbidities.

While data indicate a possible positive effect on steatosis, no anti-fibrotic effects have
been demonstrated for saroglitazar and effects regarding inflammatory activity remain
inconclusive. Several clinical trials in NAFLD and NASH are currently ongoing. Overall,
saroglitazar has demonstrated a favorable profile regarding metabolic effects and adverse
events, although a benefit regarding cardiovascular outcomes remains to be established.

Among the currently available treatment options, pioglitazone is recommended by
several NAFLD guidelines. While data on the anti-fibrotic effect in T2DM patients are not
fully conclusive, pioglitazone has shown positive effects on NASH inflammatory activity
and glucose homeostasis. There has been considerable debate regarding the cardiovascular
risk profile of pioglitazone, mainly revolving around the risk of heart failure due to weight
gain and fluid retention. The extent to which a positive effect on dyslipidemia translates
into overall cardiovascular risk reduction with pioglitazone is therefore unclear.

The role of fibrates both in the treatment of NAFLD and dyslipidemia seems limited.
While combination with statins may be safe, fibrates do not offer a relevant benefit regarding
cardiovascular outcomes. Results from the PROMINENT trial will offer insights into
the cardiovascular benefit of the selective PPARα agonist pemafibrate, where data on
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histological outcomes in NAFLD are currently lacking. However, since PPARα agonism
has been shown to elicit sexually dimorphic effects, both fibrates and pemafibrate for
NAFLD should be reviewed with regard to this aspect.

Overall, sexually dimorphic effects of PPARα agonism—and possibly other PPAR
isotypes—clearly warrant further exploration. Reporting of trial results stratified by sex
might provide further cues and insights into the complex mechanisms of PPAR agonists.
Precise phenotyping of trial participants with regard to not only sex but also comorbid
conditions, concomitant medications, and lifestyle is needed to adequately capture the
multi-systemic effects of PPAR-targeted therapies.
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Abstract: Men with nonalcoholic fatty liver disease (NAFLD) are more exposed to nonalcoholic
steatohepatitis (NASH) and liver fibrosis than women. However, the underlying molecular mech-
anisms of NALFD sex dimorphism are unclear. We combined gene expression, histological and
lipidomic analyses to systematically compare male and female liver steatosis. We characterized
hepatosteatosis in three independent mouse models of NAFLD, ob/ob and lipodystrophic fat-specific
(PpargF∆/∆) and whole-body PPARγ-null (Pparg∆/∆) mice. We identified a clear sex dimorphism
occurring only in Pparg∆/∆ mice, with females showing macro- and microvesicular hepatosteatosis
throughout their entire life, while males had fewer lipid droplets starting from 20 weeks. This sex
dimorphism in hepatosteatosis was lost in gonadectomized Pparg∆/∆ mice. Lipidomics revealed
hepatic accumulation of short and highly saturated TGs in females, while TGs were enriched in
long and unsaturated hydrocarbon chains in males. Strikingly, sex-biased genes were particularly
perturbed in both sexes, affecting lipid metabolism, drug metabolism, inflammatory and cellular
stress response pathways. Most importantly, we found that the expression of key sex-biased genes
was severely affected in all the NAFLD models we tested. Thus, hepatosteatosis strongly affects
hepatic sex-biased gene expression. With NAFLD increasing in prevalence, this emphasizes the
urgent need to specifically address the consequences of this deregulation in humans.

Keywords: nonalcoholic fatty liver disease (NAFLD); sex dimorphism; lipidomics; hepatic sex-biased
gene expression

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is considered as the hepatic manifestation
of the metabolic syndrome and is associated with obesity, insulin resistance and diabetes.
Therefore, its clinical prevalence has grown in recent years, due to the obesity epidemic.
NAFLD is characterized by an excessive accumulation of triglycerides (TGs) and cholesterol
esters in hepatocytes, also referred to as hepatosteatosis. The simple accumulation of fat is
per se harmless, and the incidence of NAFLD in the adult population in Western countries is
estimated to be around 25%. However, approximately 20% of patients with NAFLD develop
liver inflammation, which is the hallmark of nonalcoholic steatohepatitis (NASH) [1,2].
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Once developed, NASH can progress towards fibrosis and ultimately cirrhosis, which is an
important risk factor for hepatocellular carcinoma [3].

One factor that seems to play a role in NASH incidence is gender, although epidemi-
ological studies on this topic are still scarce and limited, and the available information
contradictory. Whereas earlier observations suggested that NAFLD/NASH was a female-
predominant condition, recent data suggest a higher prevalence in men [3]. In addition,
hepatocellular carcinoma, which can be triggered by advanced liver fibrosis, is clearly
sexually dimorphic in both rodents and humans, with a significantly higher incidence in
males [4,5]. Finally, several reports suggest that the sex-specific fat distribution, which
favors subcutaneous versus visceral depots in women, could be one of the factors con-
tributing to the lower global metabolic risk observed in women [6,7].

However, it must be considered that so far male subjects have been favored in human
and animal biomedical research, whereas women or nonhuman females have been under-
represented [8]. Thus, the current observations may mostly reflect a lack of knowledge
of the sex dimorphism of NAFLD. The liver is a highly sexually dimorphic organ in
the situation of normal health, with hundreds of genes being differentially expressed
between the two sexes [9,10]. It is thus expected that not only the development but also the
consequences of NAFLD might be sex-dimorphic.

In this study, peroxisome proliferator-activated receptor gamma null mice (Pparg∆/∆)
were used as a new model of NAFLD. PPARγ is a nuclear receptor required for adipocyte
differentiation and maturation [11]. Pparg∆/∆ mice were obtained as described by Nadra
et al. (2010) [12]. As expected from the critical role of PPARγ in adipogenesis, Pparg∆/∆

mice are totally deprived of adipose tissue [13] and spontaneously develop hepatosteatosis.
Herein we show that, in this mouse model, hepatosteatosis evolves differently in males
and females. Using a combination of transcriptomics, lipidomics and further in vivo
experiments, we systematically characterize the liver phenotype of Pparg∆/∆ mice in both
sexes in order to gain insight into the molecular mechanisms underlying sex dimorphism
in NAFLD. We also pay particular attention to the expression of sex-biased genes in
Pparg∆/∆ mice as well as distinct mouse models of hepatosteatosis, revealing an important
perturbation of the sex dimorphism pattern of the liver upon steatosis.

2. Results
2.1. PPARγ-Null Mice Represent a New Model of NAFLD Exhibiting Sex Dimorphism

PPARγ-null mice, hereafter called Pparg∆/∆ mice, are totally deprived of adipose
tissue [14]. Due to the impossibility of storing lipids in adipose tissue, lipodystrophy
typically triggers fat accumulation in the liver [15]. Accordingly, both male and female
Pparg∆/∆ mice showed a massive enlargement of the liver and developed hepatic steatosis,
as demonstrated by the presence of numerous lipid droplets at 7 weeks. In contrast, at
20 weeks, the liver of Pparg∆/∆ males exhibited fewer lipid droplets and lower triglyceride
(TG) accumulation compared to Pparg∆/∆ females (Figure 1A,B). FFAs increased similarly
in both Pparg∆/∆ males and females, while neither total hepatic cholesterol nor cholesterol
esters were increased in Pparg∆/∆ mice (Supplementary Figure S1). We compared this
model with two other models of NAFLD: the obese and diabetic ob/ob mice and the
lipodystrophic Adipoq-Cretg/+;Ppargfl/fl mice (hereafter called PpargF∆/∆), in which Pparg is
deleted in preadipocytes but is present in the rest of the body [16]. As expected, hematoxylin
and eosin staining showed that both sexes had a high number of hepatic lipid droplets in
these two other mouse models (Figure 1C), but with no apparent dimorphism. Consistently,
neither ob/ob mice nor PpargF∆/∆ mice showed sex dimorphism in hepatic TG levels
(Figure 1D). Thus, the sex dimorphism of hepatosteatosis with higher TG storage in female
vs. male is specific to the Pparg∆/∆ mice.
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Figure 1. PpargΔ/Δ mice are a new model of NAFLD exhibiting sex dimorphism. (A) Hematoxylin and eosin staining of 
liver sections of PpargΔ/Δ mice and their control littermates at 7 weeks (up panels) and at 20 weeks (bottom panels). (B) 
Total hepatic TG measured in PpargΔ/Δ mice and their control littermates at 20 weeks. n = 3–6. (C) Hematoxylin and eosin 
staining of liver sections of ob/ob mice, Adipoq-Cretg/+;Ppargfl/fl (PpargFΔ/Δ) mice and control mice at 20 weeks. (D) Total he-
patic TG measured in ob/ob mice, PpargFΔ/Δ) at 20 weeks. n = 3–5. For (A,C), black bar corresponds to 100 µm. In (B,D), 
white bars are female and black bars are male data. All data were statistically treated by two-way ANOVA and Bonferroni 
multiple comparisons. p values: * < 0.05, *** < 0.001 and **** < 0.0001. 

To gain insights into the development of this sex-related phenotype, we fully charac-
terized the lipid species accumulating in the livers of male and female PpargΔ/Δ mice at 7 
weeks, when hepatic lipid content is similar in males and females, and at 20 weeks, when 
the hepatic lipid content shows sexual dimorphism. 

In control mice at 7 weeks, female livers had an overall slightly higher content of each 
TG species compared to male livers. At 20 weeks, most of these differences disappeared 
(Figure 2A and Supplementary Figure S2A,B). The same analyses in PpargΔ/Δ mice at 7 
weeks revealed a remarkable pattern with a higher amount of polyunsaturated long-chain 

Figure 1. Pparg∆/∆ mice are a new model of NAFLD exhibiting sex dimorphism. (A) Hematoxylin and eosin staining
of liver sections of Pparg∆/∆ mice and their control littermates at 7 weeks (up panels) and at 20 weeks (bottom panels).
(B) Total hepatic TG measured in Pparg∆/∆ mice and their control littermates at 20 weeks. n = 3–6. (C) Hematoxylin and
eosin staining of liver sections of ob/ob mice, Adipoq-Cretg/+;Ppargfl/fl (PpargF∆/∆) mice and control mice at 20 weeks. (D) Total
hepatic TG measured in ob/ob mice, PpargF∆/∆) at 20 weeks. n = 3–5. For (A,C), black bar corresponds to 100 µm. In (B,D),
white bars are female and black bars are male data. All data were statistically treated by two-way ANOVA and Bonferroni
multiple comparisons. p values: * <0.05, *** <0.001 and **** <0.0001.

To gain insights into the development of this sex-related phenotype, we fully charac-
terized the lipid species accumulating in the livers of male and female Pparg∆/∆ mice at
7 weeks, when hepatic lipid content is similar in males and females, and at 20 weeks, when
the hepatic lipid content shows sexual dimorphism.

In control mice at 7 weeks, female livers had an overall slightly higher content of each
TG species compared to male livers. At 20 weeks, most of these differences disappeared
(Figure 2A and Supplementary Figure S2A,B). The same analyses in Pparg∆/∆ mice at
7 weeks revealed a remarkable pattern with a higher amount of polyunsaturated long-
chain TGs in Pparg∆/∆ males but a higher amount of short-chain and more saturated TGs in
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Pparg∆/∆ females, whereas no sex dimorphism was observed in that respect in control mice.
The same phenotype was accentuated at 20 weeks, while Pparg∆/∆ females had higher total
TG content compared to males, suggesting that this pattern is independent of total hepatic
TG content (Figure 2A,B).
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Figure 2. Hepatic triglyceride and FFA species in Pparg∆/∆ mice. (A) Heat map showing the different
TG species. For each line, corresponding to one lipid species, the absolute values are centered to 1,
and relative changes between each group are expressed in log2 (log(V/mean;2)). # and * indicate
statistically significant difference (p < 0.05) between females and males in control and Pparg∆/∆ mice,
respectively (Student’s t-test). (B) TG chain length and TG unsaturated average at 20 weeks, n = 5.
p values (* <0.05, ** <0.01) were calculated by two-way ANOVA and Bonferroni multiple comparisons.
(C) Heat map showing the different FFA species. LA, linoleic acid (18:2n6); ALA, α-linolenic acid
(18:3n3); AA, arachidonic acid (20:4n6); EPA, eicosapentaenoic acid (20:5n3); n = 5. # and * indicate
statistically significant difference (p < 0.05) between females and males in control and Pparg∆/∆ mice,
respectively (Student’s t-test).

The profile of hepatic FFAs, from which TGs are synthesized, showed only few
differences at 7 weeks between Pparg∆/∆ males and females. In contrast, the FFA profile
at 20 weeks reproduced the same pattern found in TGs (Figure 2C and Supplementary
Figure S2C).
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Similar analyses were performed in 20 weeks ob/ob mice. Unlike in Pparg∆/∆ mice,
short-hydrocarbon-chain TGs were more concentrated in ob/ob males compared to females,
while FFA species did not show sex dimorphism (data not shown).

In summary, Pparg∆/∆ males and females showed sexual dimorphism in the hepatic
content of TG and FFA species. In addition, females exhibit more short and/or saturated
hydrocarbon chain TGs and FFAs whereas males have more long and/or polyunsaturated
TGs and FFAs.

2.2. Distribution Pattern of Sex-Biased Genes in the Liver of CTL and Pparg∆/∆ Mice

To define the signature of the steatotic liver in male and female Pparg∆/∆ mice and
the genes/mechanisms underlying the observed sex dimorphism of NAFLD, microarray
analyses were performed at 20 weeks.

The hepatic expression of many genes is physiologically different between males and
females. The genes more expressed in females compared to males and the opposite are
referred to as “female-biased” or “male-biased” genes, respectively. Disruption of this
natural dimorphism may lead to physiopathological disorders. We thus compared the sets
of female-biased and male-biased genes in CTL and Pparg∆/∆ mice. An intriguing pattern
emerged, as most of the hepatic sex-biased genes in CTL mice lose their sex dimorphism
in Pparg∆/∆ mice (e.g., less than one-third of female-biased genes in CTL mice remain
female-biased in Pparg∆/∆ mice). Reciprocally, an important number of non-sex-dimorphic
genes in CTL become sex-biased in Pparg∆/∆ mice (Figure 3A).

In order to find the main biological pathways impacted by this particular pattern of
sex-biased genes in Pparg∆/∆ mice at 20 weeks, we performed gene ontology (GO) analysis,
using the bioinformatics tool DAVID GO (https://david.ncifcrf.gov/summary.jsp, analyses
performed from September 2015 to September 2016). We divided the overall set of sex-
biased genes into four subsets, as shown in Figure 3A. Table 1 lists the main GO terms
represented in each subset. Further analyses also take into account the specific genes that
GO groups in these categories, as listed in Supplementary Table S2.

Table 1. Gene ontology analysis of hepatic sex-dimorphic genes in CTL and Pparg∆/∆ mice at
20 weeks.

Group Gene GO Term No. of Genes p Value

I (208 genes)
Female-biased genes

in CTL mice

Microsome 16 2.24 × 10−9

Drug Metabolism 11 1.91 × 10−8

Cytochrome P450 9 2.58 × 10−6

Arachidonic acid metabolism 7 5.16 × 10−4

Endoplasmic reticulum 19 6.23 × 10−4

Linoleic acid metabolism 4 0.01

II (145 genes)
Male-biased genes in

CTL mice

ncRNA metabolic process 7 3.22 × 10−3

Tubulin 4 3.1 × 10−4

Steroid dehydrogenase activity 4 6.18 × 10−4

Metal ion binding 38 0.04
Nucleolus 8 5.78 × 10−3

III (292 genes)
Female-biased genes

in γ∆/∆ mice

Cell surface 24 1.02 × 10−9

Immune response 11 4.06 × 10−9

Immunoglobulin domain 28 4.59 × 10−9

Defense response 26 1.37 × 10−8

Neutrophil-mediated immunity 3 4.43 × 10−3

Fatty acid biosynthesis 5 5.2 × 10−3

IV (115 genes)
Male-biased genes in

in γ∆/∆ mice

Cell fraction 10 9.87 × 10−3

Cell cycle process 8 5.46 × 10−3

Cellular response to stress 9 1.54 × 10−3

Oxidation reduction 10 0.01
Mitochondrion 10 0.02
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for the two comparisons, with adjusted p value < 0.05 and no cutoff with fold change. “I” represents the group of genes 
that are female-biased only in CTL mice. “II” represents the group of genes that are male-biased only in CTL mice. “III” 
represents the group of genes that are not sex-biased in CTL but become female-biased in PpargΔ/Δ mice. “IV” represents 
the group of genes that are not sex-biased in CTL but become male-biased in PpargΔ/Δ mice. (B) Hepatic expression profile 
of Cux2, Acot3, Fmo3 and Hsd3b5 was confirmed by RT-qPCR in PpargΔ/Δ mice at 20 weeks (n = 4–7) and was measured in 
(C) Ob/Ob mice (n = 5) and in (D) Adipoq-Cretg/+;Ppargfl/fl (PpargFΔ/Δ) (n = 3). White bars are female and black bars are male 
data. p values (* < 0.05, *** < 0.001 and ) were calculated by two-way ANOVA and Bonferroni multiple comparisons. 
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Figure 3. Perturbation of hepatic sex-biased gene expression by NAFLD. (A) Distribution of hepatic sex-biased genes
measured by microarray analysis in Pparg∆/∆ mice at 20 weeks. Global computation of p-value adjustment was performed
for the two comparisons, with adjusted p value < 0.05 and no cutoff with fold change. “I” represents the group of genes
that are female-biased only in CTL mice. “II” represents the group of genes that are male-biased only in CTL mice. “III”
represents the group of genes that are not sex-biased in CTL but become female-biased in Pparg∆/∆ mice. “IV” represents
the group of genes that are not sex-biased in CTL but become male-biased in Pparg∆/∆ mice. (B) Hepatic expression profile
of Cux2, Acot3, Fmo3 and Hsd3b5 was confirmed by RT-qPCR in Pparg∆/∆ mice at 20 weeks (n = 4–7) and was measured in
(C) Ob/Ob mice (n = 5) and in (D) Adipoq-Cretg/+;Ppargfl/fl (PpargF∆/∆) (n = 3). White bars are female and black bars are male
data. p values (* <0.05, *** <0.001) were calculated by two-way ANOVA and Bonferroni multiple comparisons.

2.3. Perturbation of the Physiological Sex-Biased Gene Expression by NAFLD

Subsets I and II include genes that are physiologically gender-biased in WT but lose
their sex dimorphism in Pparg∆/∆ mice. In particular, subset I corresponds to female-biased
genes in WT but not in Pparg∆/∆ mice. In this group, we found Cux2, which is a highly
female-specific liver transcription factor, involved in male-biased gene repression and
female-biased gene induction [17]. Cux2 expression was reduced by more than 65% in
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Pparg∆/∆ females compared to control females at 20 weeks (Figure 3B). In addition, there is
a major representation of genes involved in drug metabolism such as the cytochrome P450
family including Cyp4a10, the flavin-containing monooxygenases (Fmo1, 2, 3 and 4) and the
glutathione S transferase. The same genes are also found under the GO terms arachidonic
acid and linoleic acid metabolism. This strong sex dimorphism in drug metabolism-related
genes in the healthy liver is known (reviewed by DJ Waxman and MG Holloway [9]), while
its disruption in Pparg∆/∆ mice raises questions about possible alteration of the normal
drug metabolism.

Subset II corresponds to male-biased genes in CTL but not in Pparg∆/∆ mice. One major
observation within this subset concerns the steroid dehydrogenase activity that includes
genes of the Hsd3b family (Hsd3b2, Hsd3b4, Hsd3b5). These genes are important for the
biosynthesis of active steroid hormones. In particular, Hsd3b5 is highly expressed in the
liver in a male-specific manner [18] and is dramatically downregulated in Pparg∆/∆ males,
reaching the very low levels observed in females (Figure 3B).

Interestingly, the sex-biased expression profile of a panel of these sex-biased genes, in-
cluding Cux2, Acot3, Fmo3 and Hsd3b5, was similarly dampened in the two other models of
NAFLD previously used in this study, namely the ob/ob and PpargF∆/∆ mice (Figure 3C,D).
These results seem against a possible involvement of these gene sets in the development
of the sex-dimorphic lipid accumulation observed in Pparg∆/∆ mice, while they suggest
that NAFLD, rather than PPARγ, has an impact on the physiological hepatic gender dimor-
phism of gene expression. Given the involvement of these genes in drug metabolism, our
observations raise questions about the possible consequences of NAFLD on pharmacologi-
cal responses, which would deserve further studies.

2.4. Modulation of Pathways Involved in Lipid Droplet Formation, Storage and Secretion in
Pparg∆/∆ Mice

The two remaining subsets highlighted by microarray analysis (III and IV) include
genes that are not physiologically sex-biased but acquired a sex-dimorphic gene expression
in Pparg∆/∆ mice.

Subset III corresponds to female-biased genes in Pparg∆/∆ but not in CTL mice. Three
main domains, immune response, cell activation and lipid metabolism, are associated with
this subset, which is principally composed of genes involved in immune responses and cell
activation and genes involved in mono- and polyunsaturated fatty acids (Scd2, Fads1 and
Fads2), as well as including genes involved in arachidonic acid metabolism (Tbxas1 and
Hgpds). This subset is likely to play an important role in the sex dimorphism of the fatty
liver in Pparg∆/∆ mice.

Subset IV corresponds to male-biased genes in Pparg∆/∆ but not in CTL mice. The GO
categories in this subset regroup cellular damages at the level of membranes, but also at
the DNA level, converging towards the P53 pathway, as represented by Aen (apoptosis-
enhancing nuclease) and Jmy (junction-mediating and regulatory protein) genes. This
subset also includes genes involved in oxidation and mitochondrial functions (Supplemen-
tary Table S2).

Given the higher steatosis development in Pparg∆/∆ female mice, we further explored
the genes and/or pathways particularly highlighted in subset III. More particularly, the
expression of genes involved in de novo lipogenesis and in lipid droplet formation, such as
G0s2, Plin2, Gpam, Scd1, Crat, G6pdx, Acacb and Elovl5, were all upregulated only in Pparg∆/∆

females and/or became female-biased in Pparg∆/∆ mice at 20 weeks. This increased
expression was validated by qRT-PCR, as shown in Figure 4A. In contrast, aldolase C
fructose-bisphosphate (Aldoc) was only downregulated in Pparg∆/∆ females. This could
favor the use of glycogen and/or glucose to feed the pentose phosphate pathway. The
adipose triglyceride lipase ATGL (pnpla2), which is involved in intracellular degradation of
TGs, showed female-biased expression in control mice, but not in Pparg∆/∆ mice. Finally, the
hypoxia-inducible lipid droplet-associated gene (Hilpda), which inhibits hepatic triglyceride
secretion [19], was upregulated only in Pparg∆/∆ females (Figure 4B). The profile of the
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two latter genes is contributing, at least in part, to the higher hepatic TG content in females
compared to males.
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Altogether, gene expression analysis showed that dysregulations of all aspects of lipid
synthesis, storage and secretion concur in determining higher hepatic TG levels in Pparg∆/∆

females vs. males.

2.5. Analyses of Lipids and Lipid Pathways Involved in Cell Signaling and Inflammation

Subset III of genes (sex-biased in female Pparg∆/∆ mice but not in female CTL mice)
also highlighted genes involved in immune response and cell activation. Using the combi-
nation of lipidomics and transcriptomics, we thus further analyzed the lipids involved in
cell signaling and inflammation. Ceramides, which are found in high concentrations in
cell membranes, participate in a variety of cellular signaling pathways in differentiation,
proliferation and cell death [20]. At 7 weeks, total ceramide content in the liver of control
mice was significantly higher in males compared to females, a sex dimorphism that was
attenuated in Pparg∆/∆ mice. The same pattern was seen at 20 weeks, in both control
and Pparg∆/∆ mice, although the high variability precludes statistical differences for most
species (Supplementary Figure S3A).

Among the FFA species, we more specifically analyzed omega-3 and omega-6 fatty
acids because of their correlation with obesity and the progression to steatohepatitis [21].
At 20 weeks, the concentrations of omega-3 and omega-6 and the omega-6/omega-3 ratio
were higher in Pparg∆/∆ males compared to Pparg∆/∆ females, suggesting that males could
be more prone to progress to steatohepatitis (Supplementary Figure S3B).

Eicosanoids represent a third class of lipids with important roles in inflammation.
As we indeed see in Figure 2C, the hepatic levels of two essential FFAs, linoleic acid (LA,
18:2n-6) and α-linolenic acid (ALA, 18:3n3), are lower in Pparg∆/∆ females compared to
Pparg∆/∆ males. LA, the major vegetal dietary n-6 PUFA and precursor of arachidonic acid
(AA), is considered as a proinflammatory compound, whereas ALA can be metabolized
into anti-inflammatory molecules such as eicosapentaenoic acid (EPA, 20:5n3). We thus
explored the expression of genes involved in LA and ALA metabolism. mRNA levels of
delta-5-desaturase (Fads1), delta-6-desaturase (Fads2) and elongase-5 (Elovl5), which are
involved in AA and EPA formation from LA and ALA, respectively, were upregulated only
in Pparg∆/∆ females (Figure 5A). Accordingly, the ratios AA/LA and EPA/ALA, which
reflect the total activity of these enzymes [22], were higher in Pparg∆/∆ females compared
to Pparg∆/∆ males (Figure 5B). Nonetheless, EPA and AA, which are the final products of
these enzymes, showed a lower hepatic content in Pparg∆/∆ females compared to Pparg∆/∆

males (Figure 5B). In parallel, we found that 5-lipoxygenase (Alox5), 5-lipoxygenase activat-
ing protein (Alox5ap) and leukotriene-A4-hydrolase (Lta4h), are upregulated in Pparg∆/∆

females (Figure 5C), suggesting a possible increased conversion of AA into eicosanoids,
known to play an important role in the onset and progression of inflammation in the
liver [23,24]. We thus measured the full set of eicosanoids and other FFA derivatives in
the livers of control and Pparg∆/∆ mice at 20 weeks. There were no significant differences
in the levels of AA derivatives taken individually, as observed for leukotriene B4 (LTB4)
(Figure 5D). However, the sum of AA derivatives synthesized through the Cox pathway,
including prostaglandins, was higher in Pparg∆/∆ females compared to control females.
This was mainly due to the increased levels of the most abundant hepatic prostaglandin,
PGF2a. In contrast, no differences in the Lox pathway were found comparing Pparg∆/∆ to
control males (Supplementary Figure S3C).
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Altogether, ceramides and the omega-6/omega-3 fatty acid ratio suggested that males
may be more prone to steatohepatitis. However, females exhibited a higher activity of the
Cox pathway. This might explain at least in part the lower AA level in the liver of Pparg∆/∆

females compared to Pparg∆/∆ males, via a higher transformation of AA into eicosanoid
derivatives.

Given the importance of lipids and some derivatives in the modulation of the inflam-
matory response, we thus explored whether the observed changes influence the progres-
sion of Pparg∆/∆ hepatosteatosis to the more severe states. As shown in Supplementary
Figure S4, plasmatic levels of aspartate (ASAT) and alanine aminotransferases (ALAT),
both markers of liver damage, as well as the expression levels of proinflammatory genes,
were increased, although modestly. Elane and osteopontin (Spp1), which are linked to
neutrophil infiltration, were more particularly increased.

In humans, a major complication of nonalcoholic steatohepatitis (NASH), following
NAFLD, is liver fibrosis. We thus challenged the mice with a profibrotic diet for 6 weeks. In
control mice, the diet induced hepatosteatosis and collagen deposition in both sexes and an
upregulation of fibrotic markers such as Acta2, Col1a1, Mmp13 and Timp1, with no statistical
differences between males and females (Supplementary Figure S5). In Pparg∆/∆ mice,
collagen deposition and fibrotic markers were already increased under chow diet. The
profibrotic diet triggered a further modest upregulation of fibrotic markers, but without
sex dimorphism in collagen deposition. Thus, a profibrotic diet provoked further signs of
moderate hepatic inflammation and fibrosis in both male and female Pparg∆/∆ mice, with
no detectable sex dimorphism. The fibrotic phenotype induced by the profibrotic diet in
Pparg∆/∆ mice was comparable to that obtained with the same diet in CTL mice.

2.6. Relationship between Hormonal Status and Sex Dimorphism of Hepatic Lipid Accumulation

Sex hormones are important regulators of hepatic lipid metabolism [25]. We thus
explored the hormonal status of Pparg∆/∆ mice by looking at the plasmatic levels of the
various steroid hormones. Intriguingly, testosterone and androstenedione are significantly
reduced in Pparg∆/∆ male mice compared to control mice, while progesterone, deoxycorti-
costerone and corticosterone are increased (Figure 6A), indicating some perturbation of the
sex-hormone homeostasis.

To determine the role of sex steroid hormones in Pparg∆/∆ sex dimorphism, gonadec-
tomy was performed between the ages of 4 and 6 weeks, prior to sexual maturation, and
the resulting phenotype was analyzed at 20 weeks. The effectiveness of both castration and
ovariectomy was demonstrated by the profound decrease in testosterone, progesterone and
androstenedione in males and by the lack of estrogen cycle in female mice (Supplementary
Figure S6). Importantly, hepatic TG content at 20 weeks was no longer dimorphic in
gonadectomized mice, due to an increase in the lipid load in males and a decrease in the
lipid load in females (Figure 6B,C). This confirmed the role of sex hormones in liver lipid
accumulation and suggests a potential cross-talk between sex hormones and PPARγ in the
onset of the sex-dependent hepatic lipid accumulation observed in Pparg∆/∆.

363



Int. J. Mol. Sci. 2021, 22, 9969Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 13 of 19 

Figure 6. Role of sex hormones in the hepatosteatotic phenotype in PpargΔ/Δ mice. (A) Plasmatic 
steroid hormones measured by mass spectrometry. n = 6–9. Progesterone and deoxycorticosterone 
show a p value lower than 0.05 for the 2-way ANOVA interaction. (B) H&E staining of liver sections 
and (C) hepatic TG content measured in ovariectomized and castrated mice. n = 4–9. In (B), black 
bar corresponds to 100 µm. In (A,C), white bars are female and black bars are male data. p values (* 
< 0.05, ** < 0.01 and ) were calculated by two-way ANOVA and Bonferroni multiple comparisons. 

3. Discussion 
Our study highlights a progressive sex dimorphism of NAFLD in a new lipo-

dystrophic mouse model. NAFLD development becomes sex-dimorphic at 20 weeks, with 
PpargΔ/Δ females showing high levels of hepatic lipid droplets and triglycerides while 
PpargΔ/Δ males present limited hepatosteatosis. Such sex-dimorphic phenotype is observed 
only in the presence of sex hormones in PpargΔ/Δ mice, suggesting a cross-regulation be-
tween PPARγ and sex hormones in liver lipid metabolism. Whereas the female-biased 
liver steatosis was not reproduced in other mouse models of NAFLD, severe deregulation 
in the liver of sex-biased genes occurs in all three hepatosteatosis models that were tested. 

Figure 6. Role of sex hormones in the hepatosteatotic phenotype in Pparg∆/∆ mice. (A) Plasmatic
steroid hormones measured by mass spectrometry. n = 6–9. Progesterone and deoxycorticosterone
show a p value lower than 0.05 for the 2-way ANOVA interaction. (B) H&E staining of liver sections
and (C) hepatic TG content measured in ovariectomized and castrated mice. n = 4–9. In (B), black bar
corresponds to 100 µm. In (A,C), white bars are female and black bars are male data. p values (* <0.05,
** <0.01 and *** <0.001) were calculated by two-way ANOVA and Bonferroni multiple comparisons.

3. Discussion

Our study highlights a progressive sex dimorphism of NAFLD in a new lipodystrophic
mouse model. NAFLD development becomes sex-dimorphic at 20 weeks, with Pparg∆/∆

females showing high levels of hepatic lipid droplets and triglycerides while Pparg∆/∆

males present limited hepatosteatosis. Such sex-dimorphic phenotype is observed only
in the presence of sex hormones in Pparg∆/∆ mice, suggesting a cross-regulation between
PPAR and sex hormones in liver lipid metabolism. Whereas the female-biased liver
steatosis was not reproduced in other mouse models of NAFLD, severe deregulation in the
liver of sex-biased genes occurs in all three hepatosteatosis models that were tested.
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Limitations of this study mainly stand along the fact that the liver sex dimorphism we
herein characterized seems specific to one mouse model. However, it still provides some
means to address the complexity of this quite uncharted biological phenomenon, and it
gives even more importance to the features shared by all three NAFLD mouse models we
have tested.

Lipidomics data in mouse liver addressing the differences between males and females
are still quite limited. A recent report showed a transient difference in the saturation index
of fatty acids in the livers of wild-type C57BL/6 males and females [26]. In our study,
control females show higher abundance of several medium-chain TG species compared
to males, and these differences disappeared at 20 weeks. Most interestingly, this pattern
is different in Pparg∆/∆ mice, with higher levels of long-chain TG species in males at
7 weeks, while, at 20 weeks, the higher hepatic TG content in Pparg∆/∆ females mainly
relies on TGs with short-and/or highly saturated hydrocarbon-chains. Variations in chain
length and saturation of hepatic TGs were also observed when comparing fasting and
high-fat diet (HFD) conditions in C57BL/6 male mice [27], and such differences were
associated with the different energy status of these conditions. Indeed, the high rate of
mitochondrial β-oxidation upon fasting could explain the reduction in fasted livers of short
fatty acids, which can be directly oxidized. Along this line, the profile of hepatic TG species
in Pparg∆/∆ males is similar to that observed in fasted mice, whereas the TG pattern of
Pparg∆/∆ females is closer to that of HFD-fed mice. However, hepatic gene expression of
markers of β-oxidation upon fasting does not reveal sex dimorphism in Pparg∆/∆ (data
not shown). Nevertheless, Pparg∆/∆ female mice seem more prone to store efficiently the
hepatic lipid overload compared to males, as shown by the female-specific overexpression
of genes involved in lipid storage.

Sex effects were reported also for the production of fatty acid derivatives, which are
of particular interest because of their ability to modulate inflammation, but studies mainly
focused on the kidney and on one or two eicosanoids [28,29]. However, a recent report
comprehensively characterized oxylipins in male and female rat livers and found sex effects
in the abundance of 40% of them, with most of them higher in males [30]. At 20 weeks,
we found a similar sex-dependent trend in control mice and an increase in the sum of
AA derivatives synthesized through the Cox pathway in Pparg∆/∆ females, whereas no
alterations were found in Pparg∆/∆ males.

Sex steroid hormones influence hepatic lipid metabolism through the activation of
sex hormone receptors [25]. The differences between males and females in the circulating
levels of sex hormones were slightly dampened in Pparg∆/∆ mice. Sex-hormone activity
has a direct effect on hepatic lipid accumulation. Estrogens decrease liver cholesterol
and triglyceride concentrations only in females [31], while tamoxifen, a potent estrogen
receptor antagonist, causes severe steatosis progressing towards NASH [32]. Along this
line, male but not female mice with aromatase gene deletion develop hepatic steatosis
that can be rescued by estrogen treatment [33]. On the one hand, these reports suggest
that estrogen receptor signaling is negatively correlated with level of hepatosteatosis in
both sexes. On the other hand, androgen receptor (AR) signaling seems protective against
hepatosteatosis in a sex-dimorphic manner. Male but not female mice lacking AR in
the liver develop hepatosteatosis and insulin resistance upon HFD [34]. Interestingly, in
Pparg∆/∆ mice, the impairment of sex-hormone activity through gonadectomy does not
worsen hepatosteatosis in females, while it increases hepatic lipid droplet accumulation
in males and suppresses sex-related differences in hepatosteatosis. These observations
suggest that the hepatic phenotype of Pparg∆/∆ mice depends on the sex-hormone activity
and highlight a cross-regulation between PPARγ and sex hormones.

An important feature of the liver is the strong sex dimorphism affecting gene ex-
pression [10]. The growth hormone (GH) secretory patterns, highly pulsatile in males
and more continuous in females, determine the hepatic sex-biased expression of a high
number of genes [35]. Interestingly, patients with NAFLD have low GH production and/or
hepatic GH resistance [36,37]. In mice, GH inhibits de novo lipogenesis through inhibition
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of glycolysis [38,39]. The signal transducer and activator of transcription 5b (STAT5b) is
proposed to serve as a mediator of the sex-dependent effects that GH has on liver gene
expression [40]. Many genes that were dysregulated in Pparg∆/∆ mice, including Cux2,
Acot3 and Hsd3b5, were identified as STAT5 targets in the liver [41]. Cux2 is particularly
interesting as, as a female-specific transcription factor, it mediates the female-specific ex-
pression of a large subset of genes [17]. This complex interaction between sex hormones,
GH signaling and liver steatosis may converge on Cux2 contributing to the perturbation
of sex-biased gene expression, such as that of Fmo3 and Acot3, in all four mice models of
NAFLD tested herein. However, we cannot exclude an additional direct effect of diabetes,
which is a metabolic perturbation shared by the mice models we used. Along this line,
Oshida et al. [42] reported that diabetes and obesity in mice inhibit STAT5b activity in male
mice, a process the authors named “feminization”. In contrast, the fact that an important
number of non-sex-dimorphic genes in CTL become sex-biased in Pparg∆/∆ mice remains
difficult to interpret.

One more important point revealed by the microarray analysis concerns the im-
portant set of genes that are female-biased in control but not in Pparg∆/∆ mice, which
regroups many genes involved in drug metabolism, such as Fmo3. Sex dimorphism in
drug metabolism-related genes is now well known [9]. The consequence of its perturba-
tion upon liver steatosis is, however, not yet appreciated and would deserve particular
attention. Further in line with this idea, a recent study identified hepatocyte PPARα as a
relevant sexually dimorphic target in NAFLD, with potential consequences on therapeutic
responses targeting this nuclear receptor [43].

Altogether, our results emphasize two major points. Firstly, sex dimorphism of
NAFLD in Pparg∆/∆ mice suggests a cross-regulation between PPARγ and sex hormones,
whose molecular details still need to be elucidated. Secondly, the important sex-dimorphic
expression of genes in the liver is altered upon hepatosteatosis, affecting in particular, but
not exclusively, lipid metabolism and drug metabolism pathways. These observations
further reinforce the importance of considering the behavior of both sexes in fundamental
studies as well as in clinical studies, hopefully leading to more specific and appropriate
treatments for men and women.

4. Materials and Methods
4.1. Animals

All animal experiments and procedures were approved by the Swiss Veterinary Of-
fice (VD-1453.4, VD-2560 and VD-2887). Whole-body Pparg-null mice (hereafter called
Pparg∆/∆) were obtained on a mixed background (Sv129/C56BL/6), as previously de-
scribed [14]. Fat-specific PPARγ-null mice (Adipoq-Cretg/+;Ppargfl/fl, hereafter called
PpargF∆/∆) were generated as previously described [15]. ob⁄ob mice were purchased from
Jackson Laboratory (Bar Harbor, ME, USA). Adipoq-Cretg/+;Ppargfl/fl and ob/ob mice are on a
pure C57BL⁄6J genetic background. All animals were kept in a 12:12h light:dark cycle and
fed a standard chow diet (cat. 3436, Kliba Nafag, Kaiseraugst, Switzerland) with water ad
libitum. All the mice were sacrificed by CO2 inhalation between ZT2 and ZT4. Random
blocking was used in all experiments. Gonadectomy was performed on mice between 4
and 6 weeks of age, and mice were sacrificed at 20 weeks of age. For more details, see
Supplementary Materials and Methods.

4.2. Plasma Biochemistry

Plasmatic steroid hormones were measured by LC-MS High Resolution (Q-Exactive,
ThermoFisher Scientific, Reinach, Switzerland) as described by Bruce et al. (2014) [44,45].
More details are given in Supplementary Materials and Methods.

4.3. Histology and Immunohistochemistry

For all histological analyses, liver left lobes were fixed for 8 h at 4 ◦C in 4% paraformalde-
hyde and embedded in paraffin. Paraffin sections (4 µm thickness) were dewaxed and
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rehydrated before staining with hematoxylin and eosin (H&E) for general histological
analysis.

4.4. Gene Expression Analysis

Total RNA from the liver was extracted with TRIzol (Invitrogen, ThermoFisher Scien-
tific, Reinach, Switzerland) followed by purification using MagMAX-96 for Microarrays
KIT (Ambion, AM1839, ThermoFisher Scientific, Reinach, Switzerland). For the microarray
study, RNA was analyzed on Mouse Gene 1.0ST arrays, according to the manufacturer’s in-
structions (Affymetrix, Santa Clara, CA, USA). Statistical analysis was performed with the
statistical language R and various Bioconductor packages (http://www.Bioconductor.org,
accessed on 20 April 2021). Normalized expression signals were calculated from Affymetrix
CEL files using RMA normalization method. Microarray data were deposited in GEO,
series GSE176226. For targeted gene expression analysis, 1 µg of RNA was subjected to
reverse transcription using iScript cDNA Synthesis Kit (Bio-Rad Laboratories AG, Cressier,
Switzerland). Real-time PCR was performed with SYBR Green (Roche, Basel, Switzerland)
using a Fast Real-Time PCR System machine (Applied Biosystem, 7900HT, ThermoFisher
Scientific, Reinach, Switzerland). Relative gene expression was determined using the
software qBASE (v1.3.5, Biogazelle, Zwijnaarde, Belgium). Results were normalized using
36B4 as housekeeping gene. For primer sequences, see Supplementary Table S1.

4.5. Hepatic Lipid Content

For cholesterol and cholesterol esters, frozen liver pieces (10–20 mg) were homoge-
nized in chloroform, isopropanol and Triton X-100 solution (7:11:0.1 v/v/v). Homogenates
were centrifuged at 13,200 rpm for 10 min at 4 ◦C. Supernatants were dried at 50 ◦C under
the hood (O/N). Measurements of hepatic cholesterol and cholesterol esters were per-
formed using a commercial kit (Calbiochem 428901, Merck KGaA, Darmstadt, Germany).

4.6. Lipidomics Analysis

Mouse liver tissue (50–100 mg) was homogenized in 10 mL of methyl tert-butyl ether
(MTBE) and 3 mL of methanol. Each sample was spiked with 8 nmol of FA 15:0 as internal
standard immediately. Then, lipids were extracted according to Matyash et al. [46]. The
total amount of FFA was calculated by summing up the quantitative amounts of each
lipid species as determined by LS-MS/MS. Values are represented as nmol/g. The total
omega-6 and omega-3 FFAs were calculated by summing up the quantitative amounts of
all detected omega-6 FFAs (18:2n6, 18:3n6, 20:3n6, 20:4n6 and 22:4n6) and omega-3 FFAs
(18:3n3, 20:5n3, 22:5n3 and 22:6n3), respectively. Twenty-week-old mice were assessed,
n = 3–5. Detailed protocols are given in Supplementary Materials. For triglyceride species
and other lipid classes, 4.5 µL lipid extract was resuspended in 90µl IPA:CHCl3:MeOH
(90:5:5 v/v/v), and LM 6000 TG mix (180 pmol for each TG species) was added as internal
standard. Data acquisition was performed in data-dependent acquisition mode by an LTQ
Orbitrap Velos Pro instrument (ThermoFisher Scientific, Reinach, Switzerland) coupled to
a UHPLC (ThermoFisher Scientific, Reinach, Switzerland) according to Fauland et al. [47]
at 100.000 mass resolution. Data analysis was done by Lipid Data Analyzer, a custom-
developed software tool described in more detail by Hartler et al. [48], with lipid species
annotation according to the LipidMAPS shorthand nomenclature [49]. The total amount
was calculated by summing up the quantitative amounts of each lipid species as determined
by LS-MS/MS; values are represented as nmol/g. Twenty-week-old mice were assessed.

4.7. Hepatic Eicosanoids

This analysis was performed as previously described [50]. For more details, see the
Supplementary Materials and Methods. Twenty-week-old mice were assessed.
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4.8. Statistical Analysis

Values, expressed as mean ± SEM, were analyzed using Prism 5.0 (GraphPad Software,
San Diego, CA, USA). Unless mentioned, two-way ANOVA and Bonferroni post-test for
multiple group comparisons were used to assess statistical significance. p values: * <0.05,
** <0.01, *** <0.001 and **** <0.0001.

Supplementary Materials: Supplementary methods, figures and tables are available online at
https://www.mdpi.com/article/10.3390/ijms22189969/s1.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are ligand-modulated nuclear recep-
tors that play pivotal roles in nutrient sensing, metabolism, and lipid-related processes. Correct
control of their target genes requires tight regulation of the expression of different PPAR isoforms in
each tissue, and the dysregulation of PPAR-dependent transcriptional programs is linked to disorders,
such as metabolic and immune diseases or cancer. Several PPAR regulators and PPAR-regulated
factors are epigenetic effectors, including non-coding RNAs, epigenetic enzymes, histone modifiers,
and DNA methyltransferases. In this review, we examine advances in PPARα and PPARγ-related
epigenetic regulation in metabolic disorders, including obesity and diabetes, immune disorders, such
as sclerosis and lupus, and a variety of cancers, providing new insights into the possible therapeutic
exploitation of PPAR epigenetic modulation.

Keywords: PPARs; cancer; immunity; obesity; diabetes; miRNA; DNA methylation; histone modifi-
cation

1. Introduction
1.1. Peroxisome Proliferator Activated Receptors

Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear receptors
(NRs) that act as ligand-activated transcription factors (TFs) [1]. Upon ligand binding,
PPARs assemble with retinoid-X-receptors (RXRs), generating dimeric complexes that bind
response elements in target genes to exert important regulatory functions [2]. PPARs are
well known for their important functions in lipid and glucose homeostasis, nutrient sensing,
inflammation, cellular differentiation, and development [3]. There are three PPAR isoforms:
PPARα (NR1C1), PPARβ/δ (NR1C2), and PPARγ (NR1C3). The three PPAR isoforms
are differentially expressed in distinct tissues and, more importantly, play different and
contrasting roles upon ligand activation [4,5]. PPARα is expressed in tissues with high rates
of fatty-acid catabolism, such as the liver, where it is mainly expressed. PPARα decreases
glycolysis and lipogenesis, while enhancing glucose uptake, glycogen synthesis, and fatty
acid oxidation. Although the PPARβ/δ isoform is expressed ubiquitously, its expression is
prominent in the gastrointestinal tract and muscle, where it controls metabolism, glucose
utilization, and lipid transport. PPARγ is mostly expressed in adipose tissue, where it
promotes lipogenesis and adipocyte differentiation. It also improves insulin secretion by
pancreatic β-cells, skeletal muscle sensitization to insulin, and gluconeogenesis in the liver.

Like other NRs, PPARs have a well-conserved structure. Between the N-terminal
and C-terminal ends are a DNA binding domain (DBD), a flexible hinge, and a ligand-
binding domain (LBD) [2]. The DBD includes a structure containing two zinc-fingers that
recognize specific DNA sequences in the peroxisome proliferator response elements. These
sequences consist of direct repeats of the hexanucleotide AGGTCA separated by a single
nucleotide spacer [6]. The LBD contains 13 alpha helices and one four-stranded beta sheet
and can interact with several ligands that activate or repress PPAR action [5,7]. Many
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natural and synthetic lipophilic acids are PPAR ligands, prominent among which are a
wide variety of unsaturated fatty acids (docosahexaenoic and eicosapentanoic acids) and
eicosanoids. Natural ligands include leukotriene B4 for PPARα and prostaglandin PGJ2 for
PPARγ [5]. PPARα is also stimulated by a family of chemicals known as fibrates, such as
fenofibrate and clofibrate. Similarly, PPARγ binds a group of synthetic molecules called
thiazolidinediones (TZDs), including rosiglitazone and pioglitazone.

PPARs regulate energy metabolism and inflammation, exerting anti-fibrotic and
anti-inflammatory effects in diverse conditions, including cancer, autoimmune diseases,
liver steatosis, and type 2 diabetes (T2D) [8–10]. PPARs stimulate the expression of anti-
inflammatory molecules and inhibit the production of extracellular matrix proteins and
pro-inflammatory cytokines, as well as modulating the response and phenotype of immune
cells such as macrophages and lymphocytes [10]. The activation of all three isoforms
has been demonstrated to polarize macrophages to an anti-inflammatory M2 phenotype
and to regulate CD4+ T cell survival and differentiation towards different Th and Treg
lineages [11,12]. PPARγ has been demonstrated to act as a key transcription factor in
alveolar macrophage and osteoclast identity and ontogeny [13]. While the PPAR pathways
implicated in the control of these processes are well characterized [10], little is known about
the epigenetic modulation of or by PPARα and PPARγ. Nevertheless, recent research has
begun to identify features of the PPAR epigenome in different diseases (Figure 1). These
advances, together with the amenability of PPARs to ligand-modulation and the increasing
availability of synthetic ligands [5], are driving the study of the complex transcriptional
and epigenetic regulation of PPARs in specific diseases. Here, we discuss recent advances
focused on the PPARα- and PPARγ-related regulation of non-coding RNAs, histone modi-
fication, and DNA methylation in the context of cancer and metabolic and immune-related
disorders, as well as the emerging therapeutic potential of these processes in these diseases.

1.2. Epigenetics

The term epigenetics was coined by Conrad Hal Waddington in 1942 to explain the
link between genes and the environment. Epigenetics is the study of mechanisms of stable
and heritable gene regulation that require no changes to DNA sequence and can be defined
as the set of environmental influences that determine a phenotype [14]. The three main
epigenetic mechanisms are DNA methylation, histone modification, and the binding of
non-coding RNAs to regulatory elements. These mechanisms perpetually modulate gene
expression states in order to ensure the correct cellular fate and state without altering the
DNA sequence.

1.2.1. Major Epigenetic Modifications
DNA Methylation

DNA methylation, one of the most studied epigenetic modifications, is the addition
of a methyl group (-CH3) to the fifth carbon atom of the cytosine ring, generating 5-
methylcytosine (5meC). DNA methylation inhibits gene transcription [15] and is catalysed
by the m5C DNA methyltransferase (DNMT) family of enzymes. These are classified into
three groups, DNMT1, DNMT3a, and DNMT3b, which together establish and sustain
the correct DNA methylation patterns. DNMTs, together with partners such as UHRF1
(ubiquitin like with PHD and ring finger domains 1), must be tightly regulated to avoid
pathological outcomes, for instance the expression of oncogenes [16,17]. DNA methylation
is a reversible epigenetic mark, and the removal of methyl groups is catalysed by the
ten-eleven translocation (TET) methylcytosine dioxygenases [18].
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Histone Modification

Histones are composed of the protein subunits H2A, H3, H3B, and H4 and act as
cores around which DNA winds to form nucleosomes, the building blocks of chromatin.
Histones can be modified by acetylation, methylation, ubiquitination, or phosphorylation.
These specific modifications, or a combination of them, change the nucleosome conforma-
tion, thereby regulating access by the transcriptional machinery to the coding DNA [19–21].
The most well-studied histone modifications are acetylation and methylation [22]. Histone
acetylation is the most frequent histone modification and is regulated by histone acetyl-
transferases (HATs) and histone deacetylases (HDACs). When histones are acetylated,
the chromatin adopts a more relaxed and open conformation, allowing access to the gene
transcription machinery. Histones can be methylated on lysines and arginines by histone
methyltransferases (HMTs), with the reverse reaction catalysed by histone demethylases
(HDMs) [23,24]. Histone methylation most often induces gene silencing by promoting the
recruitment of DNMTs, followed by methyl-binding proteins and finally HDACs [25,26].
Nevertheless, histone methylation can promote the activity of positive transcriptional
regulatory elements, such as de novo and pre-disposed enhancers or promoters [27–29].
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Non-Coding RNAs

Non-coding RNAs (ncRNAs) are RNA molecules that do not translate into proteins
but instead play important roles in gene expression regulation both transcriptionally, at
the DNA level, and post-transcriptionally, at the mRNA level [30]. ncRNAs are a diverse
group of molecules, and it is difficult to make general statements about their function and
regulation [31]. The most widely studied ncRNAs in relation to epigenetics are micro RNAs
(miRNAs) and long ncRNAs (lncRNAs). miRNAs are typically 18–24 nucleotides long and
bind to complementary sequences in target mRNAs, marking them for degradation and
thus preventing their translation into protein. lncRNAs, which can exceed 200 nucleotides,
have a diverse interactome that includes DNA, proteins, peptides, mRNAs, and miRNAs,
through which they regulate both transcription and translation [32].

The epigenome—the complete set of epigenetic marks—must be tightly regulated
not only to sustain development and cell fate, but also to prevent pathogenic conditions
that could otherwise arise at any moment during life [33]. The dynamic gene regulation
afforded by epigenetics ensures a locally appropriate accessibility of chromatin to TFs and,
therefore, the execution of a precise transcriptional program [34]. Given the importance of
epigenetics for sustained gene transcription, all epigenetics programs within a cell need to
work correctly in order to maintain cell function and phenotype, and to prevent possible
inflammatory conditions derived from an altered epigenetic landscape [35]. Much recent re-
search interest therefore focuses on the roles of specific epigenetic proteins, such as enzymes
and TFs, in a range of biological processes, such as immune metabolism, inflammation,
disease, and differentiation. Aberrant DNA and histone methylation, abnormal histone
acetylation patterns, and altered ncRNA regulation have been linked to conditions, such
as aging, neurological and metabolic disorders, allergies and other autoimmune diseases,
and cancer [36–47]. Finding molecules able to modulate the epigenome would open up
opportunities to specifically treat these conditions.

2. The PPARα and PPARγ Epigenetic Landscape in Disease
2.1. Cancer

PPARs have well known anti-tumourogenic effects [8]. PPARα activation can induce
apoptosis and tumour cell death, preventing tumour expansion and inflammation. PPAR-
related effects on tumour development have historically been linked to cell-cycle blockade
genes such as p18, p21, and p27, leading to apoptosis through the inhibition of B-cell
lymphoma 2 (Bcl-2) and reduced angiogenesis through the inhibition of vascular endothe-
lial growth factor (VEGF) [48,49]. The implication of PPAR-related miRNAs and DNA
modifications in tumour development has spurred interest in their potential as biomarkers
and therapeutic targets. However, the evidence is disputed for some cancers and PPAR
isoforms (Table 1).

2.1.1. Colorectal Cancer

Colorectal cancer (CRC) accounts for 7–10% of incident cancers and 3.2% of all cancer-
related deaths worldwide, and the incidence is increasing in developed countries [50].
Several studies have shown that PPARγ plays a protective role in CRC and have described
the pathways involved downstream of PPAR, opening up the possibility of using PPAR
agonists to treat CRC [51]. However, less is known about the upstream pathways and
epigenetic mechanisms involved in the action of PPARs in CRC, and research in this area is
ongoing.

CRC is often associated with obesity, and the tissue hypoxia characteristic of obesity
has been linked to altered expression of typical CRC miRNAs [52]. In 2017, Motawi et al. re-
ported that PPARγ epigenetic regulation contributes to the CRC risk of obese patients [53],
showing that obese CRC patients have upregulated expression of the miRNAs miR-27b,
miR-130b, and miR-138. In line with the anti-tumourogenic role of PPARγ in CRC, the
expression level of these miRNAs correlated negatively with PPARγ mRNA and protein
expression, possibly as a result of direct targeting of PPARγ mRNA [53]. Motawi and
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coworker’s findings are strongly supported by several previous studies [54–58]. How-
ever, others reported downregulated expression of miR-27b and miR-138 in colonic cancer
cells and tissues [59–61], although none of these studies discussed PPARγ. Interestingly,
miR-506, which is frequently dysregulated in cancer, has been shown to inhibit PPARα
expression in the hydroxicamptothecin-resistant colon cancer cell line SW1116 [62]. More-
over, targeted downregulation of PPAR signalling pathway by a set of miRNAs has been
reported in CRC-derived liver metastasis [63]. Together, these findings suggest the thera-
peutic potential of targeting PPAR-interacting miRNAs in CRC.

There is also evidence for a role in CRC of PPAR-related DNA methylation. UHRF1
was demonstrated to foster Pparg promoter methylation and repressive histone modifi-
cations that suppress PPARγ expression in human-derived CRC cell lines [64]. These
in vitro results are in step with studies in CRC patients reporting an association between
increased methylation of Pparg [65] and PPARγ target genes [66] and decreased PPARγ
expression [67]. Furthermore, hypermethylation of the Pparg promoter suppressed PPARγ
expression and was associated with CRC regardless of patient body weight [53]. Interest-
ingly, PPARα acts as a suppressor of colon carcinogenesis in mice and is downregulated in
mouse colonic tumours. Mice lacking PPARα had increased expression of DNMT1 and
protein arginine methyltransferase 6 (PRMT6), resulting in methylation of the tumour
suppressor genes P21 and p27, respectively [68]. However, recent evidence indicates that
PPARα, along with PPARδ, is overexpressed in human CRC [69]. The inconsistency be-
tween these studies could be explained by the significant differences in PPARα expression
and function between mice and humans [70].

2.1.2. Liver Cancer

The most common type of primary liver cancer in humans is hepatocellular carcinoma
(HCC), which is the third deadliest cancer in the world. A recent analysis of mouse and
human single and bulk RNA-seq data revealed that PPARγ controls the expression of a set
of antifibrotic miRNAs, including miR-30, miR-29c, and miR-338, that are important for
the maintenance of low profibrotic protein levels during HCC-related liver fibrosis [71].
Conversely, other studies have reported that miRNA regulation of the PPAR pathway
may contribute to HCC progression. For example, miR-27a inhibits the expression of
PPARγ in hepatocarcinoma cells [72]. Interestingly, miR-27a also inhibits RXRα, possibly
contributing to cell proliferation in rhabdomyosarcoma [73]. Given that PPAR forms
obligate heterodimers with RXRs to regulate transcription, RXR-targeting miRNAs, like
miR-27a and miR-34a [74], might also modify the binding capacity and activity of PPAR
indirectly. One of the most differentially expressed miRNAs in human HCC samples
is miR-9 [72,75], which has been shown to favour tumour growth and aggressiveness.
Moreover, bioinformatic analysis identified putative miR-9 binding sites in the PPARα
3′UTR. However, it remains uncertain whether miR-9 contributes to the regulation of
PPARα expression in HCC [75].

2.1.3. Other Cancers

PPARγ has been proposed as a therapeutic target in thyroid cancer [76], but although
attempts have been made to correlate PPARγ expression with miR-27a, as yet there is
no firm evidence linking miRNAs and PPARs in this type of cancer [77]. PPARs are also
plausible therapeutic targets in lung cancer. In canine primary lung cancer cells, the
Pparg promoter shows a significant loss of 5′-methylation. However, although PPARγ
is highly expressed in canine non-small lung cancer cells, this change in the methylation
pattern was unrelated to the observed changes in PPARγ protein expression [78]. PPARγ
is also dysregulated in gingivo-buccal oral squamous cell carcinoma (OSCC-GB), with
OSCC-GB patients showing significant differential methylation of the PPAR pathway
genes Cd36, Cyp27a1, Olr1, and Pparg itself. The anti-cancer potential of targeting PPARs
is highlighted by the finding that synthetic PPARγ ligands can reduce the incidence of
carcinogen-induced tongue tumours [79]. However, current PPARγ ligands are cytotoxic.
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As an alternative, interest has emerged in the epigenetic action of DNA methyltransferase
inhibitors (DNMTI), which is able to renew the transcription of key silenced genes in this
cancer, including Pparg [79]. However, as yet, there have been no reports on the molecular
mechanism underlying DNA methylation and PPARγ regulation in these tumours. In
1.25-dihydroxyvitamin D3-treated human prostate adenocarcinoma cells, expression of
miR-17/92 correlated with PPARα downregulation. However, a direct effect of miR-17/92
on PPARα expression has not been demonstrated experimentally [80].

Table 1. PPAR epigenetics in different cancers.

Condition PPAR Isoform Epigenetic Player Effect References

Colorectal cancer

PPARα
miR-506

PPARα expression inhibition in a
hydroxicamptothecin resistant colon

cancer cell line.
[62]

DNMT1 Absence of PPARα caused P21 and P27
methylation by DNMT1. [68]

PPARγ

miR-27b, miR-130b and
miR-138 Potential downregulation of PPARγ. [53]

UHRF1 Epigenetic PPARγ inactivation in
human-derived CRC cell lines. [64]

Promoter
hypermethylation

Hypermethylation of Pparg promoter
caused PPARγ suppression. [53]

Hepatocellular carcinoma

PPARα miR-9 Putative biding sites to PPARα 3’ UTR. [75]

PPARγ
miR-30, miR-29c and

miR-338
Antifibrotic miRNAs regulated by PPARγ

during HCC-related liver fibrosis. [71]

miR-27a PPARγ inhibition in hepatocarcinoma
cells. [72]

Thyroid cancer PPARγ miR-27a no relation obsrved yet. [77]

Lung cancer PPARγ Promoter methylation Significantly loss of 5′-methylation. [78]

Gingivo-buccal oral
squamous cell carcinoma PPARγ DNMTs DNA methyltransferase inhibitors could

renew PPARγ transcription. [79]

Prostate cancer PPARα miR-17/92 Possible direct PPARα targetting and
dowregulation. [80]

Thus, although research is uncovering new PPAR epigenetics-related factors with
potential for the treatment of different types of cancer, much of the evidence has been
obtained in vitro or consists of observational data obtained from patient samples. Much
further research is therefore needed before the field can contemplate moving to cancer
clinical trials of therapies based on the modulation of PPAR epigenetics.

2.2. Immune Disorders

PPARs, especially PPARγ, contribute to the suppression of key pro-inflammatory
genes such as NF-kB, INFγ, TNFα, TGFβ, and the interleukins IL-1a and IL-6 [1,10].
These actions are related to the key roles played by PPARs in autoimmune diseases, such
as celiac disease [81] and lupus [82]. In sepsis patients and in LPS-treated THP-1 cells
PPARγ has been shown to upregulate miR-142-3p. This miRNA targets the 3′-UTR of high
mobility group box-1 (HMGB1), a protein with increased expression in many autoimmune
diseases, and through miR-142-3p, PPARγ thus contributes to maintaining reduced HMGB1
expression [10,83]. Moreover, several studies have demonstrated PPAR-related regulation
of histone and DNA modifications in asthma [84] and lupus [85]. PPARs thus regulate
immune-related diseases and have the potential to serve as therapeutic targets in these
diseases (Table 2).

376



Int. J. Mol. Sci. 2021, 22, 10573

2.2.1. Asthma

Asthma is an immune disorder characterized by hyper-responsiveness and inflamma-
tion of the airways and involving various immune cell types, such as Th2 lymphocytes or
eosinophils and inflammatory cytokines. Asthma affects approximately 300 million people
worldwide. Although several treatments are available, including corticoids, not all of them
are effective and some can have adverse effects in some individuals. Luckily, accumulating
evidence is starting to show that PPARs are not only involved in asthma pathogenesis, but
could also serve as targets to reduce asthma symptoms [86].

A well-known cause of asthma is exposure to nicotine. Human primary lung fibrob-
lasts from smokers and mouse primary lung fibroblasts from mice exposed to nicotine both
show reduced PPARγ protein levels [87]. In the nicotine-exposed mice, treatment with the
PPARγ pathway activator rosiglitazone restores the expression level of miR-98, a miRNA
that negatively regulates the expression of airway remodelling proteins associated with
collagen deposition and fibrosis [87]. Similarly, pioglitazone-mediated PPARγ activation
in rats inhibits airway smooth muscle cell proliferation and remodelling by supressing
the Smad-TGFβ1-miR-21 signalling pathway [88]. Human miR-21 is known to target
phosphatase and tensin homolog deleted on chromosome ten (PTEN), thereby promoting
airway smooth muscle cell proliferation [88]. However, the proposed beneficial role of
PPARs in asthma was brought into question by the recent finding that IgE promotes air-
way inflammatory remodelling in asthma patients by activating the PPARγ pathway [89].
Moreover, there is currently a lack of specific mouse models for studying the implication of
immune cells in asthma, thus impeding the identification of immune regulators linked to
PPARs and associated miRNAs such as miR-98.

Research into the PPAR epigenetic regulatory network in asthma has also identified a
group of lncRNAs in sputa from patients with eosinophilic asthma (the most common type
of asthma) that appear to target and modulate PPAR target-gene mRNAs [90]. However,
this report did not specify whether the effect was to increase or decrease PPAR pathway
activity, and the samples came from a small pool of just six patients [90]. A study of the
leukocyte methylome in asthma patients detected PPARα pathway enriched in differen-
tially methylated regions [84], but the study design did not permit identification of the
specific cell types affected.

The proposed anti-inflammatory actions of PPARs in asthma thus point pointing to the
therapeutic potential of PPAR agonists in asthma-related disorders [86]. However, although
evidence of PPAR-related epigenetic mechanisms in asthma is beginning to emerge, the
roles of miRNAs, lncRNAs, and DNA methylation in these processes remains largely
unknown.

2.2.2. Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune disease in which dysfunctional
immune cells, such as antigen presenting cells, T cells, and B cells, lead to a multiple organ
malfunction characteristic of each patient [91]. Among several advances in SLE research,
PPARγ has emerged as a promising target, and the PPARγ agonists pioglitazone and
rosiglitazone have yielded hopeful results in mouse models of the disease [82,92].

Monomethylation of the 20th lysine of histone 4 (H4K20) at the Pparg promoter has
been demonstrated to increase the expression of the histone deacetylase HDAC9 [93].
Subsequent analysis of SLE patient samples and mouse models showed that histone mod-
ifications at the Pparg promoter influence cytokine and autoantibody production [94].
The authors showed that HDAC9 deletion in mouse CD4+ T cells increased H3K9ac and
H3K18ac in the Pparg promoter, prompting a shift in T cell cytokine production towards a
more anti-inflammatory class, accompanied by reduced anti-dsDNA autoantibody produc-
tion by B cells, and therefore protection against proteinuria and renal disease [94].

In a very recent study of CD14+ monocytes from SLE patients, Liu Yu et al. reported
the emergence of an immunosuppressive M2-phenotype upon TLR-induced epigenetic ac-
tivation of PPARγ expression [85]. In these experiments, TLR2 activation with the synthetic
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ligand Pam3CSK4 triggered decreased expression and binding of the deacetylase Sirt1 to
the Pparg promoter. ChIP-qPCR revealed that reduced Sirt1 binding leads to increased
histone 3 acetylation in the Pparg promoter, with no changes in histone 4 acetylation, re-
sulting in increased PPARγ protein expression and thus allowing the monocytic transition
towards a M2 phenotype [85]. These findings are in line with increased Sirt1 expression in
the CD4+ T cells of active SLE patients [95].

Taken together, these results highlight the importance of the epigenetic modulation
of PPARγ in autoimmune diseases such as lupus, the protective role of TLR-Sirt1-PPARγ
signalling in SLE, and the therapeutic potential of targeting this pathway and histone
deactelyases in SLE.

2.2.3. Systemic Sclerosis (Scleroderma)

Systemic sclerosis (SSc), or scleroderma, is a rare and severe autoimmune disease
featuring diffuse fibrosis and vascular abnormalities in organs, joints, and skin. Of SSc
patients, 30% die within 10 years of diagnosis. One of the main challenges of SSc is the
rapid worsening of the disease due to uncontrolled inflammation, collagen deposition, and
dysregulation of fibroblast growth [96].

PPARγ expression is low in SSc lesions [97], and in SSc animal models, ligand acti-
vation of PPARγ reduces both TGFβ-dependent fibrogenesis and fibroblast hyperactiva-
tion [98]. In line with these findings, PPARγ has been shown to reduce Smad-dependent
fibroblast activation and differentiation [99], and PPARγ activation blocks recruitment to
DNA of the histone acetyl transferase p300 [100]. p300 is required for interaction with
Smad3, activation of the pro-fibrogenic Smad3 pathway [101], and histone 4 hyperacetyla-
tion at the Col1a2 locus [100]. PPARγ activation thus leads to Smad3 pathway blockade and
reduced collagen production, resulting in diminished inflammation and fibrosis [100,102].
Although no effective therapies have yet been devised for SSc [103], epigenetic-based
strategies are being postulated as promising future SSc treatments [104–106]. The phar-
macological modulation of PPARγ is one of the strategies being considered as a means of
epigenetically reducing the fibrotic response in SSc patients.

Table 2. PPAR epigenetics in autoimmune diseases.

Condition PPAR Isoform Epigenetic Player Effect References

Asthma

PPARα DNA methylation Human white blood cells showed DNA
methylation in several PPAR pathway. [84]

PPARγ
miR-21

The profibroti Smad-TGFβ1-miR-21c axis
was supress upon PPARγ pioglitazone

activation.
[87]

miR-98 This profibrotic miRNA was downregulated
upon PPARγ rosiglitazone activation. [80]

Not specified set of lncRNAs Modulation of PPAR signalling pathway in
sputa from eosinophilic asthma patients. [90]

Systemic Lupus
Erythematosus

PPARγ H4K20me1 and
HDAC9

Decreased H3K9ac and H3K18ac in the
Pparg promoter leading to

pro-inflammatory T cell cytokines and B cell
auto-antibodies.

[93,94]

PPARγ Sirt1
Reduced PPARγ expression due to H3
deacetylation, avoiding M2 monocytic

transition.
[85]

Systemic sclerosis PPARγ p300

Ligand-activated PPARγ blocks histone
acetylatransferase p300 avoiding Smad3

pathway activation and Col1a2 locus
histone 4 hyperacetylation.

[99–101]
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2.3. Metabolism-Related Diseases

Metabolism-related diseases are a broad class of medical conditions, caused by both
genetic and non-genetic defects, which lead to altered metabolic processes. These dys-
functions form a group of diseases that frequently derive from widespread nutritionally
poor and unhealthy lifestyles [107]. Overnutrition or low-quality nutrition can lead to
a wide range of symptoms converging in the pathologic condition called metabolic syn-
drome [108]. Some of these symptoms are high blood pressure, high levels of triglycerides,
low high-density lipoprotein (HDL) concentrations, increased liver fat, non-alcoholic fatty
liver disease (NAFLD), elevated amounts of visceral adipose tissue, insulin resistance and
diabetes, high inflammatory state, and even cancer [107,109].

Much PPAR research in this area has focused on direct or indirect activation with
natural or synthetic ligands [110]. For example, the important role of PPARs in glucose
metabolism and effective insulin signaling prompted research into the use of PPARγ-
activating TZDs as insulin-sensitizing drugs in T2D [111,112]. More recent approaches
have sought to unravel the regulatory networks controlling PPAR expression and function.
PPARs clearly play roles spanning many interconnected metabolic disorders. Given the
profound effects of transcriptional and epigenetic modulation of PPARs in diverse diseases,
new epigenetic targets may have promising therapeutic potential. Here, we focus on the
underlying epigenetic mechanisms involving PPARs in three distinct but intimately related
metabolic disorders: liver diseases, adipose tissue diseases, and T2D.

2.3.1. Liver Diseases

NAFLD includes a group of liver diseases unrelated to significant alcohol intake.
Although the global prevalence and the development of these liver disorders are influenced
by ethnicity and geographic origin, there is significant evidence linking NAFLD to poor
dietary habits, obesity, adipose tissue dysregulation, and insulin resistance [113]. NAFLD
progresses from diet-induced steatosis to a severe inflammatory state, resulting in hepato-
cyte damage and death that triggers the transdifferentiation of hepatic stellate cells (HSCs)
into extracellular matrix-producing myofibroblast-like cells [114]. HSC activation is gener-
ally followed by a shift from adipogenesis to a fibrogenic state. This shift is accompanied by
a downregulation in the expression of PPARs, which have an anti-inflammatory and pro-
tective action in the liver. The shift to fibrogenesis can lead to non-alcoholic steatohepatitis
(NASH) and potentially to end-stage liver diseases such as hepatocellular carcinoma.

Several studies have explored epigenetic changes taking place during hepatic metabolic
diseases and how they might regulate the expression of PPARs or modulate their binding
to promoter and regulatory regions [115–118] (Table 3). Many epigenetic modifications
take place during the progression of steatosis and inflammation and when HSC transdiffer-
entiation begins. For example, many metabolic, proinflammatory, and fibrogenic pathways
are regulated by miR-21. This miRNA, which is strongly overexpressed in NASH, represses
PPARα expression by direct mRNA targeting and induces HSC activation [119]. Much re-
search into the role PPARs in the hepatic response to dietary fat has focused on the balance
between DNA methylation and demethylation and how this determines chromatin accessi-
bility and subsequent changes in gene expression patterns. High dietary fat decreases the
methylation of the Ppara promoter, resulting in increased PPARα protein expression and the
consequent upregulation of carnitine palmitoyl transferase-1 and downregulation of fatty
acid synthase, two important lipid metabolism-related enzymes [120,121]. These changes
ensure adequate lipid metabolism in response to high dietary fat intake and reveal the
important anti-inflammatory role of PPARα in liver diseases and the complex downstream
network it controls.
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Table 3. PPAR epigenetics in non-alcoholic steatohepatitis.

Condition PPAR Isoform Epigenetic Player Effect References

NASH

PPARα

miR-21 Diminished PPARα expression and activation of HSCs in
obesogenic models [119]

TET1 and TET2 Downregulated enzymes under high fat diet conditions,
promoting Ppara hypermethylation [121]

Ascorbic acid Cofactor of TET enzymes. Its lack promotes PPARα
target genes hypermethylation [122]

JMJD3
Phosphorylated upon fasting-induced FGF21 signaling.
Direct interaction with PPARα for the upregulation of

autophagy-related genes
[123]

PRMT5 Downregulation of Ppara expression [124]

PPARγ

miR-132 miR-132 downregulation induces the expression of
MeCP2 in HSCs [125]

miR-29a Expressed upon Rosiglitazone-mediated PPARγ
activation. Repression of profibrotic genes [126]

MeCP2
H3K9 and H3K27 methylation and HP1α repressor

recruitment in Pparg locus of HSCs. MeCP2 also induces
the expression of EZH2 and ASH1 in HSCs.

[125]

Pparg promoter CpG
methylation

Downregulation of PPARγ. Potential non-invasive
fibrosis marker in cell-free DNA in plasma. [127]

PRMT6 Repression of PPARγ activity [128]
JMJD1A and JMJD2B Upregulation of Pparg and increased lipid uptake [129,130]

LncRNA-H19 Control of hepatic lipogenesis through mi-130A/PPARγ
axis [126]

In newborn and suckling mice, PPARα regulates increased liver DNA demethylation
and an accompanying increase in the mRNA expression of β-oxidation-related genes [122].
The molecular mechanism underlying this process has not been thoroughly described.
Nonetheless, this metabolic transition makes sense given the high dietary fat intake during
suckling. A recent study of the livers of fetal and adult offspring of mice fed a high-fat
diet during gestation revealed downregulation of the ten-eleven translocation (TET) en-
zymes TET1 and TET2, together with hypermethylation of Ppara and correspondingly
lower levels of PPARα protein expression [131]. These findings suggest that dietary al-
terations during gestation and lactation could downregulate TET enzyme expression in
offspring, favouring the hypermethylation of Ppara and decreased expression of its lipid
metabolism-related target genes. However, further studies are needed to confirm this.
TET enzymes require ascorbic acid as a cofactor, and ascorbic acid deficiency during the
suckling period increases the hypermethylation of PPARα-dependent lipid metabolism
genes such as fibroblast growth factor 21 (Fgf21) [132]. FGF21 is a mainly liver-secreted
peptide hormone that stimulates adipocytes to take up glucose from the blood [133,134].
In adult mice, fasting-induced FGF21 signalling triggers further epigenetic modifications,
such as phosphorylation of the histone demethylase Jumonji-D3 (JMJD3). Phosphorylated
JMJD3 interacts directly with PPARα to upregulate the expression of autophagy-related
genes [123]. Since this induced process is closely related to triglyceride hydrolysis and
ketone body production, PPARα-dependent FGF21–JMJD3 autophagy signalling emerges
as an important endocrine regulator and a potential therapeutic target in metabolic disor-
ders [135–137].

Other histone modifying enzymes include protein arginine methyltransferase 5 (PRMT5),
which regulates gene expression via the dimethylation of histone residues H4R3, H3R8,
and H2R3. These methylation marks induce gene silencing through the recruitment of
DNA methyltransferase 3a (DNMT3a). PRMT5 is abundant in the liver of fat-fed mice
and is implicated in the development of hepatic steatosis [124]. Reduced or annulled
PRMT5 expression triggers the overexpression of PPARα and an increased mitochondrial
biogenesis [124]. Similarly, the methyltransferase PRMT6 has shown to be a repressor of
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PPARγ activity [128]. The repression of PPARs by PRMT activity thus presents a further
possible target for the treatment of fatty liver.

Although PPARγ is more weakly expressed in the liver than PPARα, it is essential for
liver function, and the DNA methylation status of the Pparg gene has been identified as
a marker of liver disease progression. Analysis of the Pparg promoter in plasma cell-free
DNA has identified differential DNA methylation patterns in specific CpGs that distinguish
between mild and severe fibrosis in NAFLD patients [127]. This cell-free DNA is believed to
originate in dying hepatocytes that release their genomic content to the systemic circulation,
and thus could provide a noninvasive means of measuring liver status [116]. Taken together,
these findings open up new prospective research directions and possibilities for the early
diagnosis, screening, and treatment of NAFLD.

PPARγ modulates the expression of lipid uptake and metabolism genes and is a
well characterized and important negative regulator of HSC transdifferentiation [125,138].
During this process, downregulation of miR-132 enhances the expression of methyl-CpG
binding domain protein 2 (MeCP2), which binds to the 5’ region of Pparg, promoting H3K9
methylation and recruitment of the transcriptional repressor heterochromatin protein 1
(HP1α). MeCP2 additionally promotes expression of the H3K27 methyltransferase EZH2
(enhancer zeste homolog 2), generating a repression complex at the 3’ region of Pparg.
Furthermore, MeCP2 induces the expression of the H3K4 methyltransferase ASH1 (absent
small and homeotic disks protein 1), which opposes the action of PPARγ by positively
regulating the expression of profibrogenic genes [139,140]. In line with these results, miR-
132 was recently linked to human NAFLD [141], and strategies targeting MeCP2 and EZH2
have succeeded in decreasing fibrogenic markers characteristics [142,143]. Additionally, a
novel mechanism was shown to promote hepatic lipogenesis through the lncRNA-H19/mi-
130a/PPARγ axis [126], becoming a potential target to treat NAFLD.

Other miRNAs involved in PPARγ regulation include miR-29a, which is expressed
upon rosiglitazone-induced PPARγ activation in a human HSC cell line and results in the
inhibition of fibrosis-related genes [144]. Both miR-29a and miR-652 have been shown to
contribute to the resolution of liver fibrosis by modulating the activity of CD4+ T cells
and HSCs [145,146]. However, as yet, no relationship has been established between the
prevention of HSC activation by miR-652 and PPARγ activity.

PPARγ is also involved in the regulation of adipogenic metabolism by certain demethy-
lases that act as essential modulators of hepatic lipid homeostasis. For example, the H3K9-
specific Jumonji demethylases JMJD1A and JMJD2B have been reported to bind to the
Pparg promoter, and the loss of these enzymes resulted in an increase in the number of
H3K9me2 marks in this region, leading to Pparg repression and higher levels of fibrosis
markers [129]. Conversely, overexpression of these demethylases upregulated Pparg expres-
sion and increased lipid uptake and intracellular triglyceride accumulation, thus favouring
adipogenesis and steatosis [130].

2.3.2. Adipose Tissue Diseases

Evidence accumulated over the past 20 years has established that adipose tissue is
an endocrine organ involved in a wide array of metabolic and immune processes [147].
Defects in adipose tissue are typically related to obesity, diabetes and insulin resistance,
cardiovascular diseases, cancer, longevity, and even fertility [148,149]. The main transcrip-
tional modulators in adipose tissue are CCAAT/enhancer binding proteins (C/EBP) and
PPARγ (specifically PPARγ2), which cooperate in fatty acid uptake and in preadipocyte
differentiation to the mature adipocyte phenotype [150,151]. Given the important role of
PPARγ in lipid homeostasis, there is intense interest in not only the transcriptional, but
also the epigenetic regulation of PPARγ in the development and function of adipose tissue
(Tables 4 and 5).

The methylation status of the Pparg promoter undergoes characteristic changes during
adipogenesis and obesity. Pparg promoter methylation correlates with low expression of
PPARγ in preadipocytes of the mouse cell line 3T3-L1 [152], and preadipocyte differentia-
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tion to mature adipocytes is accompanied by progressive Pparg promoter demethylation as
the expression of PPARγ protein increases, whereas obesity is associated with the reverse
effect, with Pparg methylation increasing as PPARγ expression decreases [152].

Table 4. PPARα epigenetics in adipose tissue diseases.

Condition PPAR Isoform Epigenetic Player Effect References

Adipose tissue diseases PPARα

Lsd1 Targets PPARα to control beige adipocyte
numbers [153]

Bta-miR-199a-3p, -154c,
-320a and -432 Control lipid metabolism through PPARα [154]

miR-519d Suppresses PPARα protein translation in
obese patients [155]

The expression and function of PPARγ in adipose tissue is determined by insertions
of histone variants and histone modifications. A crucial protein in adipocyte differentiation
is the complex formed by E1A-binding protein p400 and bromo-containing protein 8
(p400/Brd8). The p400/Brd8 complex can incorporate the histone variant H2A.Z, which
preferentially locates within transcriptional regulatory sequences, into the promoter regions
of PPARγ target genes [156]. In line with this finding, knockdown of Brd8 or H2A.Z
results in cell arrest at the immature preadipocyte stage [156] because the PPARγ target
genes involved in differentiation are incorrectly expressed. Histone modifications have
been investigated in a genome-wide analysis in mouse and human adipocytes during
adipogenesis, demonstrating enrichment of the H3K4me2/me3 and H3K27ac active histone
marks in the promoters of Pparg1 and 2 [157]. Interestingly, a recent study showed that
Pparg is repressed by the action of piperine, a major component of black pepper, resulting
in the inhibition of various adipogenic genes [158]. In contrast, Pparg expression and
lipogenesis are enhanced upon H3K4 methylation by the methyltransferases mixed-lineage
leukemia proteins 3 and 4 (MLL3 and MLL4), which form a complex with ASC-2 and are
recruited by C/EBPβ to the Pparg locus [159]. Another study reported that MLL4 induces
H3K4me3 marks in the promoters of both C/EBPα and PPARγ through a process requiring
the histone methylation regulator PTIP [160]. Moreover, MLL4 itself interacts with some
adipogenic TFs, such as tonicity-responsive enhancer binding protein (TonEBP), enabling it
to bind the Pparg promoter region, increase H3K9me2 marks, and thereby decrease PPARγ
expression [161]. Another important methyltransferase in adipocyte differentiation is EZH2,
which adds H3K27me marks to the promoter region of the histone deacetylase HDAC9c in
adipose tissue, downregulating its expression [162]. Proposals to target EZH2–HDAC9c
interaction for the treatment of age-associated osteoporosis and obesity are supported by
the report that HDAC9c attenuates adipogenesis by interfering with PPARγ transcriptional
activity [163]. Two other methyltransferases of interest are the H3K36 methyltransferase
Nsd2 and the lysine methyltransferase 5 (KMT5A, also known as SETD8). Deletion of
Nsd2 alters PPARγ target gene expression, adipogenesis, and adipose tissue function [164],
whereas KMT5A, a PPARγ target gene expressed during adipocyte differentiation, boosts
the expression of PPARγ and the levels of H4K20me marks in other PPARγ target genes
in a positive feedback loop [93]. Research has also addressed the role of demethylases in
PPARγ regulation in adipose tissue [165], with the histone demethylase JMJD2C reported to
downregulate PPARγ transcriptional activation and decrease preadipocyte differentiation,
and the H3K9-specific demethylase JHDM2A shown to facilitate the recruitment of PPARγ
and RXRα while promoting brown adipogenesis [166–168].

Epigenetic analysis of the the Pparg gene has revealed increases in H3K9 and H3K27
acetylation marks, paralleling increased PPARγ expression during the differentiation from
preadipocytes to mature adipocytes [169]. PPARγ expression is also increased upon the
recruitment of C/EBP and the glucocorticoid receptor (GR) to the Pparg enhancer by a
complex formed between RNA polymerase II transcription subunit 1 (MED1) and the
histone acetyltransferase p300 [170]. Another study reported that the Pparg promoter
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and PPARγ target genes are bound by poly(ADP-Ribose)-Polymerase-1 (PARP1), which
enhances their expression and thus acts as an adipogenic modulator [171]. However,
in contrast with these results, p300 is known to interact with cyclin D1, which inhibits
its acetyltransferase activity and thereby reduces Pparg expression [172]. These results
provide evidence for a central role of PPARγ in the fine epigenetic regulation of adipocyte
differentiation, development, and proliferation

Histone deacetylases regulated during adipogenesis include the fasting-induced NAD-
dependent histone deacetylase sirtuin-1 (SIRT1). SIRT1 blocks PPARγ activity by docking
with the NR co-repressor (NCoR) and the silencing mediator of retinoid and thyroid hor-
mone receptors (SMRT). The resulting complex occupies PPAR binding sites, inhibiting the
expression lipogenesis-related genes [173,174]. This finding has prompted interest in SIRT1
as a potential pharmacological target for obesity and obesity-related diseases [173,175].
Recent studies in mouse models of obesity have already demonstrated that HDAC in-
hibitors stimulate adipose tissue function and oxidative potential, improving the metabolic
profile [176–178]. Additionally, epigenetic changes upon PPARγ-ligand binding have been
studied in relation to their effects on adipogenesis. Rosiglitazone-induced PPARγ activa-
tion was found to require the methylcytosine dioxygenase TET2, which is important for
demethylation. TET2 enhances the expression of PPARγ target genes and thus participates
as an epigenetic regulator and a transcriptional modulator in adipocytes [179]. In 2017,
Duteil and colleagues revealed that the lysine-specific demethylase 1 (Lsd1) targeted Ppara,
maintaining the transcriptional program that sustains beige adipocyte homeostasis. PPARα
pharmacological intervention could be used to fight obesity by preventing beige-to-white
transition [153].

Research in the past few years has uncovered essential roles of ncRNAs in PPARγ
regulation in adipose tissue. The levels of specific ncRNAs have been found to oscillate
during adipogenesis and obesity, cell commitment, and adipocyte differentiation. For
instance, in vitro studies showed that lncRNA U90926 inhibits Pparg promoter activity and
therefore decreases its expression [180], whereas nuclear enriched abundant transcript 1
(NEAT1) regulates Pparg splicing [181], and the HOX antisense intergenic RNA (HOTAIR)
enhances Pparg expression and adipocyte differentiation [182]. Another study in obese
mice showed that lncRNA taurine upregulated gene1 (TUG1) diminished fatty acid accu-
mulation, insulin intolerance, and inflammation by attenuating miR-204 and promoting
GLUT4/PPARγ/AKT pathway [183].

MiRNAs described to have an epigenetic effect on Pparg include miR-155, miR-221, and
miR-122. These miRNAs are downregulated during adipogenesis in human bone-marrow-
derived stromal cells, and their overexpression results in lower levels of PPARγ [184].
Moreover, bovine fat-enriched miRNAs, Bta-miR-199a-3p, -154c, -320a, and -432, targeted
both Ppara and Pparg in order to control lipid metabolism [154]. Similarly, miR-540 acts
as a negative regulator of adipogenesis in adipose tissue-derived stromal cells through
binding to the 3′-UTR region of Pparg transcripts, blocking their expression [185]. Studies
in the 3T3-L1 preadipocyte mouse cell line identified miR-27a/b, miR-31, miR-130/b, miR-
301a, miR-302a, and miR-548d5p as negative regulators of Pparg expression and thereby
inhibitors of adipogenesis [186,187]. In contrast, the expression of miR-103, miR-143,
miR-200a, miR-335, and miR-375 accounts for the upregulation of Pparg under high-fat
diet conditions [187–189]. Interestingly, miR-519d has been shown to be upregulated in
obese patients and to suppress PPARα protein translation, resulting in an increased lipid
accumulation during pre-adipocyte differentiation [155].

Together, these results demonstrate the importance and complexity of the epigenetic
regulation of PPARs in the control of adipogenesis and adipocyte differentiation in home-
ostatic and pathological conditions. Since the mechanisms by which adipocytes acquire
their specific identity are well known, the quest for new therapeutic applications appears
to be very promising. Although some of studies cited here were carried out in human
preadipocytes and human multipotent adipose-derived stem cells, most research has been
performed in adipocytes from mouse models of obesity. Further research into the epigenetic
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control of PPARs in human studies is thus needed to move the field towards therapeutic
applications in obesity and adipose tissue disorders.

Table 5. PPARγ epigenetics in adipose tissue diseases.

Condition PPAR Isoform Epigenetic Player Effect References

Adipose
tissue

diseases
PPARγ

U90926 Inhibition of Pparg transcription activity [180]
NEAT1 Regulation of Pparg splicing [178]

HOTAIR Increased expression of PPARγ [182]
miR-155, miR-221 and

miR-122
Decreased expression of PPARγ in human

bone-marrow-derived stromal cells [184]

miR-540 Decreased expression of PPARγ in adipose
tissue-derived stromal cells [185]

miR-27a/b, miR-31,
miR-130/b, miR301a,

miR-302a and miR-548d5p
Negative regulation of PPARγ and adipogenesis [186,187]

miR-103, miR-143,
miR-200a, miR-335 and

miR-375
Upregulation of Pparg [187,188]

p400/Brd8 complex Incorporation of the histone variant H2A.Z, which
facilitates the expression of PPARγ target genes [156]

MLL3 and MLL4
Complex with ASC-2. Migration to the Pparg locus

and methylation of H3K4, promoting enhanced Pparg
expression

[159]

EZH2 H3K27 methylation in the Hdac9c promoter.
Enhanced adipogenesis [162]

SETD8 (KMT5A) Enhanced H4K20me marks in PPARγ target genes. [93]
JMJD2C Downregulation of PPARγ transcriptional activation [166]

JHDM2A (JMJD1A) Decreased H3K9me2 marks and facilitated
recruitment of PPARγ, RXRα and PGC1α [167,168]

Cyclin D1 Interaction with p300 and HDACs to inhibit Pparg
expression [172]

SIRT1 Blocked PPARγ mechanism of action [173,174]
LncRNA TUG1 and

miR-294
Control fatty acid accumulation through

GLUT4/PPARγ/AKT axis [183]

2.3.3. Insulin Sensitivity and Resistance: Type 2 Diabetes

Diabetes is a metabolic disorder characterized by an inability to properly clear glucose
from the blood. The most common form is T2D, in which two related features converge:
insufficient insulin production by pancreatic β-cells and progressive insulin resistance [190].
T2D is intimately associated with obesity, inflammation, ageing, and steroid use, and over
the past decades its incidence has worryingly increased in children [191–193]. Although
research has traditionally focused on insulin signaling defects, some studies have empha-
sized the transcriptional and epigenetic basis of chronic inflammation in insulin resistance
and T2D [194] (Table 6), and others have identified NRs, such as the glucocorticoid and
vitamin D receptors, as common mediators of insulin resistance [195].

Although NRs require activating ligands, some researchers have concluded that
post-translational modifications such as acetylation increase NR activity in the absence of
external ligand [196]. Some histone deacetylases have been implicated in post-translational
modifications of PPARs and their activity. High expression of the deacetylase HDAC3
correlated with high levels of proinflammatory markers and insulin resistance in peripheral
blood mononuclear cells from T2D patients and hepatocytes from fat-fed E3 rats, which
develop metabolic syndrome [197,198]. Inhibition of HDAC3 in adipocytes increased
PPARγ acetylation and the expression of PPARγ target genes, including adipokines and
adipocyte protein 2, resulting in decreased insulin resistance. These adipokines include
adiponectin, which facilitates hepatic glucose output, and leptins, which are important
regulators of feeding behaviour [196,199]. Adipose tissue-specific knockout of SIRT 1

384



Int. J. Mol. Sci. 2021, 22, 10573

triggers a hyperacetylated PPARγ state and enhanced PPARγ activity, leading to increased
insulin sensitivity [175]. These results suggest that HDAC inhibitors have the potential to
improve insulin sensitivity through a variety of actions. For example, HDAC inhibitors
might release PPAR binding sites, as described for SIRT1, and promote maintenance of the
acetylated state of PPARs and PPAR target genes. These inhibitors could also stimulate sig-
nificant PPARγ activation. Recent studies have begun to explore the therapeutic potential
of HDAC inhibitors in insulin resistance and obesity [200–202]. However, their application
to human disease requires further research.

T2D is also closely related to immunity. During diabetes, adipose tissue macrophages
(ATMs) are activated and shift to a pro-inflammatory phenotype, contributing to the
propagation of the altered metabolic state by expressing the pro-inflammatory cytokines
TNFα, IL-6, and MCP-1 [203,204]. Macrophage activation during T2D is in part mediated
by epigenetic mechanisms [205]. The regulation of ATM alternative activation and insulin
sensitivity correlate with PPARγ activation [206–208], and ATM alternative activation is
held in check by DNA methylation at the Pparg promoter. DNA methylation blockade at the
Pparg promoter boosts macrophage alternative activation, whereas DNA hypermethylation
promotes inflammatory responses and insulin resistance [209]. In another study, DNMT3b
downregulation in ATMs was found to promote an anti-inflammatory state and enhanced
insulin sensitivity, revealing the contribution of DNMT3b-mediated methylation at the
Pparg promoter to increased inflammatory conditions and insulin resistance [210]. Studies
have also reported the contribution of other DNMTs to the epigenetic control of PPARγ
target genes. For instance, hypermethylation of FGF21 by DNMT3a in human adipocytes
decreased its expression and correlated with insulin resistance in patients [211]. In another
study, methylation of the adiponectin promoter by DNMT1 reduced adiponectin expression
in obese mice, and DNMT1 inhibition increased insulin sensitivity and ameliorated glucose
intolerance [212]. DNMT inhibitors are thus able to lower DNA methylation that directly
affects Pparg and PPARγ target genes, identifying these inhibitors as a promising potential
treatment for T2D.

The adipogenesis inhibiting miRNA miR-27a has also been reported to promote insulin
resistance [213], acting as a glucose metabolism mediator that regulates the PI3K–Akt–
GLUT4 signalling pathway by targeting the 3’UTR region of Pparg transcripts, promoting
insulin resistance [213]. MiR27a is also upregulated during obesity and induces ATM
proinflammatory activation by targeting Pparg [214].

Table 6. PPAR epigenetics in type 2 diabetes.

Condition PPAR Isoform Epigenetic Player Effect References

Insulin sensitivity and
resistance: Type 2 Diabetes PPARγ

miR27-a
Target of Pparg transcripts, promoting

insulin resistance. Induction of
inflammatory ATM activation in obesity

[213,214]

HDAC3
Decreased expression of PPARγ in E3 rat
livers. Correlated with inflammation and

insulin resistance
[196–198]

SIRT1 Control of the PPARγ acetylation status
and its activity [175]

DNMT3b
Pparg promoter methylation. Increased

inflammatory macrophage activation and
insulin resistance

[209,210]

DNMT3a Fgf21 hypermethylation in human
adipocytes, insulin resistance [211]

DNMT1 Adiponectin promoter methylation in
obese mice. Glucose intolerance [212]

Further epigenetic studies have focused on the PPAR coactivator 1α (PGC1α). This
protein binds and modulates the activity of PPARγ and PPARα, thereby indirectly regulat-
ing the expression of PPAR target genes and functions [215,216]. Like PPARγ, PGC1α can
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be regulated by reversible acetylation. Its protein sequence contains 13 lysine acetylation
sites, and acetylation/deacetylation of these sites depends on the cell energy state [217].
PGC1α can be activated by deacetylation mediated by SIRT1 [218,219]. This activation
promotes the expression of PPAR target genes and increased expression of gluconeogenic
genes [220]. In contrast, PGC1α is inactivated by acetylation by p300, SRC1/3, GCN5,
or hepatic PCAF, producing the opposite effect [220]. Epigenetic changes thus not only
control Pparg expression directly, but also regulate the availability and activity of obligate
PPARγ coactivators. These studies increase the relevance of Pparg epigenetic modulation
and underline the importance of continuing to develop new therapeutic approaches to
apply these observations to the treatment of T2D.

3. Conclusions

Despite the importance of PPARs in the control of inflammation and lipid homeostasis
in different disease contexts, efforts to decipher the diversity of PPAR-related epigenetic
modulation are still at an early stage. This review provides a broad overview of PPAR
biology and epigenetics in different diseases. PPARs have a complex and tightly regulated
transcriptional network that when dysregulated can lead to disease conditions such as
metabolic disorders, autoimmune diseases, or cancer. Although research in this area has
characterized several factors of the PPAR regulatory network, the epigenetic effectors and
regulators remain largely unknown. For instance, many studies discussed have established
a correlation between PPAR and epigenetics in different diseases but have failed to establish
a clear causal relationship. Nonetheless, the current evidence establishes that cancer-related,
immune, and metabolic disorders have an epigenetic regulatory basis, in which PPARs
act as central regulators of inflammation, fibrosis, immune responses, as well as lipid and
glucose homeostasis. Some lines of research suggest a potential for therapeutic strategies
based on PPAR epigenetics. For instance, HDAC and DNMT inhibitors could serve as
therapies in PPAR-dependent inflammatory diseases such as obesity or cancer. Moreover,
some PPAR network epigenetic effectors such as miRNAs could be used as early biomarkers
of specific disorders. The PPAR epigenetic network is a fascinating emerging field of study
that is beginning to identify promising targets for the treatment of cancer, immune, and
metabolic disorders.
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Abstract: To an exceptional degree, and through multiple mechanisms, the PPARg system rapidly
senses cellular stress, and functions in the CNS in glial cells, neurons, and cerebrovascular endothelial
cell in multiple anti-inflammatory and neuroprotective ways. We now know that depression is
associated with neurodegeneration in the subgenual prefrontal cortex and hippocampus, decreased
neuroplasticity, and defective neurogenesis. Brain-derived neurotrophic factor (BDNF) is markedly
depleted in these areas, and is thought to contribute to the neurodegeneration of the subgenual
prefrontal cortex and the hippocampus. The PPARg system strongly increases BDNF levels and activ-
ity in these brain areas. The PPARg system promotes both neuroplasticity and neurogenesis, both
via effects on BDNF, and through other mechanisms. Ample evidence exists that these brain areas
transduce many of the cardinal features of depression, directly or through their projections to sites
such as the amygdala and nucleus accumbens. Behaviorally, these include feelings of worthlessness,
anxiety, dread of the future, and significant reductions in the capacity to anticipate and experience
pleasure. Physiologically, these include activation of the CRH and noradrenergic system in brain and
the sympathetic nervous system and hypothalamic–pituitary–adrenal axis in the periphery. Patients
with depression are also insulin-resistant. The PPARg system influences each of these behavioral and
physiological in ways that would ameliorate the manifestations of depressive illness. In addition to
the cognitive and behavioral manifestations of depression, depressive illness is associated with the
premature onsets of coronary artery disease, stroke, diabetes, and osteoporosis. As a consequence,
patients with depressive illness lose approximately seven years of life. Inflammation and insulin
resistance are two of the predominant processes that set into motion these somatic manifestations.
PPARg agonists significantly ameliorate both pathological processes. In summary, PPARg augmenta-
tion can impact positively on multiple significant pathological processes in depression. These include
loss of brain tissue, defective neuroplasticity and neurogenesis, widespread inflammation in the
central nervous system and periphery, and insulin resistance. Thus, PPARg agonists could potentially
have significant antidepressant effects.

Keywords: depression; PPARg; inflammation; neuropathology; corticotropin releasing hormone;
norepinephrine; subgenual prefrontal cortex; amygdala; nucleus accumbens

1. Introduction

The World Health Organization ranks depression as the second greatest cause of dis-
ability worldwide. In addition to its potentially crippling affective and cognitive elements,
depression is associated with the premature onset of multiple systemic diseases, including
coronary artery disease [1], stroke [2], diabetes [3,4], and osteoporosis [5]. These disorders
are primarily mediated by the same changes in the central nervous system that transduce
the cognitive and affective components of depressive illness. Overall, patients with de-
pressive illness lose approximately seven years of their lives because of these somatic
manifestations of the disorder [6].

Multiple lines of evidence indicate that depression represents a stress system that has
become highly dysregulated [7–11]. Among the key regulators of the stress response in
the brain and periphery is the peroxisome proliferator activated receptor gamma (PPARg)
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system, which I postulate plays a major role in depression, especially in one of the most
pronounced concomitants of depression, namely central and peripheral inflammation [12].
Inflammation in these loci contributes to the cognitive and affective components, as well as
to their somatic manifestations [9]. This paper will first document that the stress system
runs awry in depression. I will also describe the organization of the stress system and
the structural changes of the stress system during stress, provide a brief overview of the
behavioral manifestations of depression, and detail the changes in structure and function
that the stress system undergoes in encoding the clinical and biochemical manifestations of
depressive illness. Finally, I will provide an overview of the biological changes associated
with depression, with particular emphasis on the extensive roles of the PPARg system
in depressive illness. This roles of stress system dysregulation in depression and of the
PPARg’s role in regulating the stress system response and its dysregulation in depression
are extremely important, and hence will be the highlights of this publication [13].

There are two principal subtypes of depression that I will show have different man-
ifestation of stress system dysfunctional activity. These are melancholic and atypical
depression [9]. Melancholic depression is inconsistent with the word depression in that
it is often a state of hyperarousal and anxiety, often attached to the self and experienced
as an anguished sense of worthlessness compounded by insomnia, anorexia, and a host
of metabolic and physiologic perturbations that interfere with the quality of life while
significantly reducing the lifespan. Patients with melancholia have increased secretion of
the stress hormones cortisol and norepinephrine. Their symptoms are worse in the morning
when the stress system is at its peak. As an example of an activated stress system in depres-
sion, Figure 1 shows striking elevations in CSF and plasma norepinephrine and epinephrine
levels in hourly samples drawn for thirty consecutive hours. Figure 2 shows increased
norepinephrine spillover in mild–moderately depressed patients with melancholia.

Atypical depression seems to be the antithesis of melancholic depression and is
associated with lethargy, fatigue, hypersomnia, and hyperphagia. The symptoms of
atypical depression peak in the evening, when the stress system is most quiescent.

Rene Spitz made important observations regarding developmental abnormalities that
afflicted infants placed soon after birth in understaffed orphanages, where they had little
or no sustained human contact. Initially, the infants cried bitterly for hours until attended
to. Subsequently, they withdrew and ceased crying at all, even if they were left alone or
had gone without eating for hours. In addition, they lost interest in their environment.
Thus, it were as if their early deprivation had led to a virtual shutdown of their stress
response and affective existence to protect them from enormous distress [14]. Subsequent
studies in non-human primates who were removed from their mothers and raised by peers
reveal a similar behavioral withdrawal in association with significant inhibition of the HPA
axis [15]. These may represent very severe forms of atypical depression.

Much less is known about atypical depression than about melancholia, thus much
of this paper is focused on this depressive subtype. Overall, the weight of available data
indicates that melancholic depression reflects a stress system that is pathologically activated,
while atypical depression reflects a stress system that has been pathologically suppressed.
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[12]. Inflammation in these loci contributes to the cognitive and affective components, as 
well as to their somatic manifestations [9]. This paper will first document that the stress 
system runs awry in depression. I will also describe the organization of the stress system 
and the structural changes of the stress system during stress, provide a brief overview of 
the behavioral manifestations of depression, and detail the changes in structure and func-
tion that the stress system undergoes in encoding the clinical and biochemical manifesta-
tions of depressive illness. Finally, I will provide an overview of the biological changes 
associated with depression, with particular emphasis on the extensive roles of the PPARg 
system in depressive illness. This roles of stress system dysregulation in depression and 
of the PPARg’s role in regulating the stress system response and its dysregulation in de-
pression are extremely important, and hence will be the highlights of this publication [13]. 

There are two principal subtypes of depression that I will show have different mani-
festation of stress system dysfunctional activity. These are melancholic and atypical depres-
sion [9]. Melancholic depression is inconsistent with the word depression in that it is often 
a state of hyperarousal and anxiety, often attached to the self and experienced as an an-
guished sense of worthlessness compounded by insomnia, anorexia, and a host of metabolic 
and physiologic perturbations that interfere with the quality of life while significantly re-
ducing the lifespan. Patients with melancholia have increased secretion of the stress hor-
mones cortisol and norepinephrine. Their symptoms are worse in the morning when the 
stress system is at its peak. As an example of an activated stress system in depression, Figure 
1 shows striking elevations in CSF and plasma norepinephrine and epinephrine levels in 
hourly samples drawn for thirty consecutive hours. Figure 2 shows increased norepineph-
rine spillover in mild–moderately depressed patients with melancholia. 

 
Figure 1. The hypernoradrenergic state of depression as assessed by around-the-clock hourly CSF and plasma sampling.
The hypernoradrenergic state of melancholic depression. Hourly around-the-clock sampling of CSF NE, plasma NE, plasma
cortisol, and plasma epinephrine in severely depressed, medication-free patients with melancholic depression. We studied
patients during depression and after ECT-induced remission. Severely depressed patients had concomitant elevations of the
hourly 24 h levels of CSF NE, plasma NE, plasma and CSF epinephrine, and plasma cortisol. These levels all fell to normal
levels after ECT. The diurnal variations of CSF NE, plasma NE, and plasma cortisol were virtually superimposable and
highly correlated with one another. Their arithmetic means also were highly correlated. These arousal-producing compound
levels all peaked at 08:00 to 09:00, a time when melancholic symptoms are at their worst. Their peaks also coincide with
the time for maximal susceptibility to myocardial infarction and sudden death. CSF NE and plasma norepinephrine
correlate with one another, yet they derive from different sets of neurons. Patients with the Shy Drager syndrome have
very low plasma norepinephrine levels in association with robust CSF norepinephrine concentrations. Excessive central
norepinephrine secretion in melancholia exerts several adverse effects. Norepinephrine inhibits critical structures in the
prefrontal cortex such as the subgenual and dorsolateral prefrontal cortices. NE stimulates the amygdala and the CRH/HPA
axis. Central noradrenergic excess also contributes to hypertension, activation of the HPA axis, and the sympathetic nervous
system. Plasma and CSF epinephrine were also elevated around the clock.
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Figure 2. Norepinephrine spillover into arterial plasma corrected for norepinephrine clearance at 
baseline, during the stress of a video game, and after the infusion of yohimbine, an a-2 noradrenergic 
antagonist that increases the secretion of norepinephrine by blocking the inhibitory norepinephrine 
a-2 receptor (p < 0.01) for all findings). 

Atypical depression seems to be the antithesis of melancholic depression and is as-
sociated with lethargy, fatigue, hypersomnia, and hyperphagia. The symptoms of atypical 
depression peak in the evening, when the stress system is most quiescent. 

Rene Spitz made important observations regarding developmental abnormalities 
that afflicted infants placed soon after birth in understaffed orphanages, where they had 
little or no sustained human contact. Initially, the infants cried bitterly for hours until at-
tended to. Subsequently, they withdrew and ceased crying at all, even if they were left 
alone or had gone without eating for hours. In addition, they lost interest in their environ-
ment. Thus, it were as if their early deprivation had led to a virtual shutdown of their 
stress response and affective existence to protect them from enormous distress [14]. Sub-
sequent studies in non-human primates who were removed from their mothers and raised 

Figure 2. Norepinephrine spillover into arterial plasma corrected for norepinephrine clearance at
baseline, during the stress of a video game, and after the infusion of yohimbine, an a-2 noradrenergic
antagonist that increases the secretion of norepinephrine by blocking the inhibitory norepinephrine
a-2 receptor (p < 0.01) for all findings.

2. Organization of the Normal Stress System: Template for Depressive Illness

Anxiety is a cardinal manifestation of the stress response and is essential for survival.
The PPARg system is highly activated during stress and plays multiple roles [16], including
an anxiolytic one [17]. PPARg receptors are widely distributed in the amygdala and in the
medial prefrontal cortex [18].

The CRH system is activated during stress. CRH is primarily in the hypothalamus and
amygdala, and transduces activation of the hypothalamic–pituitary–adrenal axis, while
amygdala CRH transduces anxiety and conditioned fear. Accordingly, CRH sets into
motion multiple behavioral and physiological phenomena during stress. These include
anxiety, hyperarousal, fear-related behaviors, activation of the sympathomedullary system,
and hypothalamic–pituitary–adrenal activation. CRH is a potent stimulus to the activation
of inflammation, which I shall show is highly increased during physical and psychological
stress and in depression [9]. Inflammation is activated during stress as a premonitory
response to the likely contingency of injury during stressful confrontations [9]. CRH
diminishes sleep, food intake, sexual activity, and the capacity to anticipate or experience
pleasure [9]. These actions serve many functions. One of their most important functions
is to prevent distraction during threatening situations. The PPARg system restrains the
CRH system and the activation of the sympathetic nervous system [19]. Thus, attention is
directed primarily to the danger at hand.

As noted earlier, as examples of the activation of the stress response, we first noted
that both CSF and plasma norepinephrine and epinephrine are elevated around the clock
in drug-free patients with melancholia in hourly samples taken for 30 consecutive hours
(Figure 1). Both compounds are arousal-producing and anxiogenic in brain and transduce
multiple autonomic and metabolic aspects of the stress response [8,10,20]. We also found
norepinephrine spillover was significantly increased in mild–moderately melancholic
depressed patients [20] (Figure 2).
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The dorsolateral prefrontal cortex is modestly inhibited, leading to a decrease in the
cognitive control of anxiety [21]. Emotional memories of past confrontations with stress or
danger are readily retrieved to support survival in the present threatening situation.

Stress is accompanied by a small, but significant down-regulation of the subgenual
prefrontal cortex [9,22]. This structure restrains the amygdala fear system; estimates the
likelihood of punishment and reward; helps prime the nucleus accumbens or reward center
of the brain, thereby increasing the capacity to anticipate and experience pleasure. The
subgenual prefrontal cortex also restrains the CRH and locus ceruleus-norepinephrine
system and the sympathetic nervous system [9]. Taken together, this modest reduction in
the size and functional activity of the subgenual prefrontal cortex leads to increased anxiety,
increased expectation of harm, decreased capacity to anticipate or experience pleasure,
activation of the locus ceruleus, and disinhibition of the CRH system and hypothalamic–
pituitary–adrenal axis. As I will note, the PPARg system intersects with each of these
important processes.

The amygdala, necessary for the cognitive experience of fear, is modestly disinhibited,
partially through the decrease in the activity of the subgenual prefrontal cortex. Anxiety is
kept manageable to prevent its interference with a successful stress response. The amygdala
down-regulates the nucleus accumbens reward system to prevent distraction. It is difficult
to experience pleasure when you are afraid. An activated amygdala also stimulates the
CRH and sympathetic nervous systems via a CRH projection from the amygdala. As noted,
the amygdala is amply supplied by PPARg receptors [17,18].

The hippocampus responds to cortisol and norepinephrine, which promote the en-
coding and retrieval of negatively charged emotional memories [23,24]. Mineralocorticoid
receptors in the hippocampus exert negative feedback effects on the CRH system [25].
A direct projection from the anterior hippocampus to the subgenual prefrontal cortex
modifies the subgenual prefrontal cortex during a stress response. The hippocampus also
contains ample numbers of PPARg receptors [18].

The insula helps to control the shifting between the default mode network and the
salient mode network. When the default mode system is activated in the context of an
activated amygdala, as in depression, attention turns inward, leading to adverse self-
assessments and contributing to the feelings of worthlessness, which are such critical
elements in depression [17,26]. The default mode network is significantly hypoactive in
depression and returns to its normal level of activation with successful antidepressant
treatment. The insula has ample PPARg receptors that activate its capacity to promote a
successful stress response [27].

As noted, the nucleus accumbens is modestly downregulated during stress, but not
sufficiently to impede an effective stress response [28,29]. PPARg receptors are plentiful in
the nucleus accumbens [18].

The locus ceruleus is the principal site of norepinephrine synthesis in the brain.
It produces a state of general alarm, promotes anxiety, and plays an important role in
activating the physiological aspects of the stress response.

During normal stress, there is a highly significant increase in neuroplasticity in the
subgenual prefrontal cortex, amygdala, and hippocampus, and an increase in neurogenesis,
all of which assist in effective response to stressful and rapidly changing circumstances [12].
Stress can also be associated with damage to brain cells that may be alleviated by PPARg
agonists [12]. PPARg agonists are potent stimuli to both neuroplasticity and neurogenesis,
which, I will show, are both markedly decreased in depression [12].

3. Behavioral and Cognitive Manifestations of Melancholic Depression

Melancholic depression is often associated with significant anxiety, hyperarousal,
decreased appetite, and decreased sleep. As noted, the focus on the melancholic patient
is on the inner self with active self-assessment, which, because of amygdala activation,
is highly negative. Attention is focused on sad stimuli and there is significant difficulty
in effectively disengaging from them. There is preferential access to negatively charged

401



Int. J. Mol. Sci. 2021, 22, 9248

emotional memories that are highly resistant to extinction. Prior stressful events that
are encoded in emotional memory and the affect associated with them are prominent
in melancholia and are reinforced by cortisol and norepinephrine [9]. PPARg agonists
down-regulate cortisol levels [12,30].

Recent data reveal that deletion of neuronal PPARg enhances the emotional response
to acute stress and exacerbates anxiety. Importantly, these effects are reversed by rescue of
amygdala PPARg function [17].

4. Dysregulation of the Stress System in Melancholic Depression: Evidence for a
Pathological Activation of the Stress System

The size of the subgenual prefrontal cortex is reduced in melancholia by as much
as 40% [31], owing to a loss of glial cells, with a marked decrease in its neuroplasticity,
a decrease in the size of its neurons, and substantial loss of key synaptic proteins [32]
(Figure 3). Stress and hypercortisolism are two factors that decrease the size and activity of
this crucial structure [32]. As noted, one of the functions of the subgenual prefrontal cortex,
an important component of the default mode network, is to participate in the process of
self-assessment, and its impairment leads to a loss of self-esteem. Earlier, I pointed out that
the subgenual prefrontal cortex is an important component of the medial prefrontal cortex,
and although PPARg receptors have not been assessed in the subgenual prefrontal cortex,
they are abundantly present in the medial prefrontal cortex [18].
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The nucleus accumbens (Figure 3), ordinarily primed by the subgenual prefrontal 
cortex, becomes enlarged and much less responsive to pleasurable stimuli. This leads to 
anhedonia, one of the cardinal manifestations of depression. Hypercortisolism contributes 
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markedly reduced. Neuroplasticity is also significantly diminished. There is a decrement 
in BDNF that is a principal cause of these phenomena [33]. Ample data report that PPARg 
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control over cognition. 

Depressive illness is not only associated with changes in structure and the function 
of sites altered in depression, but also with synaptic loss and deficits in functional connec-
tivity [36–39]. Post-mortem research has demonstrated lower numbers of synapses and, 
correspondingly, lower expression of synaptic function-related genes in the dorsolateral 
prefrontal cortex in patients with depressive illness, consistent with the loss of lower lev-
els of synaptic signaling proteins in these patients [40]. Lower synaptic density is associ-
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Figure 3. Sagittal section of the human brain. Structures playing a particularly important role
in the pathophysiology of depression that are the targets of PPARg-amelioration of multiple core
components of depressive illness. Please see text for descriptions, roles, and connections.

As noted earlier, we first demonstrated that the CRH system was activated in melan-
cholic patients [11], as were indices of increased norepinephrine secretion, as assessed
hourly through indwelling canullae in the antecubital space and spinal canal (Figure 1).
The highly elevated levels in melancholia fell to normal after electroconvulsive shock
induced remission [8,10,20]. We also showed that melancholic depressed patients have
increased norepinephrine spillover into arterial plasma at rest, in response to a video
game, and in response to yohimbine, an alpha-2 noradrenergic antagonist (Figure 2) [20].
Along with CRH hypersecretion in melancholia, these lead to further anxiety and arousal,
decreased sleep, and decreased food intake and sexual activity. Once again, chronic stress
in experimental animals leads to these changes.

The nucleus accumbens (Figure 3), ordinarily primed by the subgenual prefrontal
cortex, becomes enlarged and much less responsive to pleasurable stimuli. This leads to
anhedonia, one of the cardinal manifestations of depression. Hypercortisolism contributes
to this phenomenon [9]. The nucleus accumbens is amply supplied with PPARg receptors.
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The hippocampus is decreased in size in depression (Figure 3). Neurogenesis is
markedly reduced. Neuroplasticity is also significantly diminished. There is a decrement
in BDNF that is a principal cause of these phenomena [33]. Ample data report that PPARg
agonists significantly increase BDNF levels. The BDNF deficiency in depression is an
important component of its pathophysiology. Some feel that it is among the most critical
pathophysiological mediators in depressive illness [33,34]. Thus, PPARg agonists’ capacity
to increase BDNF could be an important component of its possible therapeutic effects in
depressive illness [35].

In addition, the dorsolateral prefrontal cortex is reduced in size in depression. Rich
in PPARg receptors, the dorsolateral prefrontal cortex loses capacity to exert emotional
control over cognition.

Depressive illness is not only associated with changes in structure and the function of
sites altered in depression, but also with synaptic loss and deficits in functional connec-
tivity [36–39]. Post-mortem research has demonstrated lower numbers of synapses and,
correspondingly, lower expression of synaptic function-related genes in the dorsolateral
prefrontal cortex in patients with depressive illness, consistent with the loss of lower levels
of synaptic signaling proteins in these patients [40]. Lower synaptic density is associated
with higher severity of depressive symptoms [40].

Almost all the manifestations of melancholia are corrected, either partially or fully, by
effective antidepressant treatment [34,36,37,41–45]. These include partial restoration of the
volume of the subgenual PFC and its functions [46], restoration of the hypoactivity of the
dorsolateral prefrontal cortex [21,40], reduction in the size and activity of the amygdala [47],
restoration of the volume of the hippocampus, normalization of its neuroplasticity, and
restoration of neurogenesis [48]. There is normalization of the activations of the CRH and
catecholaminergic systems, as well as of the growth hormone and reproductive axes [49,50].
BDNF levels rise significantly in the PFC and the hippocampus [33]. In addition, there
is a decrease in the size of the nucleus accumbens and restoration of the normal capacity
to experience pleasure. Cognitive function improves significantly [35,51]. Inflammation,
which I will discuss extensively in the next section as a key component of depressive illness,
also falls to normal levels [52].

5. Inflammation in Depression

Inflammation is an important component of depressive pathophysiology. Over 10,000
papers have been written on inflammation in depression. The PPARg system has highly
significant effects in the restraint of multiple form of inflammation. For this reason, I will
cover inflammation in depression in more detail.

Inflammation in Depression: A Key Factor that Contributes to Making PPARg Ago-
nists of Relevance to Depression

Inflammation is an inherent component of depressive illness. This inflammation
both influences the brain and is widespread in the rest of the body [53,54]. Thousands of
papers have been written concerning the connection between inflammation and depression.
Recent studies of animal models of stress such as social defeat, predatory stress, and
resident intruders show that such stressors induce central nervous system inflammation,
characterized by the secretion of cytokines, and evidence of neuronal inflammation [54].
This inflammation occurred in many areas of the brain thought to be involved in depression
such as the subgenual prefrontal cortex and the amygdala [12,26]. The administration
of blockers to inflammatory compounds blocked the impact of the stressors on behavior,
including a depression-like picture. The administration of antidepressants prior to severe
stress prevented any signs of neuroinflammation. Similarly, antidepressants in humans
correct the evidence of peripheral and central inflammation [44,45,53].

Before discussing the many manifestations of inflammation in depressive illness, I
would first like to discuss the evolutionary and biological roots in environments long
ago that have fostered the close connection between depression and inflammation [53,54].
Almost all stressful situations that mammals encountered included risks implicit in be-
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ing hunted, hunting, or competing for reproductive status or access. Thus, there was
a premonitory activation of the inflammatory system anticipating possible injury and
infection, because the risk of pathogen exposure and a consequent infection was highly
increased [53,54]. Thus, in ancient environments, the connection between the perception of
stress or danger and the risk of subsequent tissue injury was so expectable that evolution
favored organisms that activated responses of inflammatory systems to a wide variety of
environmental stressors, including psychosocial stressors [53,54]. Inflammatory mediators
are among the most potent stimuli leading to the activation of prominent stress mediators
such as activations of the sympathetic nervous system and hypothalamic–pituitary–adrenal
axis. Data show that concentrations of IL-6 as low as 10−18 molar activated hypothalamic
CRH neurons and the hypothalamic–pituitary–adrenal axis [9].

CRH plays a major role in neuron–microglial interactions in the CNS [47]. Among the
most powerful microglia-activating factors is CRH, which plays many other roles in in-
flammation. CRH converts resting microglia into activated microglia, an effect suppressed
by antidepressants [55], which we have shown to consistently down-regulate the CRH
system [25,56]. Activated microglia lead to inflammation mediated by multiple cytokines
and other proinflammatory compounds such as those associated with oxidative stress [55].
As noted, CRH is also among the most potent stimuli to mast cell degranulation in the CNS,
the blood brain barrier, and the periphery [57–59]. Thus, antalarmin, our CRH antagonist,
seems like an ideal candidate to address a primary mechanism in this CNS inflammation.
As noted, PPARg agonists have consistent and multiple anti-inflammatory effects in the
CNS, to be covered in more detail below.

Consistent, with the evolutionary advantages of the partnership between the brain
and the immune system, inflammatory mediators in the brain, including CRH and cy-
tokines, influence brain areas that regulate motivation, motor activity, areas promoting
social avoidance and energy conservation, as well as arousal and anxiety, and fear, pro-
viding warning against attack [9]. Inflammatory mediators have also been associated
with reduction in reward responsiveness, thus decreasing the adverse consequences of
distraction by pleasurable stimuli such as sexual activity and food consumption [9].

Stress-mediated activation of the CRH system also leads to the release of CRH from
sympathetic terminals in the periphery [50]. CRH in a potent inflammatory mediator, in
the periphery. This provides an explanation for the mechanism of stress-induced skin
disorders that occur because of stress, including urticaria.

Women have a greater behavioral response to endotoxin and a much higher depression
rate in the context of gamma-interferon administration [53]. Thus, by being more responsive
to inflammation-induced depressive symptoms, women may have benefitted more from
the protection conferred by these symptoms in terms of coping with infection, healing
wounds, and subsequent exposure to pathogens [54]. Inflammation also inhibits fertility.
This may have protected women from unwanted pregnancy during times of adversity. It
is well-known that depression occurs almost twice as frequently in women than in men.
It should be noted that inflammation in the context of stress in both women and men is
a sterile information [12], unrelated to direct exposures to pathogens or the induction of
physical injury. The sterile nature of inflammatory stress may work through substances
that, for instance, induce oxidative stress. Sterile inflammation is also very sensitive
to catecholamines.

Another term for sterile inflammation is parainflammation. Among the manifestations
of parainflammation is a low level, persistent activation of inflammation characterized
by modest elevation in the levels of the inflammatory marker CRP, well-known to be a
predictor of heart disease [12,26].

Parainflammation occurs in response to stressors such as overfeeding or aging that
were not present during our early evolutionary history, and for which we are not adequately
prepared. These also include alterations in the light/dark cycle and exposure to novel
foodstuffs or chemicals [12]. I have suggested that the kind of frequent daily psychological
stressors we encounter in our lives now was not also present in our early evolutionary
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history, and that stress-responsive illnesses like depression may be a parainflammatory
disorder as well [12]. Parainflammation is likely to contribute to the chronic inflammatory
conditions associated with modern human diseases, resulting from stimuli to which we
were not exposed early in our evolution.

The difference between classical inflammation and parainflammation is that the latter
does not occur in response to pathogens or tissue damage, but rather from alterations
from the normal set-point in tissues in response to stressors such as those involving
nutrient sensing, energy metabolism, oxidant burden, endocrine regulation, and autonomic
stability [12]. Parainflammatory mediators have effects beyond those on inflammatory
phenomena, and help coordinate endocrine, metabolic, and autonomic activity as well [50].
Chronic stress is likely to set into motion alterations in the normal set-point for endocrine,
metabolic, and inflammatory processes that build to such a degree that, in individuals who
are genetically susceptible, depression develops.

6. Manifestation of Inflammation in Patients with Depressive Illness

Inflammation in the body and the brain is a prominent component of depressive illness,
to the point that multiple studies conclude that anti-inflammatory agents are useful in the
treatment of depression [53,54]. Patients with major depression have been found to have
increased peripheral blood inflammatory biomarkers, including inflammatory cytokines,
compounds produced by immune cells that activate other immune cells to encode a
significant inflammatory response. These peripheral cytokines have been shown to access
the brain and interact with virtually every pathophysiologic domain known to be involved
in depression. These include neurotransmitter metabolism, neuroendocrine function,
neurogenesis, and neural plasticity, as well as inflammation [53,54]. Indeed, activation
of inflammatory pathways within the brain is believed to contribute to a confluence of
decreased birth of new neurons, decreased neuroplasticity, increased glutamate release, as
well as oxidative stress, leading to destruction of neurons and loss of glial elements, cells
that provide nutritional and other support to nerve cells.

Depressed patients with increased inflammatory biomarkers have been found to be
more likely to exhibit treatment resistance [54]. Moreover, multiple studies in depressed
patients have demonstrated that antidepressant therapy leads to decreased inflammatory
responses. Finally, preliminary data from patients with inflammatory disorders, as well as
medically healthy depressed patients, suggest that inhibiting proinflammatory cytokines
or their signaling pathways may improve depressed mood and increase treatment response
to conventional antidepressant medication [45]. These findings include the possibility
of identifying relevant patient populations, applying immune-targeted therapies, and
monitoring therapeutic efficacy at the level of the immune system in addition to behavior.

Stressed experimental animals have central nervous system inflammation, character-
ized by the secretion of cytokines and evidence of neuronal inflammation. This may occur,
in part, because of increased glutamate activity in depression [39]. Glutamate is a potent
stimulus to central nervous system inflammation. This inflammation occurs in many areas
of the brain thought to be involved in depression such as the subgenual prefrontal cortex
and the amygdala.

7. More on the PPARg System

The PPARg receptor is a nuclear receptor found in neurons, glia, and cerebrovascular
vessels in the frontal cortex, nucleus accumbens, striatum, hippocampus, hypothalamus,
and substantia nigra. To an exceptional degree, and through multiple mechanisms, the
PPARg system in the brain is widespread and rapidly senses CNS cellular stress [57] and
functions in the CNS as a potent anti-inflammatory agent that protects neurons, glial cells,
and cerebrovascular endothelial cells [58–65] from many inflammatory mediators of the
innate immune system such as NF-kB, TNF-a, IFNg, IL-1b, and IL-6, as well as COX2,
MCP1, and VCAM1.
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In addition to these pleiotropic anti-inflammatory properties, the PPARg system is
neuroprotective and affords protection from oxidative stress [60] and inappropriate apop-
tosis owing to excessive endoplasmic reticulum stress [61,62] and other stimuli. Thus,
interference with the central PPARg system is associated with a pronounced down regula-
tion in the availability of SOD-1 and glutathione S transferase [63], klotho, which functions
as an anti-oxidant [64–67], and a marked increase in susceptibility to the adverse effects
of excessive NMDA neurotransmission [19,68,69]. Interference with chaperones of the
endoplasmic reticulum stress response, which promote a successful response, impairs the
capacity for the endoplasmic reticulum stress response to handle oxidative stress and other
neuronal stressors [70]. The PPARg system also promotes neuroplasticity and neurogenesis
during periods of neuronal stress [71].

In addition to directly mediating anti-inflammatory effects and neuroprotection di-
rectly, the PPARg system is essential to the anti-inflammatory effects of compounds like
angiotensin receptor-1 antagonists [72], whose anti-inflammatory responses are completed
abolished by antagonism of neuronal PPARg receptors [72].

PPARg agonists also inhibit the CRH system [19], as well as the neurotoxic effects of
norepinephrine [73] and glucocorticoid excess [19]. The striking anti-neuroinflammatory
and neuroprotective effects of PPARg agonists have led to the recent initiation of pi-
oglitazone, a PPARg agonist that crosses the blood brain barrier, to either treat or delay
the progression of a variety of neurodegenerative diseases including Alzheimer’s dis-
ease [74,75], Parkinson’s disease [75], Huntington’s disease [75], Friedrichs’ ataxia [75], and
the demyelination of multiple sclerosis [75]. In the periphery, an intact PPARg system is
essential for ketamine-induced suppression of the innate immune system.

Prior to the elucidation of PPARg-mediated anti-inflammatory and cellular protective
mechanisms in both the periphery and the CNS, the therapeutic efficacy of PPARg agonists
was thought to reside solely in its capacity to significantly increase peripheral insulin sensi-
tivity, protect pancreatic beta cells, and indirectly provide cardioprotection by ameliorating
insulin resistance [76]. Thus, initially, PPARg agonists have been used primarily in the
treatment type II diabetes, which is almost always associated with atherosclerosis and
widespread inflammation [77]. Thus, because insulin is a potent stimulus to inflammation,
pioglitazone also exerts a marked anti-inflammatory response in the periphery and brain.

It is now firmly established that insulin in the CNS plays a pronounced role in pro-
moting adaptive neuroplasticity and in protecting from oxidative and glutaminergic stress
via the widely distributed insulin receptor substrate p53, which plays a key role in modu-
lating the actin cytoskeleton and the remodeling of dendritic extensions [78–80]. Insulin
in the brain derives solely from the periphery via active transport across the blood brain
barrier. In states of insulin resistance and peripheral hyperinsulinemia, insulin transport
is reduced because of the saturation of insulin receptors in the blood brain barrier [81].
Thus, peripheral insulin resistance, which we see in our depressed patients, is likely to be
associated with a CNS insulin deficiency and associated with disturbed neuroplasticity,
increased susceptibility to oxidative and glutaminergic stress, and inflammation.

We now know that overfeeding in mice results in a primary neuroinflammation, asso-
ciated with activation of the intraneuronal NF-kB system [82]. This form of autonomous
intraneuronally-mediated inflammation is unique, in contrast to canonical neuroinflamma-
tion that is activated via proinflammatory mediators deriving from glial immunocompetent
cells (the canonical form of neuroinflammation) [82]. Blockade of this response in hypotha-
lamic neurons by NF-kB antagonists eliminates the effect of overfeeding on peripheral
insulin resistance, thus establishing the brain as the primary initiation site in the kind of
insulin resistance we see in patients with major depression [82].

This autonomous intraneuronal inflammation has been designated as parainflam-
mation [12]. Parainflammatory responses are unique in that they occur in the context of
stressors for which we were evolutionarily unprepared, including not only overfeeding,
but also marked decreases in physical activity, aging, disturbances due to loss of expo-
sure to the naturalistic light–dark cycle and sleep deprivation, as well as novel foods and
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drugs [12]. We postulate that repeated acute social stressors that may not have been present
during our early evolution may also set into motion parainflammatory responses related to
increased NF-kB activation. Insulin and PPARg receptors in the CNS are among the most
inhibitory modulators of neuronal NF-kb activity [12].

A key marker for parainflammation in the periphery is a smoldering, subtle 50–75%
elevation in the level of acute phase proteins such as CRP, in contrast to CRP responses
to infection that rise quickly 100-fold or more. Smoldering CRP elevations are seen in
coronary artery disease, which was likely to be rare in our early history, as well as in states
of major depression.

We have found that, compared with unmedicated, remitted patients with major
depression, remitted patients receiving specific serotonin uptake inhibitors (SSRI) treatment
are insulin-resistant, hyperinsulinemic, and have significantly higher levels of plasma
glucose (preliminary observations). Two well-controlled epidemiological studies have
shown that patients on SSRI treatment have a 2–3-fold increase in the incidence of type
II diabetes. These data indicate that there might be a dissociation between the positive
impact of SSRIs on the affective and cognitive components of the depressive syndrome
from the systemic stigmata that were assumed to occur only during the depressed state.

PPARg agonists have activity on a striking multiplicity of interrelated pathophysiolog-
ical CNS processes we now know occur in patients with major depression. Therefore, we
propose a placebo-controlled, double-blind trial of pioglitazone, a safe and potent PPARg
antagonist that crosses the blood brain barrier. Pioglitazone’s CNS anti-inflammatory, neu-
roprotective, and neurotropic effects intersect with virtually every known pathophysiologic
parameter identified in patients with major depression. Moreover, its insulin-sensitizing
effects in the brain would complement these actions, and the amelioration of insulin re-
sistance in the periphery would not only correct plasma hyperinsulinemia and decreased
availability of insulin in the CSF, but also the highly pathogenic sequalae of insulin re-
sistance on the quality of health and the lifespan. Data in experimental animals reveal
that PPARg agonists exert behavioral effects interpreted as antidepressive. One open trial
without placebo control [83] reported that pioglitazone has antidepressant properties in
depressed patients.

In summary, PPARg augmentation can impact multiple significant pathophysiologi-
cal inflammatory, neurotransmitter, and neuroendocrine processes involving peripheral
and central insulin regulation, as well as intracellular processes critical to transducing
the clinical and biological manifestations of depressive illness. These include processes
such as parainflammation, multiple inflammatory pathways in the brain and periphery,
endoplasmic reticulum stress, neuroplasticity, neurogenesis, BDNF-mediated processes,
neutralization of oxidative stress, the sequela of glutamate toxicity, and the consequences
of hypercortisolism (Figure 4).
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Abstract: The mycobacterial cell wall is composed of large amounts of lipids with varying moieties.
Some mycobacteria species hijack host cells and promote lipid droplet accumulation to build the
cellular environment essential for their intracellular survival. Thus, lipids are thought to be important
for mycobacteria survival as well as for the invasion, parasitization, and proliferation within host
cells. However, their physiological roles have not been fully elucidated. Recent studies have revealed
that mycobacteria modulate the peroxisome proliferator-activated receptor (PPAR) signaling and
utilize host-derived triacylglycerol (TAG) and cholesterol as both nutrient sources and evasion from
the host immune system. In this review, we discuss recent findings that describe the activation of
PPARs by mycobacterial infections and their role in determining the fate of bacilli by inducing lipid
metabolism, anti-inflammatory function, and autophagy.

Keywords: mycobacteria; M. tuberculosis; M. leprae; PPARs; lipid droplets

1. Introduction

The Mycobacterium genus was one of the first bacterial genera described. The most
characteristic feature of mycobacteria is resistance to acid alcohol, which is utilized for
Ziehl–Neelsen staining. Pathogenic mycobacteria can be categorized into three groups:
Mycobacterium tuberculosis (M. tuberculosis) complex, which causes tuberculosis; M. leprae
and M. lepromatosis, which both cause leprosy; and atypical mycobacteria or nontuberculous
mycobacteria (NTM), which are mycobacteria responsible for a wide range of diseases.
Mycobacterial cell walls consist of large amounts of lipids (30% to 40% of the total weight)
that form a complex tripartite structure. The lipids are major effector molecules that affect
the physiology of both the host cells and the bacilli by modulating their metabolism and
stimulating immune responses to the bacilli. Most pathogenic mycobacteria, including
M. leprae, utilize lipids from the host as a source of nutrients and to evade the immunity
from the host, enabling the bacteria to both hide and replicate within host cells.

The transcription factors known as peroxisome proliferator-activated receptors (PPARs)
were discovered in 1990 as enhancers of peroxisome proliferation in rodents [1] and be-
long to the ligand-activating nuclear hormone receptor (NR) superfamily. PPARs form
heterodimers with retinoid X receptors (RXRs), enabling them to bind PPAR-responsive
regulatory elements (PPRE) located in the promoter regions of their target genes. Three
types of PPARs have been identified in mammals: PPAR-α (NR1C1), PPAR-β/δ (NR1C2),
and PPAR-γ (NR1C3) [1,2]. Each PPAR is encoded by a separate gene and is expressed
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in amphibians [3], rodents [4,5], and humans [6,7]. PPAR-α and PPAR-γ are conserved
proteins expressed in wide varieties of species, whereas PPAR-β/δ has diverged consider-
ably [5]. PPARs respond to ligands and regulate the transcription of target genes. The role
of PPARs is to modulate the expression of genes central to regulating glucose, lipid, and
cholesterol metabolism.

It has been reported that the induction of PPAR-γ by the Middle East respiratory
syndrome coronavirus (MERS-CoV) is necessary for infection. The PPAR-γ activation
is mediated by the MERS-CoV-derived S glycoprotein along with concurrent inhibition
of macrophage responses and the suppression of proinflammatory cytokines [8]. It has
also been reported that PPAR-γ activation maintains the viral infection by inducing lipid
metabolism. Monocytes isolated from coronavirus disease 2019 (COVID-19) patients show
an accumulation of lipid droplets compared with other donors [9]. Infection with SARS-
CoV-2 modulates lipid uptake and synthesis pathways by inducing PPAR-γ expression in
monocytes; lipid droplet formation is also triggered in multiple human cell lines [9].

Recently, the lipid metabolism pathway used by mycobacteria in host cells has been re-
vealed, and the involvement of PPARs clarified. In this review, we focus on the involvement
of PPARs in host–mycobacteria crosstalk.

2. Activation of PPARs by Mycobacteria

PPARs are activated by endogenous and exogenous compounds. For instance, eicosanoids
and long-chain fatty acids (LCFAs) are the endogenous ligands for PPAR-α and PPAR-β/δ [10,11].
PPAR-γ is activated by metabolites of arachidonic acid, such as 5-oxo-eicosatetraenoic acid (5-
oxo-ETE) and 5-oxo-15(S)-hydroxyeicosatetraenoic acids (5-oxo-15(S)-HETE) [12,13], in addition
to oxidized low-density lipoprotein (oxLDL) derivatives [14]. Several exogenous compounds
are highly specific activators and modulators for mammalian PPAR subtypes: PPAR-α by the
hypolipidemic drugs clofibrate and fenofibrate and the synthetic ligand Wy-14643 and PPAR-γ
by the thiazolidinedione (TZD) group of antidiabetic drugs (including rosiglitazone, ciglitazone,
troglitazone, and pioglitazone) [15]. GW501516, GW0742, and bezafibrate are highly selective
PPAR-β/δ agonists, while GW1929 and GW2090 are specific PPAR-γ activators [16].

PPARs are also activated by mycobacterial infection; however, the bacterial compo-
nent(s) responsible are not well understood. Organisms that naturally produce unsaturated
fatty acids at the C10 position are relatively rare in nature, while several mycobacte-
ria species, including M. vaccae, are able to accomplish this desaturation [17–20]. The
mycobacteria-derived 10 (Z)-hexadecenoic acid upregulates genes in the PPAR signal-
ing pathway and represses the proinflammatory cytokines in macrophages [21]. Fur-
thermore, 10 (Z)-hexadecenoic acid and monoacylglycerol (MAG), which contains 10
(Z)-hexadecenoic acid, both activate PPAR-α but have no effect on PPAR-γ or PPAR-δ.
The observed effects are blocked by PPAR-α antagonists and absent in PPAR-α-deficient
mice. Recently, we found that PPAR-γ and PPAR-δ are activated in M. leprae-infected
macrophages [22]. Infection with a recombinant strain of M. bovis BCG that produces
phenolic glycolipid-1 (PGL-1) of M. leprae activates PPAR-γ in primary cultures of human
Schwann cells [23].

Mannose-capped lipoarabinomannan (ManLAM) is present in the members of the M.
tuberculosis complex, which interact with the mannose receptor (MR) in alveolar macrophages
(AMs). High levels of PPAR-γ are expressed in activated AMs and macrophage-derived foam
cells [24,25]. ManLAM upregulates PPAR-γ expression in human macrophages, consistent with
M. tuberculosis infection. Furthermore, activation by ManLAM is suppressed by MR siRNA.
These results indicate that the activation of PPAR-γ by M. tuberculosis is due to the interaction
between its cell wall component ManLAM and host MRs.

Several molecules are known to bind to PPARs, including polyunsaturated fatty acids
(PUFAs), such as certain ω3-PUFAs (e.g., docosahexaenoic acid with C22:6 and α-linolenic
acid with C18:3) and certainω6-PUFAs (e.g., arachidonic acid with C20:4 and linoleic acid
with C18:2) [26,27]. Saturated fatty acids, such as stearic acid with C18:0 and myristic acid
with C14:0, also bind to PPAR-α. M. leprae cell wall lipids also contain mycolic acids, other

414



Int. J. Mol. Sci. 2021, 22, 7597

types of LCFAs typical for mycobacteria, such as alpha-mycolic acids and ketomycolic
acids [28]. However, whether or not this lipid could be a ligand for PPARs is not known.

3. The Roles of PPARs in Lipid Metabolism

The function of PPARs, including PPAR-α, PPAR-β/δ, and PPAR-γ, is closely involved
in lipogenesis and lipid metabolism in triacylglycerol (TAG) and cholesterol synthesis.
PPAR-α plays an important role in the regulation of cholesterol and metabolism of bile
acid. In the fasting state, PPAR-α accelerates fatty acid formation in the liver by regulating
apolipoprotein expression. This increases high-density lipoprotein cholesterol (HDL-
C) in the plasma and reduces low-density lipoprotein cholesterol (LDL-C) levels [29,30].
In addition, PPAR-α mediates cholesterol transport by enhancing the expression of the
apolipoprotein AI (Apo-AI). Thus, PPAR-α stimulates the expression of the liver X re-
ceptor (LXR), which regulates ATP-binding cassette transporter A1 (ABCA1) expression,
increases the production of HDL (rich in Apo-AI), and induces outflow of cholesterol from
macrophages [31]. Therefore, fibrates that activate PPAR-α have a beneficial effect on
reducing TAG and LDL-C (arteriosclerotic lipids), as well as increasing HDL-C levels in
plasma [29,32].

Apolipoprotein E (ApoE)−/− mice fed a high cholesterol diet have high plasma
concentrations of LDL-C and develop atherosclerosis. The potential PPAR-γ agonist
Danshensu Bingpian Zhi (DBZ) prevents atherosclerosis by modulating the expression of
LXR to inhibit foam cell formation and inflammatory response [33,34]. PPAR-β/δ agonists
seem to have similar effects as PPAR-α and PPAR-γ agonists by increasing plasma HDL
levels while lowering LDL. These effects have been tested in both primate and rodent
models [35,36]. In addition, PPAR-β/δ reduces the expression of Niemann-Pick C1-like 1
(NPC1L1), a cholesterol importer in the intestinal cells; reduces cholesterol absorption; and
improves intestinal cholesterol outflow [37].

Intracellular TAG synthesis requires fatty acid metabolism and glucose homeostasis
regulation. PPAR-α promotes glycolysis and de novo synthesis of fatty acid, while it de-
creases gluconeogenesis. Thus PPAR-α has an antagonistic function in glucose homeostasis
to reduce lipid accumulation by suppressing glycolysis and enhance glycogen synthesis
and fatty acid oxidation (FAO) [38]. These effects of PPAR-α were observed following
PPAR-α overexpression in mouse skeletal muscle, which resulted in increased glucose and
insulin levels in the plasma [39].

PPAR-β/δ has an important role in improving glycolysis and glucose uptake as well
as glycogen storage, while suppressing gluconeogenesis [40,41]. PPAR-β/δ synergistically
improves the catabolism of fatty acid and suppresses lipogenesis [42]. It has also been
reported in the liver that PPAR-β/δ reduces the stability of sterol regulatory element-
binding protein C (SREBP1C), which enhances lipogenesis by activating insulin-induced
gene 1 (Insig-1) and preventing lipid accumulation [43]. Furthermore, PPAR-β/δ enhances
the thermogenesis of brown adipose tissue (BAT) by regulating the transcription of FAO
enzymes and uncoupling protein 1 (UCP-1) [44].

PPAR-γ directly binds the promoter region of various adipogenic genes, suggesting
that it is an essential factor for adipogenesis [45]. Activated PPAR-γ reduces the amount of
free fatty acid to increase the storage of TAG in adipose tissue [46]. PPAR-γ stimulates the
differentiation of preadipocytes into adipocytes [47] and regulates the sensitivity of insulin
in tissues and fatty acid storage by modulating genes involved in the release, transport,
and storage of fatty acids in mature adipocytes. Furthermore, PPAR-γ transcriptionally
activates the genes encoding c-Cbl-associated protein (CAP) and glucose transporter type
4 (Glut4), and contributes to glucose metabolism [48]. This evidence is consistent with
our previous reports that M. leprae promotes the activation of PPAR-γ and increases
intracellular TAG levels in THP-1 cells. Therefore, it is suggested that the activation of
PPAR-γ is important for the increase of TAG and cholesterol in the formation of lipid
droplets following mycobacterial infection.
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4. Emerging Roles of PPARs in Lipid Metabolism during Mycobacteria Infection

Mycobacterial infection induces lipid droplet formation in macrophages. These lipids
are essential for mycobacterial survival and are presumed to be a carbon source. In several
different models, M. tuberculosis has been shown to use accumulated lipids as a carbon
source at various stages of the infectious process [49–52]. M. tuberculosis-induced lipid
droplets in macrophages primarily contain cholesterol esters and TAG. The cholesterol
is transported through the bacterial cell membrane by Mce4, a bacterial lipid transporter
required for cholesterol import and its utilization [53,54]. Many of the active compounds
that limit M. tuberculosis growth in macrophages have been found to inhibit cholesterol-
related processes, indicating that cholesterol is central to M. tuberculosis infection [55]. Fatty
acids are also an abundant lipid in human granulomas [56]. Although it has been thought
that M. tuberculosis assimilates and metabolizes fatty acids, recent genome sequencing has
identified many putative fatty acid β-oxidation genes [57].

Since M. leprae has lost the mce4 operon, M. leprae seems to use cholesterol oxidase
(ML1492) in order to convert cholesterol to cholestenone for survival [58]. In leprosy skin
tissue sections, M. leprae-containing histiocytes and Schwann cells are filled with choles-
terol [59,60]. This has been confirmed with the observation of cholesterol accumulation in
M. leprae-infected primary macrophage [60,61]. Furthermore, the expression of cholesterol
synthase, HMG-CoA reductase, was increased following infection, and when de novo
cholesterol synthesis was inhibited by lovastatin, viability of M. leprae was reduced [61].

Conversely, high-performance thin-layer chromatography (HPTLC) analysis demon-
strates that TAG is the main component of the lipid in M. leprae-infected human monocytic
THP-1 cells [62]. It has been reported in Schwann cells that M. leprae infection enhances
glucose uptake and stimulates the pentose phosphate pathway, which is required for TAG
synthesis [63]. The accumulated TAGs are maintained by the enhanced expression of adi-
pose differentiation-related protein (ADRP) and perilipin and by the reduced expression of
hormone-sensitive lipase (HSL), which contributes to lipid degradation [64,65]. Glycerol-3-
phosphate acyltransferase 3 (GPAT3) is an important rate-limiting enzyme for TAG synthe-
sis [66]; accordingly, the internalization and viability of bacilli are lower in GPAT3 knockout
cells [62]. Furthermore, clofazimine, a therapeutic agent for leprosy, reduces the accumulation
of lipid in M. leprae-infected THP-1 cells and promotes the production of interferon (IFN)-β
and IFN-γ [67]. Therefore, mycobacterial viability is hypothesized to be closely related to
lipid metabolism in host cells, especially the accumulation of TAG and cholesterol.

A recent study demonstrated that PPAR-mediated lipid metabolism is a key process
in foamy cell formation following M. leprae infection. Among PPARs, the involvement of
PPAR-γ in mycobacterial infections has been studied. Infection with M. tuberculosis modulates
homeostasis of host lipid and induces foamy macrophages, which is necessary for intracellular
parasitization and growth [68,69]. The virulent H37Rv strain of M. tuberculosis induces PPAR-γ
expression [25], while attenuated M. bovis BCG slightly upregulates PPAR-γ [25,70]. In vitro
interference with PPAR-γ signaling in M. tuberculosis-infected macrophages decreases intracel-
lular lipid accumulation and increases mycobacterium killing [71]. Pretreatment with a PPAR-γ
antagonist significantly suppressed mycobacterial (M. bovis BCG and M. tuberculosis) induction
of intracellular lipid droplet accumulation [70–72]. In addition, M. tuberculosis growth was atten-
uated in human lung macrophages after PPAR-γ deletion or isolation from PPAR-γ-deficient
mice. Taken together, these data suggest that PPAR-γ is required for foam cell formation in
tuberculous granulomas, which is related to bacilli survival.

Recently, in M. leprae-infected THP-1 cells, we reported that the increased expression
of PPAR-γ and PPAR-δ coincided with the induction of intracellular lipid droplet forma-
tion [22]. Further, the expression of the PPAR-γ target genes ADRP, scavenger receptor
CD36, fatty acid-binding protein 4 (FABP4), and apolipoprotein C-1 (APOC1) were sig-
nificantly increased. Activation of the PPAR-γ signaling pathway is responsible for the
upregulation of Gpat3 expression during adipocyte differentiation [73–75]. We also found
that GPAT3 expression is induced in THP-1 cells infected with M. leprae, suggesting that
the mechanism of intracellular TAG accumulation is triggered by PPAR-γ activation [62].
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The expression of CD36, an essential receptor for LDL-C incorporation, is also induced
by M. tuberculosis through PPAR-γ in THP-1 macrophages [71]. CD36 can interact with sur-
factant in the lungs and promote the proliferation of M. tuberculosis in human macrophages
in vitro [76]. CD36 directly interacts with TLR2 in macrophages infected with M. bovis BCG,
as demonstrated by co-immunoprecipitation [77]. The neutralization of CD36 subsequently
decreases PPAR-γ expression and lipid droplet formation and prostaglandin E2 (PGE2) se-
cretion. In addition, M. tuberculosis upregulates the expression of GLUT1 and GLUT3 on the
cell membrane by PPAR-γ activation of glucose metabolism. Its activation is suppressed by
the PPAR-γ inhibitor T0070907 but enhanced by the agonist pioglitazone [78]. These data
suggest that the activation of PPAR-γ promotes cholesterol and TAG uptake, both of which
are components of the lipid droplets in mycobacteria-infected macrophages. Cholesterol
accumulation in infected macrophages reduces cell wall permeability to rifampin, one of
the first-line antituberculosis drugs, and masks surface antigens of mycobacteria [79]. Thus,
lipids also play a role in drug resistance.

On the other hand, PPAR-α is known to promote the metabolism of lipids accumulated
in M. tuberculosis-infected macrophages and suppress lipid droplet formation. Following
infection with M. tuberculosis, PPAR-α-/- bone marrow-derived macrophages decrease the
activation of the transcription factor EB (TFEB), a responsible factor for the regulation of au-
tophagy, and increase lipid droplet formation. Conversely, PPAR-α activation significantly
reduces the amount of lipid droplets in mycobacteria-infected macrophages, suggesting
that PPAR-α promotes lipid catabolism in mycobacterial infection [80]. Thus, PPAR-α and
PPAR-γmay have opposed roles in the host defense during mycobacterial infection.

5. Anti-Inflammatory Effects Are Mediated by PPARs during Mycobacterial Infection

PPAR-α and PPAR-γmay also have opposing functions in the immune response to
mycobacterial infections. PPAR-α deficiency leads to excessive proinflammatory cytokine
and chemokine production after lung and macrophage infection. The deletion of PPAR-α
in mice increases the expression of interleukin (IL)-6 and tumor necrosis factor (TNF)-α
as well as neutrophil recruitment following M. tuberculosis infection [80]. Infection of
PPAR-α-deficient mice with M. abscessus also increased the intracellular bacterial load and
histopathological damage [81].

However, PPAR-γ suppresses IL-1β, IL-6, and TNF-α in phorbol-12-myristate-13-
acetate (PMA)-stimulated human monocytes [82]. Phagocytosis of M. tuberculosis by
human macrophages activates PPAR-γ via the mannose receptor (CD206) [25], which
reduces the proinflammatory response. Deletion of PPAR-γ in pulmonary macrophages
enhanced proinflammatory cytokines and reduced M. tuberculosis growth in murine mod-
els [83]. Similarly, M. bovis BCG infection enhances PPAR-γ expression through TLR2 in
mouse macrophages, which regulates lipid droplet formation and PGE2 production [70].
Synthetic aptamers (ZXL1) against ManLAM inhibits immunosuppression of CD11c and
enhances presentation of M. tuberculosis antigens in dendritic cells (DCs) [84]. In this
process, PPAR-γ expression is downregulated, thereby enhancing mRNA expression and
cytokine production of IL-1β and IL-12 and decreasing anti-inflammatory cytokine IL-10
production in ManLAM-treated macrophages [84,85]. Therefore, the PPAR-γ expression
induced by mycobacterium infection is considered important for the suppression of the
immune response in the host cells.

6. Mycobacteria-Induced PPAR-Mediated Autophagy

Autophagy, a cytoplasmic degradation system, plays an important role in the host
defense against intracellular bacteria. PPAR-α induces autophagy and ameliorates inflam-
matory and injurious conditions in many cell types [86,87]. PPAR-αmodulates antimicro-
bial responses to M. tuberculosis, M. bovis BCG, and M. abscessus by TFEB [80,81,88]. TFEB
is an important regulator of autophagy, lipid catabolism, and lysosomal function [89–91].
PPAR-α transactivates autophagy-related genes (ATGs) to promote autophagy [80,92]. Im-
portantly, there is considerable evidence for crosstalk between PPAR-α and TFEB [80,89,90].
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A recent study showed that sirtuin 3 (SIRT3) induced antibacterial autophagy during M.
tuberculosis infection through PPAR-α [88], indicating that PPAR-α may function in the
host defense against intracellular M. tuberculosis by mediating autophagy.

PPAR-γ is less studied for its involvement in autophagy during mycobacterial infec-
tion. A DNA microarray analysis of mouse macrophage J774 cells treated with ManLAM
alone or with the PPAR-γ inhibitor GW9662 showed that the inhibitor downregulates the
expression of the AMP-activated protein kinase (AMPK) regulatory 2 subunit (Prkag2),
which activates AMPK [93]. AMPK, an essential regulator of autophagy [94], is required
for the phagosome–lysosome fusion [95]. These data suggest a regulatory role for PPAR-γ
signaling in autophagy. In addition, recent studies have revealed that either an AMPK acti-
vator (5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside, AICAR), a SIRT1 activator
(e.g., resveratrol), or a SIRT3 activator (konokiol) can promote anti-mycobacterial activity
through autophagy induction or AMPK activation [88,95–97]. It was shown in a previous
study that lipid droplets are transported to lysosomes through the autophagy pathway,
thus presenting the possibility that lysosomal acid lipase hydrolyzes lipid droplets [98].
Therefore, autophagy may be an essential mechanism in the regulation of lipid metabolism
in macrophages during M. tuberculosis infection.

7. Conclusions

PPARs are important to the host-dependent mechanism of lipid metabolism and
accumulation during mycobacterial infection. After the infection of macrophages by M.
leprae or M. tuberculosis, PPAR-γ is activated and translocated into the nucleus to regulate
genes that contribute to lipid metabolism, accumulation, and uptake (Figure 1). During
cholesterol accumulation, APOC1 promotes the formation of LDL-C through the lipidation
of very-low-density lipoprotein (VLDL) and chylomicron (CM), which is then imported
by CD36. CD36 also imports fatty acids, which are transported to several intracellular
organelles by FABP4. Glycerol-3-phosphate (G3P) is synthesized from glucose taken up by
GLUT1/3, and GPAT3 esterifies fatty acids to promote TAG synthesis.

Figure 1. M. leprae and M. tuberculosis infections activate PPAR-γ to induce lipid droplet formation
in the host cell. APOC1 binds to extracellular VLDL cholesterol or CM and is followed by LDL
cholesterol uptake via CD36, thus accumulating intracellular cholesterol. Intracellular TAG accumu-
lation is induced by two PPAR-γ-mediated pathways. FABP4 acylates extracellular fatty acids taken
up by CD36 and is utilized by GPAT3 for TAG synthesis. GLUT1/3 induces intracellular glucose
uptake and is subsequently utilized by GPAT3 for TAG synthesis. APOC1, apolipoprotein C-1; VLDL,
very-low-density lipoprotein; CM, chylomicron; LDL, low-density lipoprotein; FABP4, fatty acid-
binding protein 4; FA, fatty acid; TAG, triacylglycerol; GPAT3, glycerol-3-phosphate acyltransferase
3; GLUT1/3, glucose transport protein type 1/3.
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Since the cell wall lipids of mycobacteria are complex constructions of several lipid compo-
nents, it is possible that the lipids that accumulate in the host cells are used for both immune
evasion and the construction of the mycobacterial cell wall. Although many endogenous and
exogenous PPAR ligands have been identified, the ligands essential for mycobacteria infection
are still poorly understood. Since the host transcriptional profiles conducted after inoculation of
live or dead bacteria are significantly different (unpublished observation), such an approach
may be appropriate for identifying the unknown factor(s) specific in live mycobacteria. As
described, lipid accumulation in the host is associated with mycobacterial survival; therefore,
existing lipid metabolism inhibitors may be potential antimycobacterial agents. The PPARs that
play important roles in lipid metabolism, anti-inflammatory action, and autophagy may be
novel therapeutic targets in mycobacterial infections.
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Abstract: Peroxisome Proliferator-Activated Receptor gamma (PPARγ) is a master regulator of
metabolism, adipogenesis, inflammation and cell cycle, and it has been extensively studied in the
brain in relation to inflammation or neurodegeneration. Little is known however about its role in viral
infections of the brain parenchyma, although they represent the most frequent cause of encephalitis
and are a major threat for the developing brain. Specific to viral infections is the ability to subvert
signaling pathways of the host cell to ensure virus replication and spreading, as deleterious as the
consequences may be for the host. In this respect, the pleiotropic role of PPARγ makes it a critical
target of infection. This review aims to provide an update on the role of PPARγ in viral infections of
the brain. Recent studies have highlighted the involvement of PPARγ in brain or neural cells infected
by immunodeficiency virus 1, Zika virus, or human cytomegalovirus. They have provided a better
understanding on PPARγ functions in the infected brain, and revealed that it can be a double-edged
sword with respect to inflammation, viral replication, or neuronogenesis. They unraveled new roles
of PPARγ in health and disease and could possibly help designing new therapeutic strategies.

Keywords: PPAR gamma; brain; neural stem cells; infection; neuroinflammation; HIV; Zika; cy-
tomegalovirus; neurogenesis; microglia

1. Introduction

Peroxisome Proliferator-Activated Receptor gamma (PPARγ) was discovered and
cloned almost 30 years ago, as a new member of a family of receptors activated in response
to treatment of liver cells by an heterogeneous group of chemicals, namely peroxysome
proliferators [1]. Since then, an ever growing body of research has provided us with a better
knowledge about PPARγ, which is now known as a master regulator of gene expression in
lipid and glucose metabolism, adipogenesis, inflammation, cell proliferation and cancer [2].

It has been almost 25 years since PPARγ transcripts were detected in brain of rat
embryos [3]. This early finding suggested that PPARγ might be of importance in brain
development; an assumption that was strengthened thereafter by the observation of a
«disorganized brain» in Pparg knock-out mouse embryos [4]. PPARγ in the brain has been
extensively studied in relation to inflammation or neurodegeneration [5]. A wealth of
in vitro, in vivo and clinical studies have shown that PPARγ plays a beneficial role on brain
injury [6] and neurodegenerative disorders such as Multiple Sclerosis, Alzheimer’s disease
and Amyotrophic Lateral Sclerosis [7]. Also, on the bases of encouraging preclinical studies,
PPARγ has been proposed as a possible therapeutic target for psychiatric disorders [8] or
drug addiction and substance abuse [9]. Although the role of PPARγ in the regulation of
the immune response and inflammation is well established, little is known however about
its role in infections of the brain parenchyma, particularly viral infections.

A wide range of different neurotropic viruses cause infections of the adult or devel-
oping brain and underlie acute or chronic neuropathies worldwide [10]. Viral infections
of the brain represent the most frequent cause of encephalitis, a neurological disorder
characterized by acute fever, seizures, neurologic deficits and/or altered behaviour, which
affects 7 people out of 100,000 in the U.S.A. each year [11]. Viral congenital infections may
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have devastating outcomes on the structure and function of the developing brain, or may
result in mild to severe lifelong unabilities [12].

A better understanding on the role of PPARγ in the infected brain may help designing
new therapeutic strategies. Furthermore, specific to viral infections is the ability to subvert
signaling pathways of the host cell in order to ensure viral replication and spread, as
deleterious as the consequences may be for the host. For example, many viruses have
evolved mechanisms to regulate positively or negatively activity of the nuclear factor kB
(NF-kB) to facilitate their replication, host cell survival, or immuno-evasion [13]. In this
respect, the pleiotropic role of PPARγ makes it an expected critical target of infection. Thus,
investigating PPARγ in neural cell infections can provide insight on the molecular and
cellular outcomes of PPARγ activity in the healthy cell as well as the infected cell.

This review aims to provide for the first time an update on our knowledge of the role
of PPARγ in viral infections of the brain parenchyma. It will update the current knowledge
on PPARγ molecular aspects and brain expression, point out recent advances about PPARγ
focusing on specific brain issues, and, finally, summarise and discuss knowledge on PPARγ
and viral infections of the brain parenchyma.

2. PPARγ Molecular Levers

Peroxysome proliferator-activated receptors (PPARs) are members of the nuclear re-
ceptor superfamily [14]. As such, they are activated by lipophilic, membrane-permeant,
ligands. Upon ligand binding, nuclear receptors form homo- or hetero-dimers and translo-
cate to the nucleus to regulate gene transcription. PPAR family comprises three members,
PPARα, PPARβ/δ, and PPARγ. They share a common structure containing six highly
conserved functional domains: a first transcription activation function domain (AF-1), a
two zinc-fingers DNA binding domain (DBD), a hinge domain, a ligand binding domain
(LBD) and a second activation function domain (AF-2) that modulates binding to either
co-activator or repressor factors in a ligand-dependent fashion [14,15]. The gene encoding
PPARγ, namely PPARG, has a complex pattern of expression. Two alternative promoters
and alternative splicing events can generate seven PPARG transcripts translated to two
PPARγ isoforms: the widely expressed PPARγ1 and the adipocyte-restricted PPARγ2 [2].

Transactivation and transrepression refer to positive or negative gene transcriptional
regulation by PPARγ, respectively. Transactivation requires both DNA-binding and agonist-
binding whereas transrepression may require or not DNA-binding (Figure 1).

PPARγ forms dimers with another nuclear receptor, namely the retinoid X receptor
alpha (RXRα) whose ligand is 9-cis retinoic acid [16]. The PPARγ-RXRα dimer translocates
to the nucleus and binds cognate DNA sequences named PPAR Responsive Elements
(PPRE) [17]. For transactivation, the dimer formed by agonist-bound PPARγ and RXRα
recruits coactivators such as PPARγ coactivator 1-α (PGC-1α), E1A binding protein p300
(EP300), or steroid receptor coactivator (SRC1), and histone acetyl transferases (HAT) to
assemble a permissive complex on target gene promoters or enhancers, what results in focal
chromatin relaxation and enhanced transcription of the cognate gene [2] (Figure 1). This
is how PPARγ transactivates expression of a wealth of neuroprotective genes critical for
mitochondria, microglial regulation and oxidative stress management [2]. Transrepression
occurs differently depending on whether PPARγ is bound to a ligand or not. When
PPARγ is unbound or bound to an antagonist (or a so-called inverse agonist), the PPARγ-
RXRα dimer recruits corepressors as nuclear receptor corepressor 1 alpha (NCoR1α) or
silencing mediator of retinoid and thyroid receptors (SMRT), and histone deacetylase 3
(HDAC3) to assemble a repressive complex on the target gene promoters, what impairs
chromatin relaxation and inhibits transcription of the cognate gene [2]. PPARγ also exerts
DNA-binding independent transrepression. When activated by an agonist, PPARγ bound
to corepressors can bind to other transcription factors such as nuclear factor kB (NF-
kB) or activating protein 1 (AP-1) to prevent them from activating inflammatory gene
transcription [2] (Figure 1). The PPARγ-corepressor complex can also promote NF-kB
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degradation or export out of the nucleus [6,18]. These transrepressive mecanisms underlie
the anti-inflammatory action of PPARγ [2].
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Figure 1. Graphical summary of PPARγ transactivating and transrepressing activities. (a) DNA
binding-dependent transrepression: unbound PPARγ (top) or PPARγ bound to an antagonist (bottom)
forms a dimer with RXRα, binds to a cognate response element (PPRE) and recruits corepressors
(Corep.) and HDAC3 to assemble a repressive complex which blocks transcription of the cognate
gene (broken arrow). (b) Transactivation: agonist-bound PPARγ and RXRα, bound to a PPRE, recruit
coactivators (Coactiv.) and HAT to assemble a permissive complex which enhances transcription
of the cognate gene. (c) DNA binding-independent transrepression: ligand-activated PPARγ and
corepressor complex bind to a target transcription factor as NF-kB to prevent it from activating
cognate gene transcription. Sumoylation (sumo) increases the stability of the complex PPARγ-
corepressor. kB-RE: NF-kB response element.

Post-translational modifications regulate PPARγ activity. Ligand-bound PPARγ may
undergo sumoylation which favours its stable binding to the corepressor [19]. PPARγ
serine residues may be phosphorylated by the extracellular regulated kinases (ERK) or p38
MAP kinase pathways, what inhibits PPARγ activity by blocking ligand or cofactor bind-
ing [20]. In addition, PPARγ has been shown to undergo ubiquitination which increases its
stability, or lysine acetylation which stabilizes its binding to co -activators or -repressors, or
glycosylation with β-O-linked N-acetylglucosamine (O-GlcNAcylation) which decreases
its transactivating ability [20].

PPARγ agonists and antagonists have been widely used in studies which shed light on
PPARγ role in health and disease. The best known endogenous agonists of PPARγ are fatty
acids such as 15-deoxy-∆12,14 prostaglandin (PG) J2 (15d-PGJ2), 15-hydroxyeicosatetraenoic
acid (15-HETE), 9- or 13- hydroxyoctadecadienoic acid (9/13-HODE), all derived from
oxidation cascades of poly-unsaturated fatty acids (PUFA) as linoleic acid or arachidonic
acid [21,22]. Other natural PPARγ agonists are the phospholipids lysophosphatidic acid
and hexadecylazelaoyl phosphatidylcholine, nitroalkenes and some dietary lipids such
as isoflavones and flavonoids [23]. Recent studies have disclosed that astragaladoside
IV from herbal extract [24], alliin from garlic [25] or cannabidiol from cannabis [26] were
PPARγ agonists. Synthetic PPARγ agonists are thiazolidinediones (TZDs, e.g., rosiglita-
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zone, pioglitazone, troglitazone) which share as common structural motifs a cyclic tail, an
aromatic core, and an acidic head [23]. Noteworthy, the ability of TZDs to cross the brain
blood barrier is controversial [6] and some receptor-independent effects of TZDs treatment
have been reported [6,22]. Saroglitazar [27] and lanifibranor [28] were recently designed
as efficient PPARγ agonists but they also activate PPARα and/or PPARβ/δ. In addition
to activating the receptor, some ligands have been shown to upregulate PPARγ expres-
sion levels, like pioglitazone in embryonic rat brain cells [22], 15d-PGJ2 in rat primary
microglia cells [29] and in a model of neonatal rat cerebral hemorrhage [30], and 9-HODE
in human neural stem cells [31], in U937 monocytic cell line [32] and in kidney mesangial
cells [33]. Structural studies have recently revealed that PPARγ so-called antagonists such
as T0070907 [34] or the novel, rosiglitazone-derived, compound 3l [35] function as inverse
agonists: their binding to PPARγ LBD results in conformational changes which increase
the receptor affinity to corepressors and decrease its affinity to coactivators, what finally
enhances PPARγ transrepressive activity.

3. PPARγ Expression in the Brain

In a founder study, in situ hybridization analyses of embryonic rat brains revealed
transient PPARγ mRNA expression in forebrain, midbrain and, at higher levels, hindbrain,
from E13.5, to before E18.5 [3]. Immunohistological exploration of PPARγ localization in
the brain of adult rats revealed a heterogeneous pattern. PPARγ was detected in basal
ganglia including substantia nigra, in hippocampus, in hypothalamus and in some parts
of the cerebellum and of the cerebral cortex (cortex) [36]. Strikingly, in the latter, PPARγ
expression appeared restricted to three out of the six cortical layers, and only in the frontal
and parietal parts, suggesting a complex regulation of expression.

In the adult mouse brain, PPARγ immunoreactivity was observed specifically in
prefrontal cortex, nucleus accumbens, amygdala and ventral tegmental area, four brain
regions known to be involved in the pathophysiology of neurodegenerative diseases or of
addiction [37]. In another study based on quantitative RTPCR and in situ hybridization
on laser-microdissected mouse brain sections, PPARγ transcripts were detected in cortex,
olfactory bulb and cerebellum, but not in caudate putamen or brain stem [38]. At the cell
level, PPARγ was detected in both neurons and astrocytes of mouse or rat [36,37], and was
only detectable in microglia after lipopolysaccharide (LPS) stimulation [37].

Few data are available on PPARγ expression in human brain due to its limited accessi-
bility. We explored PPARγ expression by immunohistological analysis using fetal brain
slices from elective abortion [31]. The cases were 23 to 28 gestational weeks and presented
with conditions non related to brain such as (1) Digeorges syndrome (ie cardiopathy, en-
docrinopathy, facial dysplasia), (2) chorioamniotitis and anamnios (i.e., loss of amniotic
liquid due to inflammation and premature rupture of membranes), (3) renal failure and (4)
atrioventricular canal (heart dysplasia) and omphalocele (defective development of the
abdominal wall). In any cases, no PPARγ was detected in any area of the brain parenchyma
whereas it was detected in brain blood vessel cells. Soon after, immunofluorescence analy-
sis of superior frontal gyrus (a part of the frontal cortex) from postmortem adult human
brain has shown PPARγ expression in neurons and astrocytes but not in microglia [37].
Together those studies underscore that PPARγ is not evenly expressed in the brain, nor is it
expressed in the same way in the fetal or adult brain, which raises the possibility that it
exerts specific functions apart from its anti-inflammatory and metabolic functions.

4. PPARγ Responds to Specific Issues of the Brain Cell
4.1. Energy Supply, Oxidative Stress, and Mitochondria

The brain is particularly sensitive to changes in the energy supply: at baseline, the
brain consumes over 20% of the oxygen and 25% of the glucose in the body, although it
makes up only 2% of the body’s weight. This energy is dedicated to housekeeping neural
cell functions, synaptic plasticity, neurotransmitter release and recycling, management of
action and resting potentials, and neuronal computation and information processing [39].
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Such high activity of energy metabolism and corresponding redox reactions lead to a high
production of harmful reactive oxygen species (ROS) such as hydroxyl (HO•) and superox-
ide (•O2

−) radical anions, hydroperoxyl radical (HO2
•) and peroxyl radicals (ROO•) [40].

Neurons, as long lasting, postmitotic, cells, are more sensitive to the accumulation of
oxidative damage in the long run as compared to dividing cells [41]. Thus, brain is highly
sensitive to oxidative stress and this is exacerbated in neurodegenerative [40] or presumably
psychiatric [39] disorders. PPARγ and/or PPARγ agonists were shown to exert antioxidant
functions by upregulating the antioxidant enzymes haem oxygenase-1 (HO-1), catalase or
copper/zinc superoxide dismutase (SOD) and downregulating the pro-oxydative enzymes
inducible nitric oxide synthase (iNOS) or cyclooxygenase 2 (COX2) (reviewed in [5,7]).
Rosiglitazone was also shown to prevent apoptosis related to amyloid [42] or tumor necro-
sis factor alpha (TNF-α) [43] in human neural stem cells by normalization of oxidative stress
and mitochondrial function. Indeed, PPARγ protective role is further supported by its pos-
itive effect on mitochondria, that, beyond the cell powerhouse, are key regulators of redox
balance [44]. A wealth of in vitro studies reviewed in [5,7] have shown that PPARγ and/or
its agonists improved mitochondrial functions in human lymphocytes, adipocytes, astro-
cytes, neuroblastoma (SH-SY5Y) or neuronal (NT2) cell lines and hippocampal neurons, as
shown by increased mitochondrial membrane potential (∆Ψm), increased mitochondrial
DNA (mtDNA) copy number, modulation of mitochondrial fusion-fission events and/or
expression of factors beneficial to mitochondrial biogenesis and homeostasis, namely the
co-activator PGC1-α [45], the mitochondrial transcription factor A (TFAM) [46] or the
nuclear factor erythroid-derived 2-like 2 Nrf2 [47].

Recent studies have provided further insight on the role of PPARγ in an oxidative
context in brain cells. Pioglitazone has been shown to inhibit, significantly for all, albeit
moderately for some, the decrease in total thiol, SOD and catalase levels and the increase in
malondialdehyde (MDA, a marker of PUFA peroxidation) levels in hippocampal and corti-
cal extracts, in a rat model of hypothyroidism, a phenotype known to cause neurological
damage [48]. Pioglitazone has also been shown to induce expression of TFAM and PGC-1α
along with increased mitochondrial biogenesis and to restore mitochondrial membrane
potential after challenge with rotenone, an inhibitor of the mitochondrial transport chain
complex 1, in rat oligodendrocyte cultures [49]. Recent reports also documented a similar
role of PPARγ and agonists in non brain tissues or cells. A C-terminally truncated form
of PPARγ2 has been recently shown to localize in the mitochondrial matrix and to bind
the D-loop region of mtDNA in brown adipocytes, what strongly suggested that PPARγ
transactivated mitochondrial electron transport chain genes [50]. Lentivirally- expressed
PPARγ has been shown to restore expression of the antioxidant uncoupling protein 1
(UCP1) in mouse tubular epithelial cells treated with hypoxia, concommitantly to inhibi-
tion of ROS generation, whereas pioglitazone administrated to mouse with experimental
kidney hypoxia caused reduction of MDA levels and increase of UCP1 mRNA levels in
kidney [51]. Pioglitazone has been also shown to increase catalase activity and levels of
reduced gluthatione in a PPARγ-dependent manner in a rat model of hypertension [52].
Rosiglitazone was also found to decrease oxidative stress in MDCK canine kidney cells
challenged with oxalate in a PPARγ-dependent way [53] and mitochondrial ROS levels,
mitochondrial dysfunction and expression of the NLR family pyrin domain containing 3
(NLRP3) inflammasome in C2C12 myotubes and in a mouse model [54].

4.2. Neuroinflammation

Neuroinflammation represents the innate immune response specific to the nervous
system. It is mediated by glial cells (i.e., astrocytes and the macrophage-like microglia
cells), which activation underlies pathogenesis of neuroinflammation [55]. Noteworthingly,
neuroinflammation is linked to oxidative stress since ROS are signaling messengers for
inflammation [56]. Neuroinflammation has been widely documented and PPARγ and/or
agonists have been shown to decrease neuroinflammation in a wealth of studies, as re-
viewed in [5].
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Recent findings have provided better knowledge on the protective role of PPARγ
in neuroinflammation. PPARγ has been shown to mediate suppression of inflammation
by the anesthetic propofol in rat astrocytes [57]. To note, this effect is associated with
PPARγ-dependent inhibition of the Wnt/β-catenin pathway, an important pathway which
enhances neuroinflammation and has a mutual positive regulation with NF-kB [58]. It has
been shown that translocator protein (TSPO) inhibited microglia activation by interleukin
(IL-) 4 through PPARγ activity in a primary microglia polarization model [59]. Rice bran
extract (which is rich in PUFA) as well as pioglitazone have been reported to protect against
inflammation induced by lipopolysaccharides (LPS) in a mouse model, decreasing TNF-a
and COX2 levels in brain, reducing striatal plaque formation and suppressing cortical
and hippocampal tissue damage, all effects requiring PPARγ activity [60]. Other recent
studies converged to support positive, PPARγ-dependent, role against neuroinflammation
of PPARγ agonists as rosiglitazone which induced IL-10 in primary rat astrocytes exposed
to LPS [61], or pioglitazone in a rat model of chronic intermittent hypoxia [62]. Other
studies did not assess PPARγ involvement but still reported a protective role of its agonists
against neuroinflammation, as rosiglitazone in a mouse model of epilepsy [63] and piogli-
tazone in rat models of autism [64], Parkinson’s disease [65], or neuroinflammation due to
intracerebroventricular administration of LPS [66].

4.3. Neurogenesis

Brain is the most complex organ of the body, with a sophisticated tissue architecture.
Neurogenesis and brain development rely on finely spatially and temporally tuned cell
processes as differentiation, maturation, migration and acquisition of regional identities,
whether they involve neural stem cells (NSCs), neural intermediate progenitor cells (NPCs)
and/or their neuronal or glial progeny [67]. In the embryo, PPARγ has been shown to
support NPC proliferation, trigger astrogliogenesis, inhibit neuron production (neurono-
genesis) and enhance neurite outgrowth of differentiating neurons, whereas in the adult
brain, PPARγ has been reported to enhance NSC self-renewal and differentiation [68]. A
wealth of studies recently reviewed in [69] showed that PPARγ supports NSC growth,
survival and stemness maintenance and positively regulates neuronogenesis and neu-
rite outgrowth in maturing neurons. More recently, pioglitazone was shown to promote
differentiation of rat primary oligodendrocytes [49].

Besides, neural progenitor/stem cells have specific metabolic needs: they have been
shown to require predominantly glycolytic activity to maintain stemness and fatty acids as
their energy source, whereas inhibition of lipogenic pathway was reported to decrease their
proliferative potential [70]. Indeed, mitochondria are especially important in the regulation
of NSC fate decisions, in embryonic and adult brains, as reviewed in [71]. It has been
demonstrated that enhanced mitochondrial fragmentation was associated with increased
levels of ROS which, as signalling messengers, promote Nrf2-mediated transcriptional
upregulation of genes that activate differentiation and prevent self-renewal of NSCs [72]. By
the way, a number of mitochondrial diseases or conditions with mitochondrial dysfunction
result in neurological outcomes from mild cognitive impairment to severe psychiatric
conditions [71]. Although these studies do not investigate the possible link between PPARγ
and these processes, it is highly likely that the latter is involved given its importance for
mitochondria and metabolism.

5. PPARγ in the Infected Adult or Developing Brain

Brain parenchyma can be infected by a large and heterogeneous range of viruses
such as human immunodeficiency virus 1 (HIV), herpesviruses as herpes simplex virus
(HSV), varicella-zoster virus (VZV), human cytomegalovirus (HCMV) or herpes virus
6 (HHV6 [73]), Zika virus (ZIKV), japanese encephalititis virus (JEV), West Nile virus
(WNV) [11], Borna-disease virus [74] or SARS-CoV-2 [75]. However, the impact of viral
infection on PPARγ activity has been investigated for only a small minority of these
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pathogens. In this respect, most of our knowledge comes from studies on HIV, ZIKV and
HCMV infections.

5.1. PPARγ, the Adult Brain and Human Immunodeficiency Virus 1

Human immunodeficiency virus 1 (HIV, genus: Lentivirus, family: Retroviridae) bears
a positive-sense, single-stranded RNA genome spanning around 9700 nucleotides and con-
sisting of 9 genes encoding 19 proteins. HIV is predominantly transmitted by sexual contact
across mucosal surfaces, by maternal-infant exposure in the absence of prophylaxis, or by
percutaneous inoculation [76]. HIV infection is the causative factor of Acquired Immuno-
Deficiency Syndrome (AIDS) that remains a major health issue worldwide [77]. Highly
active anti-retroviral therapy (HAART) dramatically decreased mortality and morbidity
of infected people through efficient inhibition of both viral replication and opportunis-
tic infections, without, however, eradicating the virus from its lifelong latent reservoirs.
A major consequence of persistent HIV infection is the development of HIV-Associated
Neurocognitive Disorders (HAND), which are estimated to impact 30–60% of infected
people [78], including individuals on successful HAART with undetectable plasma viral
load [79]. Subjects with HAND may present paucisymptomatic neurocognitive impair-
ment, or neurocognitive disorder with deficits in concentration, attention and memory, or
HIV-associated dementia in the severely affected [80].

Resident brain cells show discrepant sensitivity to infection. Glia cells (astrocytes and
microglia), but not neurons, are sensitive to HIV infection. Notably, two recent studies
showed that microglial cells are highly permissive to HIV, i.e., they strongly support
productive infection and virus spread [81], and that they constitute a stable population
of slowly dividing, long-living (up to two decades) cells [82]. Together with other works
reviewed in [83], those studies strongly suggested that microglia are the main HIV cell
reservoir in the brain. In contrast, astrocytes were shown recently to be non permissive to
HIV [79]. Upon infection, glial cells have been shown to release inflammatory cytokines
(e.g., TNFα, interleukin-1β or interferon-γ), neurotoxic mediators (e.g., ROS, nitric oxide
or glutamate) and viral proteins (namely « virotoxins », as the HIV glycoprotein gp120),
resulting in an inflammatory, neurotoxic, and oxidative context, harmful and possibly
lethal for neurons and deleterious for synaptic plasticity and astrocyte neuroprotective
functions [84]. Unsurprisingly in this context, the anti-inflammatory action of PPARγ
is found at the forefront and PPARγ agonists have been shown in a bundle of studies
(reviewed in [22]) to be efficient regulators of microglia activation by inhibiting the synthesis
of nitric oxide, prostaglandins, inflammatory cytokines and chemokines by microglia and
by inducing apoptosis of activated microglia.

More recent studies have converged to highlight the beneficial role of PPARγ activation
in HIV-infected brain. It has been disclosed that insulin treatment upregulated PPARγ
expression in HIV-infected primary cultures of human microglia as well as in the cortex,
but not in the striatum, of cats infected with feline immunodefiency virus, along with
antiviral, anti-inflammatory, and neuroprotective outcomes [85]. Rosiglitazone was found
to inhibit NF-κB as well as the release of inflammatory mediators (TNFα, IL-1β) or of iNOS
and to prevent downregulation of the mouse ortholog of the glutamate transporter EAAT2
(excitatory amino acid transporter 2) caused by recombinant gp120 in primary mixed
cultures of rat astrocytes and microglia or in rat after intracranial injection [86]. Interestingly,
the same study reported a decrease in PPARγ transcript levels associated with gp120
treatment. EcoHIV is a chimeric HIV harboring gp80 from murine leukemia virus in place
of gp120, thereby allowing for the infection of mouse cells and the onset of some molecular
change observed in HAND [87]. Rosiglitazone and pioglitazone were demonstrated to
reverse the increase in inflammatory mediators (TNFα, IL-1β, the chemokines CCL2,
CCL3, CXCL10) and iNOS levels induced by EcoHIV in primary cultures of mouse glial
cells and in mouse brains after intracranial injection [88]. In the same study, the two
thiazolidinediones were also found to reduce in vivo EcoHIV p24 protein levels in the
brain, what strongly supported an antiviral activity of the two agonists. Since then, similar
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results were obtained by the same group with the novel, non-thiazolidinedione, PPARγ
agonist, INT131 [89]. PPARγ activity was however not assessed in these three reports.

Another role of PPARγ apart from neuroinflammatory modulation, has been high-
lighted in the context of HIV infection. Blood-brain barrier (BBB) is critical for HIV entry
into the brain, and tight junction proteins are key structural and functional elements of in-
tegrity and efficiency of the BBB. In an in vitro BBB model, loss of barrier efficiency caused
by HIV-infected human monocytes was shown to be reduced by overexpression of PPARγ
in monocytes, in particular through repression of HIV-induced matrix metalloproteases
(MMP) -2 and -9 activities [90]. Further, rosiglitazone has been shown to reduce astrogliosis,
neuronal loss and disruption of BBB permeability caused by exposure to the HIV protein
Tat, in a PPARγ-dependent fashion, in a mouse model [91]. Similarly, more recent works
demonstrated that metabolites of the flavonoid quercetin suppressed MMP-2 activity and
invasion of a lung cancer cell line in a PPARγ-dependent manner [92], and that PPARγ
blocked the increase in activities of MMP-2 and MMP-9 due to Toxoplasma Gondii infection
in astrocytes [93]. PPARγ could possibly hinder MMP expression by NF-kB transrepression
since NF-κB has been shown to upregulate MMP-2 in murine melanoma cells [94] and
MMP-9 in a rat model of intracerebral hemorrhage [95]. Those studies underscored the
role of PPARγ in the management of both extracellular matrix and cell to cell adhesion.

On the virus side, NF-kB activity is known to be subverted to stimulate viral replication
in the host cell by using the two NF-kB responsive elements within the promoter enhancer
region of the long terminal repeat sequence (LTR) of the HIV genome [13]. Hence, by
counteracting NF-kB through transrepression, PPARγ hampers not only inflammatory
mediators release but also viral replication. Indeed, PPARγ activity was shown to suppress
HIV LTR promoter activity, to decrease NF-κB occupancy of the LTR in infected cell, and,
finally, to impair HIV replication in brain macrophages of an humanized mouse model of
HIV encephalititis [96].

Together those studies converged to show that PPARγ has a beneficial role in the brain
of HIV carriers, by counteracting both neuroinflammation and virus replication and by
managing proteolysis-mediated regulation of the BBB.

5.2. PPARγ, the Developing Brain and Zika Virus

Zika virus (ZIKV, genus: Flavivirus, family: Flaviviridae) has a single-stranded RNA
genome spanning around 11,000 nucleotides and consisting of a single open reading frame
(ORF) and 5′ and 3′ noncoding regions. ZIKV is an arthropod-borne virus (arbovirus),
predominantly transmitted by mosquitoes, but it can also be transmitted sexually or from
mother to fetus [97]. Infected adults may present with mild symptoms or more severe neu-
rological manifestations (eg Guillain-Barré Syndrome or encephalitis) whereas congenital
infections may result in severe neurodevelopmental sequelae as microcephaly [97]. Al-
though Zika pandemics outbreak in Brazil in 2016 is relatively recent, key findings on ZIKV
neuropathogenesis have been published since. A wealth of recent studies have highlighted
various neuropathogenic mechanisms of ZIKV infection, including neural cell receptors,
altered gene expression, host RNA modifications or autophagy (reviewed in [97]). Brain
organoid studies showed that ZIKV infection caused depletion of NPCs, because of either
proliferation arrest and cell death or of premature differentiation (reviewed in [98]).

Notably, PPARγ transcript levels were found to be increased in human NPCs derived
from induced pluripotent stem cells (iPSC), as revealed by RNA-seq, along with productive
infection, proliferation arrest and apoptosis ([99], and supplemental data therein). A more
recent study used quantitative proteomics and transcriptomics in ZIKV-infected human
NPCs and revealed, however, decreased levels of PPARγ mRNA [100]. The same study
reported upregulation of RXRγ, of a positive regulator of PPARγ activity (Signal transducer
and activator of transcription [STAT] 5 [101]) and of two negative regulators of PPARγ
activity (FGR, a member of the Src family of tyrosine protein kinases [102], and the AP-
1 transcription factor c-Jun [103]), whereas nuclear receptor coactivator 1 (NCOA1), a
coactivator of both RXR and PPARγ [104], was found to be downregulated.
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Together the diversity of these regulations and their apparently contradictory con-
sequences on PPARγ activity underscore the wide spectrum of cell signaling alterations
caused by the infection. Those studies have paved the way to further investigations about
the role of PPARγ in ZIKV infection of NPCs.

5.3. PPARγ, the Developing Brain and Human Cytomegalovirus

Human cytomegalovirus (HCMV, genus: Cytomegalovirus, family: Herpesviridae) is
a beta herpes virus bearing a large genome (235-kb double stranded DNA) and that has
remarkably co-evolved with humans. As all herpes viruses, it is able to establish lifelong la-
tency after primo infection. Prevalence of HCMV ranges from 50–90% worldwide. HCMV
is transmitted by body fluids. Although infection of immunocompetent adult subjects by
HCMV is usually benign, congenital infection by HCMV is a leading cause of permanent
abnormalities of the central nervous system [105]. About 1% of newborns are congenitally
infected by HCMV each year in the U.S.A., as a result of either primary infection of a
seronegative pregnant mother, or reinfection or viral reactivation in a seropositive pregnant
mother. Among congenitally infected newborns, 10% are symptomatic at birth and present
with neurological sequelae; in addition, 10 to 15% of those asymptomatic at birth will
display neurological sequelae with onset later in infancy [106]. The most severely affected
cases present with brain developmental abnormalities such as microcephaly or brain gyra-
tion defects whereas the most frequent sequelae include mental disabilities, sensorineural
hearing or vision loss, and/or spastic cerebral palsies [105,106].

Infection of neural progenitor cells in the developing brain is thought to be a primary
cause of the neurological sequelae due to HCMV congenital infection ([31] and references
therein). In vitro studies showed that HCMV infection of progenitors disrupted self-
renewal and polarization [107], apoptosis [108], differentiation [107–112] or migratory
abilities [113]. Because PPARγ had been shown previously to be upregulated in human
placenta cells infected by HCMV [114], NSCs from human embryonic stem cells were
used as a model to investigate the outcomes on PPARγ activity of the infection of neural
progenitors by HCMV (Figure 2) [31].
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Infection by HCMV was found to dramatically impair neuronal differentiation of
NSCs [31]. PPARγ was barely detectable in uninfected NSCs whereas nuclei of infected
NSCs showed strong immunoreactivity to PPARγ, indicating increased expression and
activity of PPARγ [31]. This result was confirmed by chromatin immunoprecipitation,
reporter gene assay or cellular lipid droplet staining. More importantly, this finding was
strongly supported by the immunodetection of nuclear PPARγ specifically in the brain
germinative zones of congenitally infected fetuses (N = 20) but not in control samples [31].
Lipidomic analysis revealed that levels of 9-HODE were significantly and specifically
increased in infected NSCs, indicating that 9-HODE was the agonist associated with PPARγ
activation. 9-HODE was also found to dramatically increase PPARγ levels and activity
in uninfected NSCs, recapitulating the effect of infection [31]. Furthermore, 9-HODE
treatment and/or single-out expression of PPARγ were sufficient to impair neuronogenesis
of uninfected NSCs, whereas treatment of HCMV-infected NSCs with the PPARγ antagonist
T0070907 restored a normal rate of differentiation [31]. Together these findings revealed that
PPARγ exerts a negative role on NSC differentiation to neurons, should they be infected by
HCMV or not. This has been supported soon after in another study which demonstrated
that conditionally forced expression of Pparγ in mouse neural progenitors resulted in
severe microcephaly and brain malformation [115].

The high level of 9-HODE biosynthesis could result from an interesting feature of
HCMV particles. Indeed, the production of 9-HODE results from the oxidation of linoleic
acid by cellular lipoxygenase 15-LOX, and linoleic acid is released from membrane phos-
pholipids by viral, onboarded, phospholipase A2 (oPLA2) during infection. oPLA2 is a
cell-derived phospholipase A2, packaged in the tegument of the virion during its release
from the cell, and subsequently injected in the new host cell during viral particle entry [116].
In other words, HCMV particles carry oPLA2 as a ready to use tool for efficient 9-HODE
biosynthesis in the host cell. HCMV infection has also been shown to inhibit Wnt/β-catenin
signaling in dermal fibroblasts and placental extravillous trophoblasts [117], and this could
also account for increased PPARγ activity in HCMV-infected NSCs since Wnt/β-catenin
inhibits PPARγ [58].

Increased viral replication was observed in HCMV-infected NSCs exposed to 9-
HODE [31]. Indeed, it had been demonstrated in human placenta cells that PPARγ exerted
a positive role on HCMV replication by transactivating HCMV major immediate early
promoter (MIEP) through the use of two PPREs [118]. Furthermore, neural progenitors
require predominantly fatty acids as their energy source [119], and productive infection
requires a large energetic supply and enhanced biosynthesis of fatty acids in the host cell
to allow efficient viral replication and envelope assembly [120]. Increased PPARγ activity
could thus be beneficial to both virus replication and host cell survival, given its role on
fatty acid metabolism and mitochondria. This seems of particular importance in infection
by HCMV since HCMV, as the other beta herpes viruses, undergoes in his host a long
replicative cycle which numbers in days, and which, to be completed, requires prolonged
survival of the host cell in spite of the metabolic storm caused by the infection.

6. Conclusions

Investigations about the outcomes of viral infection in the brain shed new light on
PPARγ in the developing and adult brain. Recent studies underscored that expression
and/or activity of such a master regulator as PPARγ must be finely tuned in time and
space, especially during brain development.

Probably because of its multifaceted role at the crossroads of inflammation, metabolism
and cell differentiation, PPARγ can be a double-edged sword in viral infections of neural
cells: besides its role in both moderating inflammation and supporting host cell survival, it
can be deleterious to neuronal differentiation of progenitors, and either inhibit or support
viral replication (Figure 3).
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Figure 3. Graphical summary of PPARγ involvement during infection by HIV (left) or HCMV (right).
In HIV-infected cells, PPARγ inhibits NF-kB by transrepression (red lines), thereby downregulating
inflammatory genes and decreasing the efficiency of viral replication. In contrast, in HCMV-infected
cells, PPARγ enhances viral replication by transactivation (green arrow) of the HCMV major immedi-
ate early promoter (MIEP) through two PPAR responsive elements (PPRE). In both cases, PPARγ
regulates expression of the host cell genome, contributing to neuroprotection and, in neural stem
cells (NSC), inhibition of neuronogenesis. kB-RE: NF-γB responsive element.

In the infected adult brain, the role of PPARγ in the host response to infection appeared
beneficial against inflammation, oxidative stress and viral replication, as exemplified in HIV
infection (Figure 3). PPARγ agonists have been proposed to be promising candidate drugs
in the treatment of HIV-1 brain inflammation and neurocognitive outcomes [86], especially
as they are already being used in treatment of HIV-associated lipodystrophy [121]. In con-
trast, in the developing brain, PPARγ activation has deleterious outcomes on neurogenesis,
as shown in HCMV infection, and possibly in ZIKV infection. Notably, the activation of
PPARγ in infection by HCMV is beneficial to viral replication (Figure 3).

Viruses undergo evolutionary pressure which optimizes both their spreading efficiency
and the survival of their host. Whereas both the genomes of HIV and HCMV contain
responsive elements to NF-kB, HCMV genome has evolved to gain two PPAR responsive
elements within its major promoter. These responsive elements allow the subversion of
PPARγ activity in the benefit of HCMV replication. Moreover, NF-kB transrepression by
activated PPARγ accounts for immune evasion.

Yet, it is important to recall how variable the severity of neurological sequelae of
HCMV infection may be. Host genetic factors still to be discovered may be important deter-
minants of the severity of the sequelae, as, for example, cis-acting transcriptional regulators
of PPARγ gene expression, or reciprocally, putative PPRE within PPARγ target genes.
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