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Sirt1-PPARS Cross-Talk in Complex Metabolic Diseases and Inherited Disorders of the One
Carbon Metabolism
Reprinted from: Cells 2020, 9, 1882, doi:10.3390/cells9081882 . . . . . . . . . . . . . . . . . . . . . 79
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors that function as
ligand-activated transcription factors. They exist in three isoforms: PPARα, PPARβ/δ, and PPARγ.
For all PPARs, lipids are endogenous ligands, linking them directly to metabolism. PPARs form
heterodimers with retinoic X receptors, and upon ligand binding, they modulate the gene expression
of downstream target genes, depending on the presence of co-repressors or co-activators. This results
in a complex, cell type-specific regulation of proliferation, differentiation, and cell survival. PPARs are
linked to metabolic disorders and are interesting pharmaceutical targets. PPARα and PPARγ agonists
are already in clinical use for the treatment of hyperlipidemia and type 2 diabetes, respectively.
More recently, PPARβ/δ activation came into focus as an interesting novel approach for the treatment
of metabolic syndrome and associated cardiovascular diseases; however, this has been limited due to
the highly controversial function of PPARβ/δ in cancer. This Special Issue of Cells brings together the
most recent advances in understanding the various aspects of the action of PPARs, and it provides
new insights into our understanding of PPARs, implying also the latest therapeutic perspectives for
the utility of PPAR modulation in different disease settings.

Keywords: peroxisome proliferator-activated receptors (PPARs); toxicology; pharmacology; ligands;
vascular; proliferation; cellular metabolism; adipogenesis; hypertrophic obesity; insulin-resistance;
lipidomics; inflammation; kidney; cancer; tumor angiogenesis; peroxisome proliferator-activated
receptor-γ coactivator-1α; non-alcoholic fatty liver disease (NAFLD); non-alcoholic steatohepatitis
(NASH); fibrosis; Alzheimer’s disease (AD); addiction; alcohol; nicotine; opioids; psychostimulants;
animal models; human studies

Peroxisome proliferator-activated receptors (PPARs) were identified around three decades ago and
are ligand-activated transcription factors of the nuclear hormone receptor superfamily comprising the
following three subtypes: PPARα, PPARγ, and PPARβ/δ. In the current nomenclature system, PPARs are
grouped as nuclear receptor 1C subfamily (PPARα–NR1C1; PPARβ/δ–NR1C2; PPARγ–NR1C3) [1].
PPARα regulates energy homeostasis, the activation of PPARγ causes insulin sensitization and enhances
glucose metabolism, and the activation of PPARβ/δ enhances fatty acid metabolism [2]. Thus, the PPAR
family of nuclear receptors plays a major regulatory role in energy homeostasis and metabolic function.
The present Special Issue of Cells critically analyzes the protective and detrimental effect of PPAR
modulation in dyslipidemia, adipocyte differentiation, cancer, kidney disease, cardiovascular disease,
neurodegenerative disorders, addiction, non-alcoholic fatty liver disease, and steatohepatitis, and it
provides a systematic evaluation of PPAR-mediated toxicology and applied pharmacology.

The group of Valerio Costa describes in this Special Issue the generation of a model of human
hypertrophic-like adipocytes, which is directly comparable to normal adipose cells and enables therefore
evaluating the pathologic evolution toward a hypertrophic state as it is the case in hypertrophic
obesity. Reduced neo-adipogenesis and dysfunctional lipid-overloaded adipocytes are hallmarks of
hypertrophic obesity linked to insulin resistance. The authors performed a meticulous morphological
and histological characterization of the immortalized hypertrophic-like adipocyte cell line. They further
evidenced an unbalance of PPARγ isoforms in patients with hypertrophic obesity characterized
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by an increased relative amount of dominant negative and canonical transcripts (i.e., a higher
PPARγ∆5/cPPARγ ratio). Their elegant model of hypertrophic-like adipocytes (HAs) mimics perfectly
this increased PPARγ∆5/cPPARγ ratio as compared to mature adipocytes (MAs). Although cPPARγ
expression was only slightly reduced in HAs (vs. MAs), PPARγ target genes (IRS2, ADIPOQ, FABP4,
SLC2A4, PLIN1, PLIN2, and MRTFA) were highly reduced, explaining the impaired metabolic activity
in hypertrophic adipose tissue. Only LPL was increased in HAs, which is in agreement with an
increased expression also in subcutaneous adipose tissue from obese patients. The PPARγ-mediated
induction of SLC2A4 (encoding the glucose transporter GLUT4) sets up an insulin sensitivity of
adipose tissue, liver, and skeletal muscle. Costa’s group further tested for a correlation between the
PPARγ∆5/cPPARγ ratio and SLC2A4 expression in vivo using patient samples from subcutaneous
adipose tissues of obese individuals. SLC2A4 negatively correlated with the PPARGγ∆5/cPPARγ ratio
in these patients. In conclusion, it is likely that the disequilibrium of PPARγ isoforms in the adipose
tissue—especially the high PPARγ∆5/cPPARγ ratio—contributes to the insulin resistance frequently
observed in patients with obesity. The unbalanced ratio between dominant negative and canonical
isoforms in the adipose tissue favors the transcriptional repression of metabolic genes and impairs
neo-adipogenesis, which are two main features of hypertrophic obesity and are correlated with insulin
resistance and the onset of type 2 diabetes [3].

To improve the understanding of PPAR signaling in diverse vascular tissues, David Bishop-Bailey’s
group investigated the in vivo generation of oxylipin PPAR ligands in different vascular tissues.
Oxylipins are derived from the oxidation of polyunsaturated fatty acids (PUFAs), which act as
important paracrine and autocrine signaling molecules. A subclass of oxylipins, the eicosanoids,
has a broad range of physiological outcomes in inflammation, the immune response, cardiovascular
homeostasis, and cell growth regulation. Using a targeted lipidomic analysis of ex vivo-generated
oxylipins from porcine aorta, coronary artery, pulmonary artery, and perivascular adipose tissue,
Bishop-Bailey’s group determined that cyclooxygenase (COX)-derived prostanoids were the most
predominant oxylipin from all tissues. Interestingly, the coronary artery produced significantly higher
levels of oxylipins from cytochrome P450 (CYP450) pathways than the other tissues investigated.
The CYP450 pathway is to provide anti-inflammatory oxylipins that prevent processes of inflammatory
vascular disease progression. The Toll-like receptor 4 ligand lipopolysaccharide (LPS) induced
prostanoide formation in all the vascular tissues tested. Treatment of primary coronary artery smooth
muscle cells (pCASMCs) with LPS induced a high expression of pro-inflammatory genes, which could
be prevented by soluble epoxide hydrolase (sEH) inhibitor TPPU administration, demonstrating
that endogenous CYP-derived epoxy–oxylipin PPAR ligands were strongly anti-inflammatory [4].
In experimental animal models, PPAR ligands reduced aortic atherosclerosis. In human patients,
PPARα and PPARγ agonists showed some clinical efficacy in reducing cardiovascular events; in contrast,
the PPARγ ligand rosiglitazone seemed to increase cardiovascular events (reviewed in [5,6]). There is
interest in developing selective modulators and pan/dual-PPAR agonists, which might have increased
efficacy and reduced side effects. Bishop-Bailey’s group presented work that suggests that endogenous
oxylipin PPAR ligands are more likely to act as pan/dual or selective modulator-type agonists
capable of reducing atherosclerosis. Importantly, the authors show that the CYP450 pathway in the
coronary artery provides an anti-inflammatory tone, as the sEH inhibitor TPPU inhibited inflammatory
mediators induced by TLR-4 activation in primary pCASMCs, thereby preventing processes of vascular
disease progression. This important work describes for the first time the anti-inflammatory effects of
sEH inhibitors in coronary tissue, supporting potential therapeutic cardioprotective actions of sEH
inhibitors [4].

All PPARs are affecting angiogenesis. PPARα and PPARγ mediate mainly anti-angiogenic
processes; in contrast, PPARβ/δ emerged as a pro-angiogenic factor (reviewed in [7]).

The role of PPARβ/δ in cancer is controversial. Our group specifically wanted to address
the impact of vascular PPARβ/δ for cancer growth and progression. We first tested the effects
of the specific PPARβ/δ modulation on the proliferation of Lewis lung carcinoma cells (LLC1)
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in vitro. The PPARβ/δ agonist GW0742 decreased tumor cell proliferation, whereas the antagonist
GSK3787 increased LLC1 proliferation in culture. Next, we treated LLC1 tumor-bearing mice
with GW0742 and astonishingly observed increased cancer growth as well as enhanced metastases
formation. Tumor sample analyses revealed an increased vascularization upon treatment with the
PPARβ/δ agonist [8]. To further decipher the relevance of vascular PPARβ/δ for tumor progression,
we used a mouse model with an inducible conditional vascular-specific overexpression of PPARβ/δ [9].
The inducible vascular-specific overexpression of PPARβ/δ promoted cancer angiogenesis, growth,
and spontaneous metastases formation in vivo. To examine the transcriptome of gene expression
patterns in PPARβ/δ overexpressing tumor-derived endothelial cells, we sorted endothelial cells
from the LLC1 tumors of controls and mice with vascular PPARβ/δ overexpression and performed
RNA sequencing. RNA sequencing of tumor-sorted endothelial cells revealed a high number of
upregulated pro-angiogenic genes in response to PPARβ/δ increase. Combining top ten network
analysis with a search for PPAR responsive elements divulged the platelet-derived growth factor
(PDGF)/platelet-derived growth factor receptor (PDGFR) pathway, tyrosinkinase KIT (c-Kit), and the
VEGF/vascular endothelial growth factor receptor (VEGFR) pathway as mediators of the pro-angiogenic
tumor-promoting effect of PPARβ/δ. To determine the relevance for human pathophysiology, we also
investigated human tumor samples and confirmed a high expression of PPARβ/δ in the tumor
vasculature. The treatment of human umbilical vein endothelial cells (HUVEC) with the PPARβ/δ
agonist GW0742 increased proliferation, which was accompanied by an upregulation of PDGFRB,
PDGFB, and c-KIT expression. In contrast, the antagonist GSK3787 decreased the expression of these
genes in HUVECs. In conclusion, we showed that PPARβ/δ favors tumor angiogenesis. Independently
from their action on different cancer cell types, the therapeutic use of PPARβ/δ agonists appears to be
dangerous [8]. Our group also stressed this point in the review “PPAR Beta/Delta and the Hallmarks
of Cancer” for this Special Issue of Cells. Hanahan and Weinberg defined the interplay of cancer
cell proliferation, angiogenesis, resisting cell death, evading growth suppressors, activating invasion
and metastasis, enabling replicative immortality, deregulating cellular metabolism, and avoiding
immune destruction as the didactic concept of the “hallmarks of cancer” to determine cancer growth
and progression [10]. We outline in this review the effects of PPARβ/δ on these hallmarks and their
underlying molecular mechanisms. In conclusion, we postulate that the therapeutic activation of
PPARβ/δ results in alterations of the hallmark capabilities, favoring a pro-tumorigenic profile [11].
Given the initially proposed therapeutic potential of PPARβ/δ agonists as “exercise mimetics” and
treatment for metabolic syndrome [12,13], nowadays, extreme caution should be applied when
considering PPARβ/δ agonists for therapeutic purposes [11].

In the excellent review about PPAR ligands as candidates for the treatment of non-alcoholic fatty
liver disease, Anne Fougerat and colleagues describe in a very detailed manner the factors contributing
to the development, progression, and complications of liver steatosis, non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH). PPARs are strongly implicated in glucose and
lipid metabolism, and inflammation. The deregulation of these pathways is the underlying factor
for the development of NAFLD and NASH. Therefore, PPARs have become attractive targets in the
treatment of this disease complex. The review provides extensive information about experimental
and clinical studies concerning the use of first generation and novel PPAR agonists in the treatment
of NAFLD. Finally, perspectives for the development of safe PPAR agonists with improved efficacy
targeting this pathology are discussed [14].

The review from the group around Jean-Louis Géant focuses on the crosstalk between Sirtuin 1
(Sirt1) and PPARs in metabolic diseases and the inherited disorders of the one-carbon metabolism.
They describe the anti-oxidant and anti-inflammatory roles of Sirt1 and PPARs in metabolic diseases
as well as the interplay of Sirt1 and PPAR activators in this setting. Sirt1 modulates the acetylation
status of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) and PPARγ. This leads
to a certain level of protection against metabolic syndrome, as fatty acid oxidation, mitochondrial
biogenesis, and white to brown adipose tissue differentiation are enhanced. A decreased expression
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and activity of Sirt1 is a common hallmark in a high-fat diet and also methyl donor deficiency (MDD).
Notably in some inherited disorders of intracellular metabolism of vitamin B12, decreased Sirt1
expression plays an important role. In their review, the authors present promising data concerning the
therapeutic use of Sirt1 agonists in inherited disorders of vitamin B12 metabolism [15].

Joseph M. Chambers and Rebecca A. Wingert focus in this Special Issue on the role of peroxisome
proliferator-activated receptor gamma co-activator 1 alpha (PGC-1α) in kidney development and
disease. While PGC-1α is required for proper renal development in zebrafish, the situation is not well
studied in other species. In mice, PGC-1α deficiency seems to be compensated by PGC-1β. However,
in different kidney cancer subtypes, the direct role of PGC-1α is variable; given that PGC-1α functions
as a stress sensor of glucose depletion and enhances energy production, it might in general fuel cancer
cell proliferation and disease progression. In contrast, in acute kidney injury and chronic and polycystic
kidney disease, PGC-1α seems to be beneficial [16].

Nathalie Pierrots et al. describe in their contribution to this Special Issue the potential role of
PPARα in the therapy of Alzheimers Disease (AD). Metabolic dysfunction (dyslipidemia, glucose
metabolism impairment, and insulin resistance) is one risk factor leading to alterations of amyloid
precursor protein (APP) processing and brain amyloid-β (Aβ) deposition, which are the main features
of AD. PPARs are all expressed in the brain (PPARβ/δ exclusively in neurons and PPARα and γ in
neurons and astrocytes). Among PPARs, PPARα is of special interest for the therapy of AD, as it is
the only PPAR described to have neuronal functions implied in memory processes. Treatment with
PPARγ agonists improved cognitive behavior in animal models of AD, while results from human
trials were less successful. PPARβ/δ agonists decreased brain neuroinflammation, neurodegeneration,
amyloid burden, and improved cognitive function in several animal models, and in a small human
clinical cohort study, promising results on cognitive functions were reported. Many studies reported
the beneficial effects of PPARα agonists on cognitive behavior in preclinical AD models. In conclusion,
PPAR modulation might be a beneficial approach in AD therapy [17].

Justin Matheson and Bernhard Le Foll focused on the therapeutic potential of PPAR agonists in
drug addictions. They provide a detailed overview of the key studies providing behavioral evidence
for a role of PPAR agonists in modulating addiction-related behaviors in animal models as well as of
the results from clinical and human laboratory studies of PPAR agonists in drug-related outcomes.
While PPARβ/δ agonists do not seem to be implicated in the modification of addiction-related behaviors,
both PPARα and PPARγ agonists are effective in reducing both the positive and negative-reinforcing
properties of various drugs. Certain discrepancies between the animal and human study outcomes are
explained in this review, and the potency and selectivity of PPAR ligands and sex-related variability
in PPAR physiology discussed. Mainly, PPARα agonists seem to provide promising results against
alcohol and nicotine addiction [18].

Finally, Yue Xi from the group of Zhiying Huang reviews the latest findings on PPAR-mediated
toxicology and applied pharmacology. Due to their huge ligand-binding domain, PPARs are capable
of binding a broad variety of compounds: endogenous and synthetic ligands as well as xenobiotics.
Pharmacological ligands include full agonists, partial agonists, neutral antagonists, and inverse
agonists. The information from 18 clinical trials using PPAR agonists for the treatment of diabetes
and/or dyslipidemia is summarized. Furthermore, the authors discuss the positive impact of PPAR
ligands in applied pharmacology, but they also detail the various toxicities observed by PPAR
modulation, referring especially to the cardiovascular system, the liver, and the gastrointestinal system.
They further highlight the beneficial and detrimental effects of PPAR interference in reproduction,
development, cancer, muscle pathologies, kidney disease, and central nervous system pathologies.
The authors conclude that there is still a substantial need to improve the comprehension of PPAR
function in pharmacology and toxicology and their underlying molecular mechanisms, as only a few
studies address an integrated network of relationships of all these aspects [19].
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Conclusions

Taken together, the Special Issue “The Role of PPARs in Disease” comprises the most recent studies
that elucidate the physiological and pathological role of PPARs. The effects of PPAR modulation upon
various pathological stimuli in cell/animal models of human diseases and in patients are discussed.
The articles in this Special Issue further improve our understanding of the beneficial and detrimental
consequences of PPAR modulation under physiological and pathological conditions, and they open
new perspectives for the development of safer and more efficient PPAR-targeted therapies in the future.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a major health issue worldwide, frequently
associated with obesity and type 2 diabetes. Steatosis is the initial stage of the disease, which is
characterized by lipid accumulation in hepatocytes, which can progress to non-alcoholic steatohepatitis
(NASH) with inflammation and various levels of fibrosis that further increase the risk of developing
cirrhosis and hepatocellular carcinoma. The pathogenesis of NAFLD is influenced by interactions
between genetic and environmental factors and involves several biological processes in multiple
organs. No effective therapy is currently available for the treatment of NAFLD. Peroxisome
proliferator-activated receptors (PPARs) are nuclear receptors that regulate many functions that are
disturbed in NAFLD, including glucose and lipid metabolism, as well as inflammation. Thus, they
represent relevant clinical targets for NAFLD. In this review, we describe the determinants and
mechanisms underlying the pathogenesis of NAFLD, its progression and complications, as well
as the current therapeutic strategies that are employed. We also focus on the complementary and
distinct roles of PPAR isotypes in many biological processes and on the effects of first-generation
PPAR agonists. Finally, we review novel and safe PPAR agonists with improved efficacy and their
potential use in the treatment of NAFLD.

Keywords: peroxisome proliferator-activated receptors (PPARs); synthetic agonists; non-alcoholic
fatty liver disease (NAFLD); non-alcoholic steatohepatitis (NASH); fibrosis

1. Introduction

The aim of this review is to provide information for a better understanding of the factors that
impact the development, progression and complications of liver steatosis, nonalcoholic fatty liver
disease (NAFLD) and nonalcoholic steatohepatitis (NASH). We discuss the roles of the nuclear receptors
peroxisome proliferator-activated receptors (PPARs) in the regulation of biological processes that are
participating in NAFLD, which include energy metabolism, inflammation, and fibrosis. PPARs are
ligand activated transcription factors; we present new agonists that are currently in clinical trials for
their potential to treat NAFLD for which no effective therapy is available.
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2. NAFLD

2.1. Epidemiology

NAFLD is the most common chronic hepatic disease. It comprises a spectrum of liver conditions
that can eventually lead to cirrhosis and liver cancer. Hepatic steatosis in the absence of excessive
alcohol consumption is the hallmark of NAFLD, which is characterized by abnormal accumulation of
triglycerides (TGs) in hepatocytes, a condition called non-alcoholic fatty liver (NAFL). The condition is
considered to be benign, but can evolve into NASH, which is accompanied by hepatocyte damage and
inflammation, with or without fibrosis, resulting in an increased risk of progression to cirrhosis and
hepatocellular carcinoma (HCC).

The worldwide prevalence of NAFLD is constantly increasing in parallel with the global obesity
pandemic. The prevalence of NAFLD is currently estimated to be approximately 25% in the general
population, with the highest rates reported in South America and the USA, and the lowest in Africa [1].
A rapid and massive increase in NAFLD prevalence has also been observed in China as a result of
an increase in obesity due to urbanization and lifestyle changes [2]. The trends in NAFLD incidence
were followed for 17 years in a US community, finding that the incidence of NAFLD increased 5-fold,
and even more (7-fold) in young adults [3]. Importantly, due to the growing increase in childhood
obesity and children presenting greater vulnerability to genetic and environmental factors, NAFLD
is now affecting up to 20% of the general pediatric population [4,5]. NAFLD in non-obese patients,
so-called lean NAFLD, is also increasing, particularly in Asian patients [6]. Lean NAFLD is not fully
understood, but possible determinants may include genetic background, different fat distribution,
high fructose intake, and altered gut microbiota. Both epidemiological and preclinical studies have
shown that NAFLD is more common in men than in women before menopause [7]. However, the
incidence of NAFLD increases in women after menopause, suggesting a protective role of estrogens [8].
Sex-specific NASH signatures were recently identified in human liver, suggesting that NASH is a
sexually dimorphic disease [9].

2.2. Etiology

The etiology of NAFLD is complex and involves ethnic, genetic, metabolic, and environmental
factors (Figure 1).

 

Figure 1. Non-alcoholic fatty liver disease (NAFLD) determinants. Multiple factors contribute to the
development of NAFLD and its progression. Obesity and T2DM are closely associated with NAFLD
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, and both drive the increasing prevalence of NAFLD. The genetic background also strongly influences
disease development. In addition, the progression of NAFLD depends on complex interactions
between genetic and environmental factors, especially dietary factors. More recently, the gut
microbiota has emerged as an important determinant of NAFLD pathogenesis. Abbreviations: NAFLD,
non-alcoholic fatty liver disease; T2DM, type 2 diabetes mellitus; PNPLA3, patatin-like phospholipase
domain containing protein 3; TM6SF2, transmembrane 6 superfamily 2; MBOAT7, membrane bound
O-acyltransferase domain-containing 7; GCKR, glucokinase regulator.

2.2.1. Ethnicity

Ethnic differences have been reported to be associated with the risk of NAFLD. For example,
Hispanic individuals have a higher prevalence and severity of NAFLD [10]. Ethnic disparities are
not yet well understood, but genetic and environmental factors are likely to influence the conditions
associated with NAFLD, such as insulin resistance [11].

2.2.2. Genetic Factors

Genome-wide association studies have identified a number of genetic factors that influence
NAFLD initiation and/or progression [12,13]. The most validated genes are involved in hepatic lipid
metabolism and include PNPLA3, TM6SF2, MBOAT7, and GCKR. The most common and well-described
polymorphism is in PNPLA3. Patatin-like phospholipase domain containing protein 3 (PNPLA3) is
an enzyme highly expressed in the liver that hydrolyzes TGs in hepatocytes and retinyl esters in
hepatic stellate cells (HSCs). The I198M variant (rs738409, isoleucine to methionine substitution at
position 148) of PNPLA3 is strongly associated with the development and progression of NAFLD [14].
This variant has decreased hydrolase activity, resulting in an accumulation of TGs and retinyl esters
in lipid droplets [15,16]. At the molecular level, PNPLA3 (I148M) accumulates on lipid droplets
due to defective ubiquitylation, resulting in reduced proteasome degradation [17]. In preclinical
studies, overexpression of mutant PNPLA3 (I148M) in mouse liver was shown to promote hepatic TG
accumulation [18]. PNPLA3 (I148M) is present at high levels in Hispanics and may represent a major
determinant of ethnicity-related differences in hepatic fat accumulation [19]. However, this variant
increases the risk of severe hepatic fat accumulation, inflammation, fibrosis, and HCC in different
ethnicities around the world [20]. A variant of the transmembrane 6 superfamily 2 (TM6SF2) protein
has also been described as a major risk factor for NAFLD [21]. TM6SF2 is predominantly expressed in
hepatocytes and enterocytes and localized in the endoplasmic reticulum and Golgi. The protein’s exact
function remains elusive, but it may be involved in very low-density lipoprotein (VLDL) formation in
hepatocytes. The E167K (rs58542926, glutamate to lysine substitution at postion 167) loss of function
variant of the protein causes higher liver fat content and fibrosis, but reduced secretion of VLDL and
serum TGs [22–24]. This variant is also associated with reduced cardiovascular risk due to lower levels
of circulating VLDL [25]. Results obtained from mouse studies, though often controversial, clearly
indicate that the level of TM6SF2 protein is an important determinant of lipoprotein metabolism and
NAFLD [26]. More recently, a polymorphism (rs641738) in the locus carrying the membrane bound
O-acyltransferase domain-containing 7 (MBOAT7) gene has been associated with the risk and severity
of NAFLD [27]. MBOAT7, also known as lysophosphatidylinositol acyltransferase (LPIAT1) is an
enzyme involved in hepatic phospholipid remodeling by transferring polyunsaturated fatty acids to
lysophospholipids. The variant rs641738 results in suppression of MBOAT7 at the messenger RNA
and protein levels, altered phosphatidylinositol profiles, and was recently associated not only with
steatosis development, but with more severe liver damage and advanced stages of fibrosis [28], as
well as HCC in patients without cirrhosis [29]. In mice, downregulation of MBOAT7 leads to hepatic
steatosis associated with obesity [30]. The rs1260326 polymorphism in the glucokinase regulator
(GCKR) gene is a loss-of-function mutation that has also been linked to NAFLD development [31].
GCKR negatively regulates glucokinase in response to fructose-1-phosphate, modulating glucose
uptake in the liver. The rs1260326 variant results in increased hepatic glucose uptake and malonyl-CoA
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concentration, providing more substrates for de novo lipogenesis [32]. This GCKR variant is also
highly associated with fatty liver in obese youths [33]. Recent genetic and epidemiological studies
have identified other polymorphisms associated with NAFLD progression in several genes involved in
retinol metabolism (hydroxysteroid 17-beta dehydrogenase 3 (HSD17B3)), glycogen synthesis (protein
phosphatase 1 regulatory subunit 3B (PPP1R3B)), bile acid homeostasis (beta-klotho (KLB)), oxidative
stress (uncoupling protein 2 (UCP2), superoxide dismutase 2 (SOD2)), insulin signaling pathway
(tribbles pseudokinase 1 (TRIB1)), and inflammation (suppressor of cytokine signaling 1 (SOCS1),
interferon lambda 3 (IFNL3), MER proto-oncogene tyrosine kinase (MERTK)) [12,34–39]. In addition,
epigenetic mechanisms, including post-translational histone modifications, DNA methylation, and
micro-RNAs, are important in disease development [12]. A recent review presented a new prediction
model that describes enriched genetic pathways in NAFLD, defined as the NAFLD-reactome [40].
Yet another layer of complexity has emerged with several genetic polymorphisms associated with both
NAFLD and other liver diseases and metabolic disorders [41].

2.2.3. Metabolic Factors

In addition to ethnic and genetic factors, several metabolic and environmental factors contribute
to NAFLD (Figure 1). Metabolic syndrome is defined as the presence of three of the five following
conditions: high serum TGs, low serum high-density lipoprotein (HDL), elevated systemic blood
pressure, hyperglycemia, and central obesity. Metabolic syndrome is recognized as a strong risk
factor of NAFLD development and progression [42]. In a large cohort study including different
ethnic groups, the prevalence of NAFLD increased in subjects with more metabolic syndrome criteria,
reaching 98% when all five criteria were present [43]. NAFLD is not only associated with metabolic
syndrome in general, but also with its individual conditions. Among NAFLD patients, the prevalence
of metabolic syndrome is 42%, obesity 51%, type 2 diabetes mellitus (T2DM) 22%, dyslipidemia 69%,
and hypertension 39% [1]. In patients with T2DM and normal circulating aminotransferase levels,
the prevalence of NAFLD has been estimated to be 50% [44]. A recent meta-analysis including more
than 35000 T2DM patients reported a pooled prevalence (24 studies) of NAFLD of 60% [45]. Based on
histopathological assessment, T2DM patients also have a high risk of developing NASH and advanced
fibrosis [46,47]. Obesity has been identified as an independent risk factor, with a 3.5-fold increased
risk of developing NAFLD [48], and a linear relationship exists between body mass index (BMI) and
NAFLD/NASH prevalence [49]. Several studies have highlighted the importance of fat distribution
in showing that the amount of visceral fat is higher in NAFLD patients [50] and correlates with the
severity of the disease [51], whereas large subcutaneous fat areas are associated with regression of
NAFLD. These findings suggest that different types of body fat can increase or reduce the risk of
NAFLD [52]. Several dyslipidemia phenotypes have been described in NAFLD patients [53], and
are characterized by an increase in small dense low density lipoprotein (LDL) particles [54], higher
postprandial lipemia after an oral fat meal [55], and HDL dysfunction [56]. Several studies have also
reported that hypertension increases the risk of NAFLD [57] and the risk of NAFLD progression to
fibrosis [58].

2.2.4. Environmental Factors

Environmental factors, especially dietary factors, also contribute to NAFLD development and
progression [59,60]. The Western diet, which is particularly rich in added fructose, is associated with a
greater risk of NAFLD, whereas the Mediterranean diet, which is high in polyunsaturated fatty acids
(PUFAs), monounsaturated fatty acids (MUFAs), and fiber, has a beneficial effect on NAFLD [61,62].
Several nutrients impact the metabolic pathways leading to the lipid accumulation that characterizes
the NAFLD initiation step, whereas others modulate key features in the pathogenesis of NASH, such
as oxidative stress and inflammation.

NAFLD patients have been shown to have higher fructose intake due to sweetened beverage
consumption [63], which is associated with the progression of fibrosis and inflammation [64]. Fructose
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consumption has dramatically increased in the last few decades, in parallel with the increased
use of added sugars in the form of sucrose and high-fructose corn syrup in processed foods and
beverages [65]. Mechanistically, fructose stimulates de novo lipogenesis, a central mechanism of hepatic
lipid accumulation in NAFLD (see Section 2.3). Fructose metabolism rapidly induces precursors of
lipogenesis, leads to ATP depletion, the suppression of mitochondrial fatty acid oxidation, and the
production of carbohydrate metabolites, which activate the lipogenesis transcriptional program via the
transcription factors carbohydrate-responsive element-binding protein (ChREBP) and sterol regulatory
element binding protein 1c (SREBP1c) [65,66]. Recently, a novel pathway of lipogenesis activation by
fructose, in which fructose is converted to acetate by the gut microbiota, was described. This pathway
results in lipogenic pools of acetyl-CoA [67]. Fructose metabolism also leads to uric acid production,
which has pro-oxidative and pro-inflammatory effects [68].

High-fat diets (HFDs) induce obesity and insulin resistance, which are strongly associated
with NAFLD. A meta-analysis including 1400 NAFLD patients suggested that omega-3 PUFA
supplementation has a beneficial effect on liver fat [69]. In contrast, no effect of omega-3 supplementation
on NASH has been reported [70]. Omega-3 PUFAs, which are particularly abundant in fish oil, impact
the activity of transcription factors, such as PPARα [71], liver X receptor (LXR) [72], ChREBP [73],
SREBP1c [74], and peroxisome proliferator-activated receptor-gamma coactivator 1β (PGC1β) [75],
which control the expression of genes involved in fatty acid homeostasis [76]. In a cohort of T2DM
patients, a MUFA-rich diet induced a reduction in liver fat content [77], potentially through an increase
in hepatic beta-oxidation [78]. In preclinical studies, dietary cholesterol has been shown to promote
NASH and fibrosis, and contribute to HCC progression [79,80]. In human studies, high cholesterol
levels have been associated mostly with cirrhosis and liver cancer [81].

High-protein diets have prevented hepatic lipid accumulation in animal studies [82–84]. In a
small cohort of healthy men, a high-protein diet rich in glutamate increased plasma short-chain TG
levels, which was interpreted as having resulted from increased de novo lipogenesis [85]. In contrast,
alterations in plasma amino acid concentrations are clearly associated with the occurrence and severity
of NAFLD [86], especially amino acids that are involved in glutathione synthesis, such as glycine,
serine, and glutamate [87,88]. The current literature also suggests that branched chain amino acids
(BCAAs) are increased in the plasma of NAFLD patients [89,90]. Interestingly, plasma BCAA levels
correlate with NAFLD severity in a sex-dependent manner, increasing with disease severity in women,
but decreasing in men [91]. Increased BCAA levels may be due to impaired BCAA catabolism
by the gut microbiota [90]. Preclinical studies have proposed that BCAAs promote steatosis by
increasing adipocyte lipolysis and decreasing the conversion of free fatty acids (FFAs) into TGs [92].
Micronutrients, such as vitamins, also play an important role in NAFLD. Plasma vitamin D levels
are inversely associated with the severity of NAFLD [93]. In adult patients with NAFLD, vitamin
E supplementation improves steatosis and hepatic inflammation, but has no effect on fibrosis [94].
Animal studies suggest that vitamin E ameliorates NAFLD/NASH by attenuating oxidative stress and
inflammation [95].

Increasing epidemiological and experimental evidence suggests that exposure to some
environmental contaminants could contribute to NAFLD progression [96–99]. Pesticides, insecticides,
fungicides, and herbicides have demonstrated hepatotoxic effects by modulating lipid metabolism,
inflammation, and oxidative stress [100].

2.2.5. Gut Microbiota

In recent years, gut microbiota and microbiota-derived compounds have emerged as important
players in the pathogenesis of NAFLD in mice and humans [101,102]. Gut microbiota have been shown
to cause NAFLD in animal studies. In humans, NAFLD severity is associated with gut dysbiosis,
with an enrichment of Bacteroides in NASH patients compared to matched healthy individuals [103].
A recent review described the microbiome signature in human NAFLD according to the different
stages of disease severity [104]. Suggested mechanisms by which the gut microbiota impact NAFLD
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and its progression include increased intestinal permeability [105], leading to the release of bacterial
endotoxins (lipopolysaccharide (LPS)), and microbiota-derived factors (short-chain fatty acids), which
may trigger inflammatory responses and affect hepatic metabolism via the modulation of metabolic
gene expression [106]. As mentioned above, the gut microbiota converts fructose into acetate, which
fuels hepatic lipogenesis [67]. Human NAFLD studies have some limiting factors that have not always
been considered, such as possible confounding effects of obesity, insulin resistance, and T2DM on
dysbiosis, as well as the variable demographic characteristics of the analyzed cohorts. Together with
the use of different sequencing tools and NAFLD diagnostic methods, they may have been responsible
for the discrepancy observed in microbiome signatures [104].

2.3. Pathophysiology

The pathogenesis of NAFLD and its complications are complex and not fully understood.
As described previously, several factors acting in collaboration or synergy contribute to NAFLD
development and its progression to NASH, leading to the multiple parallel hit hypothesis of NAFLD
progression [107] (Figure 2).

 

Figure 2. NAFLD progression. NAFLD is a progressive disease characterized by fat accumulation
in hepatocytes, ranging from hepatic steatosis (NAFL) to non-alcoholic steatohepatitis (NASH), with
additional inflammation with or without fibrosis. The latter is the strongest histological predictor of
disease-related mortality. Though steatosis has previously been considered to be benign, some NAFL
patients progress to NASH with or without fibrosis, whereas others develop fibrosis without having
NASH. The pathogenesis of NAFLD is complex and involves several different pathways in multiple
organs, including metabolic and inflammatory pathways. Abbreviations: NAFL, non-alcoholic fatty
liver; NASH, non-alcoholic steatohepatitis; HCC, hepatocellular carcinoma; T2DM, type 2 diabetes
mellitus; CVD, cardiovascular disease.

Hepatic steatosis is characterized by excessive accumulation of TGs in hepatocytes due to an
imbalance between FFA influx and export, and/or catabolism. Increased FFAs within the livers of
NAFLD patients originate primarily from adipose lipolysis (59%), followed by de novo lipogenesis
(26%) and diet (15%) [108,109]. Both adipose lipolysis and de novo lipogenesis are normally regulated
by insulin. However, NAFLD patients are usually insulin-resistant, and insulin is not able to suppress
lipolysis, leading to increased circulating FFAs arriving to the liver. Adipose tissue contributes to
NAFLD by modulating the lipid flux to the liver and via production of hormones and cytokines
that impact hepatocyte physiology [110,111]. In the liver, insulin also fails to inhibit hepatic glucose
production, but continues to stimulate lipid synthesis, leading to hyperglycemia, hyperlipidemia, and
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steatosis. This paradox of hepatic insulin resistance, which is also associated with obesity and T2DM,
is still not fully understood. Current hypotheses to explain the selective hepatic insulin resistance involve
extrahepatic pathways from peripheral metabolic organs [112], which underscores the multi-organ
dimension of NAFLD pathogenesis. Insulin stimulates lipogenesis through the transcription
factor SREBP1c, which regulates the expression of genes encoding enzymes involved in de novo
lipogenesis [113,114]. The resulting hyperglycemia activates the glucose-responsive transcription factor
ChREBP, which is also an important regulator of lipogenic gene expression [115,116]. Both SREBP1c and
ChREBP are required for the maximal postprandial enhancement of lipogenesis [117]. The lipogenesis
product malonyl-CoA inhibits fatty acids from associating with carnitine by down-regulating the
enzyme carnitine acyltransferase, which reduces their entry into mitochondria and their beta-oxidation,
thereby contributing to the overall increase in hepatic lipids. Adipose insulin resistance also leads
to adipose tissue defects, including decreased secretion of adiponectin, an adipokine that increases
beta-oxidation and decreases de novo lipogenesis in the liver [118]. When both fatty acid catabolism
and export via VLDL secretion are not sufficient to compensate for the hepatic lipid overload, toxic
fatty acid derivatives are produced that promote steatosis progression to NASH [119]. NASH is
characterized by fat deposition, inflammation, ballooned hepatocytes, hepatocyte apoptosis and
necrosis, and a variable rate of fibrotic progression. In hepatocytes, candidate lipotoxic lipids include
saturated fatty acids, lysophosphatidylcholine, ceramides, sphingolipids, and diacylglycerol [120].
Hepatic free cholesterol levels are also elevated in NASH patients and contribute to liver toxicity [121].
A specific lipid signature that discriminates between control, steatotic, and NASH patients has been
established and highlights dysregulation in the long-chain fatty acid (LCFA) synthesis pathway in
NASH, leading to accumulation of LCFA and a decrease in phospholipids [122]. In response to
lipid-induced hepatocellular injury, inflammasomes become activated, and endoplasmic reticulum (ER)
and oxidative stress increase, leading to pro-inflammatory cytokine production, lipid peroxidation,
hepatocyte cell death (apoptosis and necrosis), and aggravated liver damage. Chronic hepatocyte
injury induces the recruitment and Toll-like receptor (TLR)-dependent activation of inflammatory
cells, mainly liver macrophages or Kupffer cells, which amplifies inflammation and apoptosis. Kupffer
cells also produce activating factors (platelet-derived growth factor [PDGF] and transforming growth
factor β [TGFβ]) for the activation of HSCs, which proliferate and secrete collagen, as well as other
extracellular matrix proteins, leading to fibrosis [123].

2.4. Progression and Associated Diseases

NAFLD progression is still not clearly understood due, in part, to its heterogeneity. Data indicate
that all NAFLD patients have a risk of developing progressive liver disease over time. However,
fibrosis is currently the best histopathological predictor of hepatic complications and disease-related
mortality [124,125], and stage 2–4 fibrosis is predictive of cirrhosis-related issues [126]. In general,
NAFLD is a slowly progressive disease, and many patients will develop cirrhosis or liver-related
mortality; among NAFL patients who are considered to suffer from a benign condition, approximately
25% may progress to liver fibrosis. Identifying these patients and providing effective treatment remains
a challenge [124]. Other patients will develop NASH, and these patients are more prone to progress to
advanced stages of the disease. Overall, it means that some patients will remain at a stable steatosis
stage, some will progress to NASH with or without fibrosis, and others will develop fibrosis without
NASH (Figure 2). Using paired biopsies, McPherson et al. reported that 44% of patients with NAFL
developed NASH, but that fibrosis progression was not different between patients with NASH and
patients with NAFL at baseline [127]. A meta-analysis of paired liver biopsy studies in patients with
NAFLD confirmed that fibrosis progression does not differ between NAFL and NASH patients, with an
overall 35–40% of patients developing fibrosis [58]. Compared to matched controls, NAFLD patients
are at higher risk of HCC [128], and the incidence of HCC was higher in NAFLD patients with cirrhosis
than in those without cirrhosis [129]. Collectively, these data confirm the heterogeneous nature of
NAFLD and led to classifying patients as fast and slow progressors. Slow progressors may develop
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NASH but have a low risk of fibrosis, whereas fast progressors rapidly progress from steatosis to
advanced fibrosis [130].

Due to its culmination in cirrhosis and HCC, NAFLD is becoming the major cause of liver
transplantation. In addition to liver-related complications, NAFLD is also highly associated with
an increased risk of extra-hepatic cancer [131], as well as cardiovascular and metabolic diseases.
As described above, T2DM, hypertension, and cardiovascular disease (CVD) are major risk factors
for NAFLD, but the link between these cardiometabolic diseases and NAFLD is more complex than
initially thought. Clinical and experimental evidence now suggests a bi-directional relationship and
indicate that NAFLD may precede and promote T2DM, hypertension, and CVD, rather than being the
result of these conditions [132]. The incidence of metabolic comorbidities, cardiovascular events, and
mortality was studied in a cohort of NAFLD patients followed for 17 years [3]. Patients with NAFLD
had more diabetes, hypertension, and hyperlipidemia, increased risk of cardiovascular events and
mortality, and shorter life expectancy than patients without NAFLD.

Altogether, NAFLD is a complex, multi-factorial, metabolic disease, the development and
progression of which are strongly influenced by ethnicity, genetic predisposition, and metabolic
and environmental risk factors (Figure 1). In addition, interactions between all of these factors,
especially gene-diet interaction, promote NAFLD development, which has boosted the emergence of
nutrigenomics as a novel approach for the management of NAFLD patients [133]. The pathogenesis
of NAFLD is complex and involves many hepatic mechanisms, such as defects in lipid and glucose
metabolism and insulin resistance, and important cross-talk between the liver and other organs in the
adipose-liver and gut-liver axes, including important roles of the microbiota (Figure 2). Moreover,
in contrast to NAFL, which can easily be detected by ultrasound and plasma biochemistry, the diagnosis
of NASH and fibrosis requires liver biopsy for precise staging, which remains a limitation for the
diagnosis of advanced phases of the disease. Despite many drugs being in development, there
is currently no U.S. Food and Drug Administration (FDA)-approved pharmacological therapy for
NAFLD treatment.

3. Current Therapeutic Strategies for NAFLD

3.1. Lifestyle Modification and Bariatric Surgery

NAFLD is considered the hepatic expression of metabolic syndrome and is closely associated with
morbidities, such as obesity and insulin-resistance. Thus, weight loss represents the primary effective
strategy for NAFLD management. Weight loss can be achieved through different interventions,
including lifestyle changes, pharmacotherapy, and surgical procedures, and improves NAFLD
biomarkers, though it effect on liver fibrosis is not significant [134]. In the absence of an approved drug
therapy for NAFLD/NASH, weight loss through lifestyle interventions (exercise, diet) remains the
first-line treatment. Bariatric surgery, which can be performed using minimally invasive techniques,
also represents an effective option.

3.1.1. Exercise

Aerobic exercise refers to physical exercise usually performed at light-to-moderate intensity over a
relatively long period, during which increased breathing brings oxygen into the body to sustain aerobic
metabolism. Eight weeks of aerobic exercise in different forms reduces hepatic fat independently from
the dose and intensity of the exercise [135]. Liver fat content is also reduced in pre-diabetic patients
with NAFLD who are subjected to Nordic walking for 8 months [136]. These results are supported by
a recent meta-analysis that found that exercise training alone has a beneficial effect on liver fat content,
even in the absence of significant weight loss [137].

High-intensity interval training (HIIT), which alternates short periods of intense exercise with
less intense recovery periods, performed three times per week for 12 weeks has been reported to
reduce liver fat by 27% in adult NAFLD patients compared to individuals on standard care, and to also
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improve cardiac function [138]. Eight-week HIIT also has a beneficial effect on intra-hepatic TGs in
obese diabetic patients with NAFLD [139]. Twelve weeks of HIIT reduces inflammatory markers and
improves hepatic stiffness in obese men with NAFLD, suggesting that HIIT may have beneficial effects
in patients with NASH [140]. Collectively, these data show that HIIT regimens significantly reduce
hepatic fat in NAFLD/NASH patients.

Resistance training is a form of physical activity that causes muscle contraction against an external
resistance and improves strength and endurance. Resistance exercise for 8 weeks reduces hepatic
lipids in NAFLD patients [141], and 3 months of resistance training reduces liver fat content in
NAFLD patients, but without a significant change in weight [142]. Interestingly, combined aerobic
and resistance training improves aerobic capacity and skeletal muscle strength, and may be the most
effective exercise program for improving NAFLD [143].

Collectively, exercise in whatever form appears to reduce the liver fat content, even in the absence
of weight loss. No significant difference has been found between aerobic or resistance training in the
reduction of liver fat, whereas continuous training of moderate volume and moderate intensity seems
to be more beneficial [144,145]. Interestingly, although combining an exercise program with dietary
interventions augments the reduction in hepatic fat content, exercise only is also effective in reducing
hepatic lipid content in NAFLD patients [136,146]. As most of the studies have been performed with
diabetic and/or obese NAFLD patients, the beneficial effect of exercise still needs confirmation in
large-scale prospective studies, as a recent meta-analysis showed that physical activity only slightly
reduces liver fat content in non-diabetic NAFLD patients [147]. Interestingly, starting to exercise has
been independently associated with NAFLD remission only in men, suggesting a sex-specific hepatic
response to exercise [148].

The above studies are informative, but the mechanisms underlying the reduction in hepatic
fat following exercise are poorly studied. Proposed mechanisms of action include changes in liver
physiology, such as increased VLDL clearance and improved mitochondrial fatty acid oxidation,
together with extra-hepatic effects, such as improved peripheral insulin sensitivity, decreased visceral
fat, and improved cardiovascular function [149,150].

3.1.2. Dietary Interventions

Dietary modifications remain the most effective physiological intervention for losing weight.
Therefore, several studies have analyzed the effects of different dietary patterns on NAFLD development
and progression. Currently, the Mediterranean diet is recommended for the management of
NAFLD [151]. The Mediterranean diet has been shown by proton magnetic resonance spectroscopy to
reduces liver steatosis in obese NAFLD patients without changes in body weight [152]. Adherence to
the Mediterranean diet reduces the severity of liver disease among NAFLD patients and is associated
with lower insulin resistance [153]. These findings are supported by two recent systematic reviews,
which reported a reduction in hepatic steatosis in patients with NAFLD following the Mediterranean
diet [154,155].

Caloric restriction leading to weight loss has also been associated with improved metabolic
parameters in patients with NAFLD. A 12-month hypocaloric diet improved NASH-related histological
parameters (steatosis, inflammation, and ballooning) in a paired biopsy study. In addition, individuals
with weight loss > 10% have better NASH resolution and present with a regression of fibrosis,
reinforcing the importance of weight loss in NAFLD management [156].

Given the detrimental hepatic effects of carbohydrates, especially fructose as described above, very
low-carbohydrate ketogenic diets have received attention for the management of NAFLD. However,
though ketogenic diets have largely been analyzed in rodents, only a few studies have been performed
in humans. A pilot study in obesity-associated fatty liver disease showed that patients on a 6-month
ketogenic diet lost weight and presented with histological improvements in steatosis, inflammation,
and fibrosis [157]. Recently, a short-term ketogenic diet was shown to decrease hepatic lipids in obese
patients in only 6 days, despite increased plasma FFA levels. This effect is attributed to an increase in
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hepatic TG hydrolysis and the use of released fatty acids for ketogenesis [158]. Another recent study
reported that 1 year on a carbohydrate-restricted diet reduces the risk of fatty liver and advanced
fibrosis in obese diabetic patients [159]. Notably, these two studies included obese and/or diabetic
patients with suspicion of NAFLD, but imaging- or biopsy-proven NAFLD was not documented.

High-protein foods for weight loss have received much attention in recent years, and have
started to be tested in NAFLD patients, but still remain poorly studied. A 2-week isocaloric,
low-carbohydrate diet with increased protein content promotes multiple metabolic benefits in obese
NAFLD patients, including a reduction in hepatic lipids due to decreased de novo lipogenesis
and increased beta-oxidation. Interestingly, these changes are associated with an alteration in the
composition of the gut microbiota [160]. Ketone bodies produced in response to carbohydrate restriction
can induce additional protective effects in NAFLD, such as anti-oxidant and anti-inflammatory
effects [161]. Another recent study analyzed the effects of isocaloric diets rich in animal proteins or
plant proteins for 6 weeks in diabetic patients with NAFLD and found that both high-protein diets
reduce liver fat [162]. As several studies have highlighted the role of the gut microbiota in NAFLD
pathogenesis, supplementation with probiotics has been tested in NAFLD patients. To date, clinical
data from such studies are disputed, but most of them report loss of body weight, suggesting that
probiotic supplementation can be used as a complementary approach for patients with NAFLD [163].
Furthermore, high intake of insoluble dietary fiber correlates with a lower prevalence of NAFLD [164],
and high-fiber diets promote short-chain fatty acid producing microbiota with beneficial effects in
T2DM patients [165]. Clinical data on such diets in NAFLD patients are currently lacking. Recently,
1-year administration of a symbiotic combination (one probiotic and one prebiotic) was shown to
change the fecal microbiome but had no effect on liver fat or fibrosis compared to placebo in NAFLD
patients [166].

Taken together, observations from dietary interventions show that the Mediterranean diet and
caloric restriction are beneficial for patients with NAFLD. As mentioned above, the macronutrient
composition of the diet also appears to be important; saturated fatty acids and simple sugars damage
the liver, whereas MUFAs, PUFAs, and dietary fiber induce beneficial hepatic effects [167]. More
recently, studies have underscored that meal timing and frequency may also be important [143]. Studies
in rodents have suggested that intermittent fasting and restricted feeding can have beneficial effects on
NAFLD, and the few human studies agree that regular meals combined with regular fasting periods
may provide physiological benefits (inflammation, circadian rhythm, autophagy, stress resistance, and
gut microbiota) [168]. Combined diet and exercise interventions may induce greater benefits, though
the current data are controversial [150]. Moreover, though lifestyle interventions (diet and exercise) are
effective in reducing intrahepatic lipids without changes in body weight, weight loss appears to be
required for improvement in NASH and fibrosis. Interestingly, lessening of NAFLD was measured in
67% of non-obese patients following lifestyle intervention [169].

The susceptibility to developing NAFLD comprises inherited risk factors, as described earlier,
such as I148M PNPLA3, E167K TM6SF2, P446L GCKR, and rs641738 in MBOAT7. As these variants are
nutrient-sensing, nutritional genomics approaches can be utilized in the future as interventions that
make use of beneficial nutrients suitable to the patients’ genomes and avoid those that have unhealthy
effects. This avenue remains to be explored, though several ongoing clinical trials are already testing
nutrigenomic diets in NAFLD patients [170].

3.1.3. Bariatric Surgery

Bariatric surgery is another effective non-pharmacological weight-loss therapy, and is indicated
for patients with a BMI > 35 and severe comorbidities, such as T2DM and hypertension. Several
studies have reported resolution of steatosis, as well as NASH and fibrosis, in patients who have
undergone weight-loss surgery [171,172]. According to a meta-analysis of 21 studies, bariatric
surgery results in histological or biochemical improvement of steatosis, NASH, and fibrosis in 88%,
59%, and 30% of NAFLD patients, respectively [173]. Furthermore, patients with NAFLD who
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undergo bariatric surgery have a lower risk of progression to cirrhosis compared to matched controls
without surgery [174]. Bariatric surgery has beneficial effects through both weight loss and effects
on metabolic pathways involved in NAFLD, including improved glucose and lipid homeostasis and
decreased inflammation [175]. In a prospective study evaluating fibrosis and NASH in severely obese
patients, most of the patients had low levels of NAFLD 5 years after surgery, but fibrosis had slightly
increased [176]. Overall, bariatric surgery is very effective for reducing weight, but its effect on fibrosis
progression is not yet clear and requires further attention. In addition, complications associated with
this invasive procedure, such as sepsis and hemorrhage, limit its application.

In conclusion, lifestyle interventions and bariatric surgery are effective in NAFLD, especially
through the induction of weight loss. However, studies are still needed to clarify the long-term effect
of these interventions.

3.2. Pharmacotherapy

For most patients, lifestyle interventions such as diet and exercise, although effective, are difficult
to achieve, and even more difficult to maintain. Thus, the development of pharmacological treatments
is necessary. Most of the current pharmacological interventions aim at decreasing metabolic risk
factors, such as obesity, insulin resistance, dyslipidemia, and hypertension. A systemic review of 29
randomized controlled trials testing several anti-diabetic drugs in NAFLD patients with and without
T2DM reported that all anti-hyperglycemic agents have beneficial effects, at least on serum liver
enzymes [177]. Among these anti-diabetic agents, pioglitazone is recommended for NAFLD patients
with T2DM [178]. Vitamin E, which has anti-oxidant activity, is another current strategy for NASH
management in patients without T2DM.

3.2.1. Pioglitazone

Pioglitazone is a thiazolidinedione that improves insulin resistance and glucose and lipid
metabolism in T2DM. The phase 3 Pioglitazone vs Vitamin E vs Placebo for Treatment of Non-Diabetic
Patients With Nonalcoholic Steatohepatitis (PIVENS) trial examined the effect of pioglitazone and
vitamin E in non-diabetic patients with biopsy-proven NASH after 96 weeks of treatment. Compared
to placebo, pioglitazone was associated with reduced hepatic steatosis, inflammation, and ballooning,
but it did not improve fibrosis [94,179]. Several other studies have reported that pioglitazone treatment
leads to histological improvement of steatosis and inflammation in subjects with NASH from 6 months
of treatment onwards [180,181]. Interestingly, a retrospective analysis of data collected from the PIVENS
trial suggested a strong link between the histological features of NASH resolution and improved
fibrosis in NASH [182]. Nevertheless, the benefit of pioglitazone on fibrosis remains to be clarified
because of divergent results. Some studies have reported an improvement in fibrosis [181,183,184],
whereas others have reported no change in fibrosis [94,180].

In a recent study, patients with biopsy-proven NASH and prediabetes or T2DM were given
pioglitazone or placebo for 18 months. A reduction in intrahepatic TG content and NASH resolution was
observed in both groups, whereas fibrosis was reduced only in the T2DM patients [185]. Interestingly,
genetic factors could contribute to the variability in the response to pioglitazone in NASH patients [186].
Adverse effects of pioglitazone include body weight gain, fluid retention, bone loss, and heart
failure [187]. Furthermore, prediabetic and diabetic NASH patients treated with pioglitazone for 3
years exhibit decreased bone mineral density at the level of the spine, which is already present after 18
months of treatment compared to placebo [188]. A systematic review and meta-analysis concluded the
risk of bladder cancer may be increased by pioglitazone and, therefore, recommend that patients on
high-dose and long-term pioglitazone treatment be examined regularly for manifestations of bladder
cancer [189]. Another systemic review of observational studies of the association between pioglitazone
use and bladder cancer concluded that further research needs be conducted to clarify the role of
pioglitazone use in the incidence of this cancer [190].
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Preclinical studies have greatly contributed to our understanding of the mechanisms underlying
the beneficial effects of pioglitazone. Pioglitazone is a ligand of PPARγ, a member of the nuclear receptor
superfamily that is highly expressed in adipose tissue and plays a key role in glucose regulation and
lipid metabolism [191]. Hepatoprotective effects of pioglitazone include increased insulin sensitivity,
adipose TG storage, and adiponectin production, as well as decreased pro-inflammatory cytokine
production by adipose tissue and macrophages [192,193]. These effects lead to a reduction in fatty acid
delivery to the liver and decreased inflammation. In a murine model of NASH (high fructose and high
trans fat), pioglitazone improves the toxic lipid profile by increasing the hepatic mitochondrial oxidative
capacity and changing whole body BCAA metabolism [194]. Pioglitazone reduces HFD-induced
steatosis in mice by stimulating the hepatic expression of genes and proteins involved in lipolysis,
beta-oxidation, and autophagy [195]. In adiponectin-deficient mice, the reduction of HFD-induced
steatosis by pioglitazone is blunted, revealing a role of adiponectin in this process [196].

3.2.2. Vitamin E

Vitamin E, which is known for its anti-oxidant effects, is considered the first-line treatment in
NAFLD patients without T2DM. The PIVENS trial showed that vitamin E improves NASH compared
to placebo (43% vs. 19%) in NAFLD patients without diabetes. As for pioglitazone, there was no
improvement of fibrosis after 96 weeks of treatment [94]. Resolution of NASH in this cohort correlated
with increased HDL levels, decreased TG levels, and reduced lipoprotein-related CVD risk compared to
patients without an improvement in NASH [197,198]. The effect of vitamin E on NASH resolution was
confirmed in non-diabetic children with NASH in the Treatment of Nonalcoholic Fatty Liver Disease
in Children (TONIC) trial despite no improvement in liver enzyme levels [199]. Interestingly, the
vitamin E response in non-diabetic NASH patients has been linked to the genotype of haptoglobin (Hp),
an anti-oxidant protein that prevents hemoglobin-mediated oxidative injury. Two alleles of Hp (Hp 1
and Hp 2) generate three distinct genotypes (Hp 1-1, Hp 2-1, and Hp 2-2). NASH patients carrying
at least one Hp 2 allele respond better to vitamin E treatment in terms of steatohepatitis resolution,
histological improvement, and NAFLD activity score (NAS) compared to those with the Hp 1-1
genotype [200]. In contrast, in diabetic patients with biopsy-proven NASH, vitamin E supplementation
for 18 months did not significantly reduce the NAS compared to placebo, despite resolution of NASH
in 42% of patients vs. 18% with placebo. In this study, the effects of a combination of vitamin E and
pioglitazone on liver histology were also examined. Though no change in fibrosis was observed,
steatosis, inflammation, and ballooning were reduced by the combination therapy [201]. However,
whether the combination of vitamin E and pioglitazone is more beneficial than pioglitazone alone was
not examined. Others have seen differences regarding the vitamin E response between diabetic and
non-diabetic individuals. The serum vitamin E concentration is higher in diabetic NAFLD patients,
and there is an inverse relationship between vitamin E levels and all-cause mortality only in NAFLD
patients without diabetes [202]. Clinical use of vitamin E has been limited because its long-term
treatment has been associated with prostate cancer [203] and hemorrhagic stroke [204]. Vitamin E may
also increase the risk of overall mortality, though this remains controversial [205,206].

The mechanisms of vitamin E action have been investigated in several rodent models of
NAFLD. Well known for its anti-oxidant activities, vitamin E contributes to the scavenging of
reactive oxygen species (ROS) and reactive nitrogen species (RNS), increase in the anti-oxidative
enzyme superoxide dismutase (SOD), and inhibition of lipid peroxidation [207]. Recently, vitamin E
supplementation for 2 weeks in HFD-fed mice showed beneficial effects on lipid accumulation and
glucose homeostasis through activation of the transcription factor nuclear factor erythroid-2-related
factor 2 (Nrf2) and upregulation of carboxylesterase 1 (CES1) [208]. In addition, vitamin E reduces
apoptosis and inflammation through regulation of M1/M2 macrophage polarization and inhibition of
T-cell recruitment [95]. Moreover, vitamin E induces adiponectin expression via a PPARγ-dependent
mechanism [209].
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In summary, the two classic therapies vitamin E and pioglitazone have beneficial effects on
steatosis and inflammation. Vitamin E does not improve liver fibrosis, which is the strongest indicator
of mortality in NAFLD patients, and the effect of pioglitazone on fibrosis varies from study to study.
Furthermore, adverse effects and uncertain long-term benefits associated with both pioglitazone and
vitamin E have limited their clinical use in NAFLD.

3.2.3. Other Current and Emerging Medications

Several other known molecules have been investigated or are currently under investigation
in clinical trials for their effectiveness in NASH patients. Most of these medications target
metabolic comorbidities and have been approved for the treatment of other diseases closely
associated with NAFLD, such as obesity, dyslipidemia, and T2DM. For example, orlistat is an
intestinal lipase inhibitor indicated for the treatment of obesity; statins are inhibitors of the enzyme
hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase that are used to treat dyslipidemia due to
their lipid-lowering effect; glucagon-like peptide (GLP-1) receptor agonists and dipeptidyl peptidase-4
(DPP-4) inhibitors increase incretins and are approved for the treatment of diabetic patients. In addition,
the GLP-1 receptor agonist, liraglutide, is being investigated in a phase 2 clinical trial in NASH patients,
the Liraglutide Efficacy and Action in NASH (LEAN) study [210]. All of these medications are
effective in reducing hepatic steatosis, but no changes in liver inflammation or fibrosis have been
reported [211]. As NAFLD is characterized by a disturbance in lipid and glucose homeostasis, drugs
targeting de novo lipogenesis and glucose metabolism, such as stearoyl-CoA desaturase 1 (SCD1)
and acetyl CoA carboxylase (ACC) inhibitors, sodium-glucose cotransporter-2 (SGLT2) inhibitors,
and fibroblast growth factor (FGF) analogues, are currently being tested in phase 2 or 3 clinical trials.
Several late-stage clinical trials are also investigating the effects of agents that target the mechanisms
involved in advanced stages of NAFLD, such as inflammation (C-C chemokine receptor CCR2/CCR5
antagonist cenicriviroc), apoptosis (caspase inhibitor emricasan, apoptosis signal-regulating kinase
1 ASK1 inhibitor selonsertib), and fibrosis (galectin-3 inhibitor belapectin). Given the multiple-hit
pathogenesis of NAFLD, a multifactorial approach based on combination treatments simultaneously
targeting several pathways (metabolic syndrome conditions, hepatic lipid accumulation, and NASH
features) should be more effective than single drug therapy [211–213].

3.2.4. Drugs Targeting Nuclear Receptors

Hepatic metabolic pathways, the alteration of which characterizes the first step of NAFLD,
are mainly regulated at the transcriptional level. Therefore, transcription factors, and nuclear receptors
in particular, may represent therapeutic targets in NAFLD. Within the nuclear receptor superfamily,
PPARs, farnesoid X receptor (FXR), constitutive androstane receptor (CAR), pregnane X receptor (PXR),
LXR, and thyroid hormone receptor-β (THR-β) are key regulators of the gut-liver-adipose tissue axis
and control the expression of genes involved in lipid and glucose metabolism, bile acid homeostasis,
and inflammation, which are all features of NAFLD/NASH [214–216]. Obeticholic acid is an FXR
agonist that improves the histological features of NASH in patients without cirrhosis [217] and is
currently being investigated in a phase 3 clinical trial [218]. An 18-month interim analysis of this
ongoing study reported improved fibrosis in NASH patients treated with obeticholic acid compared
to placebo [218]. A selective THR-β agonist, resmetirom, has demonstrated a highly significant
reduction in hepatic fat and decreased hepatic inflammation in NASH patients following a 36-week
treatment [219].

The three PPAR isotypes play distinct roles in lipid metabolism, energy homeostasis, and
inflammation, which make them attractive targets in NAFLD, and they are discussed in more detail in
the next section.
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4. PPARs as Promising Targets for the Treatment of NAFLD

4.1. Overview of PPARs

PPARs are ligand-activated transcription factors belonging to the nuclear receptor family. Three
isotypes of PPARs have been identified that are encoded by different genes: PPARα, PPARβ/δ, and
PPARγ. Globally, the PPARs are activated by different ligands, have different tissue distribution, and
distinct biological functions, but there is some overlap in these features (Table 1) and the three PPAR
isotypes have a conserved protein structure and similar mechanisms of action (Figure 3). In addition,
they all regulate energy homeostasis through lipid and glucose metabolism, and inflammation via
modulation of largely specific target gene transcription.

Table 1. Expression, ligands, and functions of Peroxisome proliferator-activated receptors (PPARs)
related to NAFLD and therapeutic potential.

Isotypes PPARα PPARβ/δ PPARγ

Main tissue
expression

Liver
Skeletal & cardiac muscles

WAT
Skeletal muscles BAT

Heart Liver Macrophages
Kidney WAT

BAT BAT
Intestine Macrophages

Main natural
ligands

FA FA FA
Eicosanoids VLDL components Arachidonic acid

metabolitesPhospholipids

Main synthetic
single agonists

Fenofibrate GW501516 Pioglitazone
Wy14643 GW0742 Rosiglitazone

Gemfibrazil Seladelpar
Pemafibrate

Biological
functions related

to NAFLD

TG hydrolysis Muscle FA storage Adipogenesis
FA catabolism FA catabolism Adipose FA storage
Ketogenesis Lipoprotein metabolism Adipokine secretion

FGF21 production Glucose utilization Anti-inflammatory
Glycerol metabolism Anti-inflammatory Anti-fibrotic
Anti-Inflammatory

Potential
therapeutic
target for

Hypertriglyceridemia Atherogenic dyslipidemia Insulin resistance
Atherogenic dyslipidemia Insulin resistance Obesity

NAFLD Obesity T2DM
T2DM NAFLD

NAFLD

Abbreviations: BAT, brown adipose tissue; WAT, white adipose tissue; FA, fatty acid; VLDL, very low density
lipoprotein; TG, triglyceride; FGF21, fibroblast growth factor 21; T2DM, type 2 diabetes mellitus; NAFLD,
non-alcoholic fatty liver disease.

4.1.1. Structure, Tissue Expression, and Mode of Action

PPAR proteins contain four domains. The N-terminal A/B domain contains the ligand-independent
transactivation function called activation function (AF)-1. The C domain is the DNA binding domain
(DBD), which consists of two zinc-finger motifs that bind a specific DNA sequence called the peroxisome
proliferator response element (PPRE), which is usually localized in gene promoters. The D domain is
a flexible hinge region connecting the DBD and the ligand-binding domain (LBD). The C terminus
domain contains the LBD and the ligand-dependent transactivation function AF-2, which includes the
region for dimerization and interaction with regulatory proteins [220] (Figure 3A).
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Figure 3. Protein structure and mechanisms of transcriptional regulation of PPARs. (A) Functional
domains and posttranslational modifications of human PPARs. PPARs contain four distinct domains: a
N-terminal A/B domain (ligand-independent AF-1), a C-domain (DNA-binding domain), a D- domain
(hinge domain), and a C-terminal E/F domain (ligand-binding domain). Main functions of the 4 domains
are listed. The number inside each domain corresponds to the percentage of amino acid sequence
identity of human PPARβ/δ and γ relative to PPARα. The number of amino acids indicated at the
COOH-terminus are for the human receptors. The locations of posttranslational modification sites are
indicated by arrows. The 2 splice variants of PPARγ are indicated by γ1 and γ2. (B) PPAR mechanism
of action. In the absence of ligand, PPAR-RXR heterodimers are bound to corepressor complexes and
prevent gene transcription. Binding of an endogenous ligand or a synthetic agonist to the PPAR LBD
triggers a conformational change, leading to corepressor complex dissociation and recruitment of
coactivator complex. The activated PPAR/RXR heterodimer then binds to a specific DNA sequence in
the promotor region of target genes (PPRE) and stimulates target gene transcription (transactivation).
Through the binding to inflammatory transcription factors such as NF-κB and AP-1 (identified by
TF), PPARs inhibit their binding to DNA and negatively regulate expression of proinflammatory
genes (transrepression). Abbreviations: AF-1, activation function-1; AF-2, activation function-2; PPRE,
peroxisome proliferator response element; DBD, DNA binding domain; LBD, ligand binding domain;
AA, amino acid; P, phosphorylation; Su, SUMOylation; Ac, acetylation; O, O-GlcNacylation; RXR,
9-cis retinoic acid receptor; TF, transcription factor; TF RE, transcription factor response element; NH2,
protein N terminus; COOH, protein carboxyl terminus.

PPARα is highly expressed in oxidative tissues, such as the liver, skeletal muscle, brown adipose
tissue (BAT), heart, and kidney. PPARβ/δ is most abundant in skeletal and cardiac muscles, adipose
tissue, and skin, but also in inflammatory cells and liver cells, including hepatocytes, Kupffer cells, and
HSCs. PPARγ is expressed predominantly in white and brown adipose tissue and macrophages [221]
(Table 1).

PPARs have a large ligand-binding pocket, which contributes to their ability to bind various
endogenous and synthetic ligands, as well as xenobiotics. The receptors are activated by endogenous
ligands, including fatty acids and their derivatives, such as eicosanoids, which originate from dietary
lipids, de novo lipogenesis, and adipose lipolysis [222–226] (Table 1). The development of several
synthetic PPAR ligands, including molecules used in experimental research and pharmaceutical
agents, has greatly contributed to the understanding of PPAR functions. Several studies reported
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that environmental pollutants also activate PPARs, supporting a role of PPARs in xenobiotic-induced
toxicity in several organs [227–229].

All PPAR isotypes have a similar mechanism of action and function as heterodimers with the 9-cis
retinoic acid receptor (RXR). In the absence of ligand, PPAR and its heterodimerization partner RXR are
bound to corepressor complexes, leading to the repression of some target genes. Upon ligand binding
to the LBD, a conformational change occurs, leading to corepressor dissociation and recruitment of
coactivators. The activated PPAR/RXR heterodimers then bind to a DNA-specific sequence in the
promoter of target genes (i.e., the PPRE) and stimulate transcription of the gene [226,230]. PPARs can also
negatively regulate gene transcription via a PPRE-independent mechanism involving protein-protein
interactions termed transrepression. In this process, PPARs bind other transcription factors, especially
inflammatory transcription factors, inhibiting their binding to DNA and repressing their target gene
transcription. Transrepression is the main mechanism involved in the anti-inflammatory effect of
PPARs [231] (Figure 3B).

4.1.2. PPARs in Glucose and Lipid Metabolism

Through modulation of gene transcription, the three PPAR isotypes play distinct roles in lipid
and glucose metabolism, which are key processes in NAFLD pathogenesis.

PPAR expression and activity are regulated at several levels, including gene and protein expression,
as well as ligand availability, post-translational modifications, and cofactor recruitment, and by different
factors, such as hormones, cytokines, and growth factors [220,226,232]. Interestingly, hepatic expression
of PPARs fluctuates in a circadian manner that is linked to the nutritional status [233]. For example,
hepatic PPARα peaks in the early night, which corresponds to the end of the day-time fasting period
in nocturnal rodents [234,235], whereas PPARβ/δ is active during the dark/feeding period [236].
Accordingly, PPARα is mainly active in the fasted state [235,237,238]. In response to fasting, hepatocyte
PPARα controls the expression of several genes involved in whole-body fatty acid homeostasis, allowing
the liver to use fatty acids and provide energy-rich fuel for other organs. PPARα facilitates fatty acid
uptake by the liver and mitochondrial transport by controlling the transcription of genes encoding
fatty acid transport proteins (fatty acid transport protein-1 [FATP1], CD36, fatty acid binding protein-1
[l-FABP]) and carnitine palmitoyltransferases (CPT1A, CPT2). PPARα is the central regulator of hepatic
fatty acid catabolism, it regulates gene transcription of rate-limiting enzymes required for microsomal
(cytochrome P450 family 4 subfamily A [CYP4A]), peroxisomal (acyl-CoA oxidase 1 [ACOX], enoyl-CoA
hydratase and 3-hydroxyacyl CoA dehydrogenase [EHHADH]), and mitochondrial beta-oxidation
(acyl-CoA dehydrogenase medium chain [ACADM], acyl-CoA dehydrogenase long chain [ACADL],
acyl-CoA dehydrogenase very long chain [ACADVL]) [220,235,239]. In addition, hepatic PPARα
regulates the expression of ketogenic enzymes, such as 3-hydroxy-3-methylglutaryl-CoA synthase 2
(HMGCS2), leading to the production of ketone bodies, which are a vital alternative source of energy
in the absence of glucose for several organs, including the brain and heart [237,240]. Ketone bodies
also act as cell signaling mediators and modulate inflammation [241]. Furthermore, PPARα is required
for the hepatic expression of murine and human fibroblast growth factor 21 (FGF21) [242–244], an
hepatokine with systemic metabolic effects and hepatoprotective properties [245]. Hepatocyte PPARα
is also essential for fasting-induced angiopoietin-like protein 4 (Angptl4; inhibitor of lipoprotein
lipase) expression, whereas expression of the genes encoding growth differentiation factor 15 (Gdf15)
and Igfbp1 is increased in the absence of PPARα in hepatocytes [246,247]. During fasting, PPARα
also increases the transcription of genes involved in autophagy, leading to lipophagy, a mechanism
involved in hepatic lipid catabolism [248]. Interestingly, there is reciprocal regulation of PPARα
and the autophagy-lysosomal signal [249]. Lysosomal inhibition leads to downregulation of PPARα
and its target genes, decreasing peroxisomal lipid oxidation and biogenesis [250]. The class 3 PI3K,
Vps15, which plays a central role in autophagy, has been shown to control PPARα activation for
lipid degradation and mitochondrial biogenesis [251]. In hepatocytes, PPARα activation promotes
lipoprotein TG hydrolysis by increasing the enzyme activity of lipoprotein lipase (LPL) through
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a direct increase in its transcription, and decreases the expression of genes encoding lipoproteins,
such as apolipoprotein C3 and apolipoprotein A4, which act as inhibitors of LPL activity [220,225].
Consequently, activation of mouse and human PPARα reduces plasma TG levels, indirectly leading to
increased plasma HDL-cholesterol levels and decreased plasma LDL-cholesterol levels [252]. A few
studies have reported that, in the fed state, PPARα regulates hepatic lipogenesis, mainly indirectly
through transcriptional upregulation of SREBP1c [253] and increased proteolytic cleavage into its
active form [254]. PPARα also modulates glucose metabolism by regulating the expression of genes
involved in hepatic glycerol metabolism, promoting gluconeogenesis [255], which could explain
the marked hypoglycemia in fasted PPARα-deficient mice [238]. In addition to lipid and glucose
metabolism, PPARα also regulates amino acid metabolism in the liver through regulation of the
expression of enzymes involved in the transamination and deamination of amino acids and urea
synthesis, which correlates with a modulation of the plasma urea concentration [256]. From the
above information, regulation of the hepatic activity of PPARα is expected to impact liver physiology,
especially lipid metabolism. One example of such regulation is that of the NAD+-dependent protein
deacetylase sirtuin 1 (SIRT 1), which increases the activity of PPARα primarily through the activation of
peroxisome proliferator-activated receptor-gamma coactivator 1α (PGC-1α). Deletion or overexpression
of SIRT1 in hepatocytes decreases or increases the expression of PPARα target genes. Accordingly,
hepatocyte-specific SIRT1-knockout mice fed a HFD develop liver steatosis, inflammation, and ER
stress [257]. Lipid oxidation in the skeletal muscle [258] and white adipose tissue [259] is also
controlled by PPARα. Overexpression of PPARα in the heart resulting in high PPARα-dependent fatty
acid oxidation contributes to diabetic cardiomyopathy through a mechanism involving the cardiac
lipoprotein lipase as a source of PPARα ligand [260]. Interestingly, PPARα-dependent regulation of
fatty acid oxidation in extrahepatic tissues plays an important role during fasting and can compensate,
at least in part, for the absence of PPARα in hepatocyte-specific Ppara-null mice [261]. A role for adipose
PPARα in the β-adrenergic regulation of lipolysis has been suggested [262]. Overexpression of PPARα
in adipose tissue is associated with improvement in HFD-induced alterations in glucose metabolism,
mostly through modulation of BCAA metabolism [263]. The role of PPARα in brown adipose tissue
thermogenesis and white adipose tissue browning remains unclear, as some studies have suggested
that PPARα is required to maintain body temperature [235,264] and for adipocyte browning [265],
whereas other studies indicate that PPARα is dispensable for cold-induced adipose browning [266]
and brown adipocyte function in vivo [267]. Redundant roles of PPARα and PPARγ in brown adipose
tissue may account for these discrepancies [268]. A recent study identified hepatocyte B-cell lymphoma
6 protein (BCL6) as a negative regulator of the PPARα-dependent transcription program during fasting.
BCL6 interacts with a high number of the same genes as PPARα and represses lipid catabolism in
the fed state [269]. Intriguingly, though PPARα is required for the adaptive response to fasting, it is
dispensable during intermittent fasting, a condition that ameliorates hepatic steatosis [270]. Finally,
PPARα has demonstrated interesting functions in hepatic sexual dimorphism. Its SUMOylation in
the female liver causes repression of genes involved in steroid metabolism and immunity, which
safeguards female mice against estrogen-induced intrahepatic cholestasis, the most common liver
disease during pregnancy [271].

PPARβ/δ is well-studied in skeletal muscles [272], where its expression is induced by exercise
training and promotes mitochondrial biogenesis and glucose uptake by increasing PGC-1α [273].
PPARβ/δ also increases PGC-1α expression, even after exercise cessation, by preventing its
degradation [274]. In addition, PPARβ/δ is required to maintain oxidative fibers in muscles via the
transcription of PGC-1α [275]. Transgenic mice overexpressing PPARβ/δ in adipose tissue are protected
from HFD-induced obesity and exhibit decreased adipose lipid accumulation through thermogenic gene
regulation [276]. In the liver, PPARβ/δ regulates both lipid and glucose metabolism [230]. Its expression
is highly reduced by fasting and rapidly restored by refeeding [277]. PPARβ/δ activation improves
insulin sensitivity in diabetic mice, mostly by regulating genes related to hepatic fatty acid synthesis
and the pentose phosphate pathway [278]. Accordingly, liver PPARβ/δ overexpression through
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adenovirus improves glucose tolerance and insulin sensitivity in mice fed a HFD. PPARβ/δ regulates
glucose utilization by increasing the transcription of genes involved in lipogenesis, glucose utilization,
and glycogen synthesis through direct and indirect mechanisms [279]. Such indirect mechanisms
include upregulation of the lipogenic transcription factor SREBP-1c and co-activator PGC-1β [279].
Intriguingly, hepatic PPARβ/δ overexpression leads to decreased liver damage, suggesting that it may
protect from lipotoxicity by regulating MUFA synthesis [279]. In contrast, another study showed
that PPARβ/δ regulates SREBP-1 activity via induction of insulin-induced gene-1 (Insig-1), which
inhibits the proteolytic cleavage of SREBP-1 into its mature form and consequently leads to reduced
lipogenesis [280]. PPARβ/δ also regulates the expression of genes involved in lipoprotein metabolism
(APOA4, VLDLR) [281], which is consistent with the reduced plasma TG levels observed after PPARβ/δ
ligand treatment [282,283]. PPARβ/δ deficiency induces an increase in VLDL receptor (VLDLR) levels
and hepatic steatosis through the activating transcription factor 4 (ATF4) ER stress pathway [284].
Interestingly, Pparβ/δ deletion in CD11b+ Kupffer cells leads to hepatic lipid accumulation in early life,
during the suckling period [230]. Recently, intestinal PPARβ/δ was shown to participate in reducing
obesity, insulin resistance, and dyslipidemia in mice fed a HFD, but the underlying mechanism is
unknown [285]. Notably, outside the scope of this review article, several aspects of PPARβ/δ function
are relevant to cancer growth [286].

PPARγ is mainly active in the fed state and controls fat storage in adipose tissue. It transcriptionally
regulates the expression of genes involved in adipogenesis and adipose differentiation, and in lipid
metabolism, including fatty acid uptake (fatty acid binding protein 4 [FABP4], CD36) and TG lipolysis
(LPL) in adipose tissues. Consequently, adipose-specific deficiency of PPARγ induces a dramatic loss
of adipose tissue and severe insulin resistance, leading to hepatic fat accumulation [287,288]. PPARγ
enhances insulin sensitivity not only by reducing adipose fatty acid influx into the liver, but also by
inducing adipokines, such as adiponectin and leptin [192,193], as well as FGF1 [289]. A recent study
indicated that adipose PPARγ also regulates the plasma levels of BCAA, which may participate in
the insulin-sensitizing effects [290]. Another mechanism contributing to increased insulin sensitivity
upon PPARγ activation is the induction of FGF21 in adipose tissue, which acts in an autocrine
manner to reciprocally regulate PPARγ activity by suppressing its SUMOylation [291]. A more
recent study indicated that PPARγ is required to maintain brown adipose tissue thermogenesis [267].
PPARγ expression in the liver is low under ordinary physiological conditions but increases during
the development of steatosis in rodents. Hepatocyte-specific deletion of PPARγ in diabetic mice
improves steatosis through decreased expression of lipogenic genes (fatty acid synthase (FASN),
ACC, SCD1), but aggravates systemic insulin resistance, likely by decreasing insulin sensitivity in
adipose tissue [292]. PPARγ also promotes hepatic lipid accumulation by regulating the expression of
lipid-droplet-binding protein FSP27 [293,294]. The activator protein-1 (AP-1) complex is an important
regulator of hepatic PPARγ signaling, and distinct AP-1 dimers differentially regulate human and
mouse PPARγ transcription in the liver and, thus, hepatic lipid content [295]. In addition to lipid
droplet formation, PPARγ is also involved in TG synthesis, which may prevent peripheral lipotoxicity
by storing FFAs as TGs [296]. PPARγ activation can also promote hepatic steatosis induced by genetic
insults through the upregulation of glycolytic enzymes (pyruvate kinase M2 (PKM2), hexokinase 2
(HK2)) [297].

Cross-talk between the different PPAR isotypes have been reported but are relatively little
documented so far. The three PPAR isotypes contain a highly conserved DNA-binding domain and
bind the same response element (PPRE) in the regulatory regions of target genes. Furthermore, they
present overlapping expression patterns in several organs. Therefore, cross-talks between PPARs is
likely. In fact, an interplay between PPARα and PPARγ has been reported in BAT. A set of genes
involved in BAT function is activated by both a PPARα agonist (fenofibrate) and a PPARγ agonist
(rosiglitazone) in mice, which suggests a functional redundancy, which may explain why some
findings suggest that PPARα is dispensable for thermogenesis while others clearly indicate a role
of PPARα in BAT function. As an example of redundancy, the gene coding for lysosomal protease
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cathepsin Z, a regulator of BAT thermogenic function, is a shared PPARα and PPARγ target gene [268].
Compensation between PPARs has also been observed. In PPARα-deficient mice fed a HFD, in which
PPARγ is overexpressed in the liver, characteristic PPARα targets involved in fatty acid oxidation are
up-regulated, indicating that PPARγ can compensate for PPARα in gene regulation [222]. Similarly,
a compensatory role of PPARβ/δ in the repression of hepatic Cyp7b1 in female mice has been shown in
the absence of PPARα [271]. Collectively, these studies reveal cross-talk and compensatory mechanisms
between PPAR isotypes, which may be important to consider when testing PPAR agonists.

Overall, all three PPAR isotypes regulate lipid and glucose metabolism by regulating both
overlapping and distinct genes in multiple organs [298] (Figure 4). PPARα is the master regulator of
hepatic lipid catabolism in response to fasting. PPARγ promotes insulin sensitivity by controlling
adipose lipid storage and adipocyte differentiation, whereas its role in the liver remains unclear.
PPARβ/δ promotes hepatic glucose utilization and fatty acid synthesis, as well as fat catabolism
in muscles.

4.1.3. PPARs in Inflammation and HSC Activation

All PPARs play an important role in inflammation [299]. Evidence supports a role of PPARα in the
control of hepatic inflammation [220]. One of the mechanisms by which PPARα exerts anti-inflammatory
effects is through the down-regulation of acute phase genes and genes such as IL-1 receptor antagonist
(IL-1Ra) and the nuclear factor kappa B subunit 1 (NF-κB) inhibitor IκB [220,300]. However, PPARα
regulates inflammation mostly through a transrepression mechanism in which it binds to inflammatory
transcription factors, such as NF-κB components (p65 and c-Jun), AP-1, and signal transducer and
activator of transcription (STAT), thereby suppressing their transcriptional activity. An elegant study
found that mice with a mutation in the DBD of PPARα, which limits its transcriptional activity to
transrepression, are protected against liver inflammation through downregulation of pro-inflammatory
genes and do not progress to liver fibrosis in dietary-induced NASH [301]. In addition, PPARα
modulates the duration of inflammation by controlling the catabolism of its ligand leukotriene B4,
a chemotactic agent involved in the inflammatory response [299,302]. Interestingly, hepatic PPARα
contributes to the regulation of circulating monocytes during fasting through the modulation of bone
marrow C-C motif chemokine ligand 2 (CCL2) production [303]. Few studies have examined the role of
PPARα in Kupffer cells. A study of macrophage-specific PPARα-deficient mice compared to wild-type
mice showed that Kupffer cell PPARα activation downregulates the expression of pro-inflammatory
cytokines IL-15 and IL-18, which are mainly produced by M1 macrophages and Kupffer cells. This
observation suggests that PPARα activation in these cells may prevent M1 polarization and mediate
the anti-inflammatory effects of PPARα agonists [304]. Although anti-fibrogenic effects of PPARα
activation have been reported in mouse models of liver fibrosis [301,305], the role of PPARα in HSCs is
poorly defined. One study indicated that PPARα may inhibit TGFβ-stimulated HSC activation [306].

The role of PPARβ/δ in inflammation is less studied. PPARβ/δ is required for M2 macrophage
activation in both adipose tissue and the liver. Bone marrow transfer experiments have shown that
hematopoietic PPARβ/δ protects against HFD-induced insulin resistance, obesity, and fat accumulation
in the liver. Moreover, PPARβ/δ appears to be necessary in Kupffer cells for oxidative phosphorylation,
suggesting that these liver macrophages directly influence lipid homeostasis [307]. In addition,
PPARβ/δ in CD11+ Kupffer cells has been suggested to prevent lipid accumulation in hepatocytes
during the suckling stage in young mice [308]. PPARβ/δ is highly expressed in HSCs, but its role in
these cells is not yet completely understood [230]. Studies in a mouse model of carbon tetrachloride
(CCl4)-induced liver injury reported that PPARβ/δ activation stimulates HSC proliferation and promotes
liver fibrosis [309], and contributes to HSC proliferation during acute and chronic hepatic inflammation
in rats [310]. Another study in a mouse model of CCl4-induced liver fibrosis indicated that PPARβ/δ
activation has anti-fibrotic effects [311]. The main difference between these studies is the use of different
PPARβ/δ agonists.
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PPARγ is expressed in macrophages, where it inhibits the expression of activated macrophage
markers by reducing the activity of other transcription factors, including AP-1, STAT1, and NF-κB [312].
PPARγ activation induces monocyte differentiation towards M2 anti-inflammatory macrophages
in vitro and in human blood [313]. In addition, PPARγ in macrophages is required for M2 macrophage
activation and to protect mice against diet-induced obesity [314]. In line with these observations,
PPARγ activation decreases HFD-induced M1 polarization through inhibition of the NF-κB pathway,
reducing local inflammation and hepatic steatosis [315]. Interestingly, PPARγ promotes T regulatory
cell accumulation in adipose tissue. Moreover, the PPARγ expressed by T regulatory cells is required
for the insulin-sensitizing effect of PPARγ activation [316]. PPARγ expression and activation are
reduced during HSC activation in vitro and in vivo [317]. In culture-activated HSCs, restoration of
PPARγ levels using an adenoviral vector induces a phenotypic switch back to quiescence associated
with inhibition of HSC activation markers [318]. Accordingly, ligand activation of PPARγ was shown
to reduce HSC activation and proliferation, as well as collagen deposition, in a mouse model of
CCl4-induced liver fibrosis [319]. The contribution of non-parenchymal cell PPARγ to the regulation
of hepatic inflammation and fibrosis has been confirmed in the CCl4 model of liver injury [320].

To summarize, all PPARs play important roles in hepatic inflammation (Figure 4). PPARα
negatively regulates pro-inflammatory genes, PPARβ/δ and PPARγ control macrophage M2 polarization.
In addition, PPARγ has anti-fibrotic effects, but the roles of PPARα and PPARβ/δ in HSCs are not fully
elucidated and require further study.
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Figure 4. PPAR target genes and their implications in major functions associated with NAFLD
pathogenesis. Key target genes of PPARα (A), PPARβ/δ (B), and PPARγ (C) and their association
with four main biological processes driving NAFLD development and progression, i.e., lipid and
glucose metabolism, inflammation, and hepatic stellate cell (HSC) activation. Genes in red, blue, and
green are also regulated by PPARα, PPARβ/δ, and PPARγ, respectively. Genes whose expression is
regulated by all three PPARs are underlined. A question mark (?) after a gene name indicates that
PPAR may potentially regulate it. (A) PPARα promotes the expression of genes involved in fatty
acid catabolism (Hmgcs2, Acox, Cyp4a, Ehhadh, Acad, Cpt1a, Cpt2, Cd36, Slc27a1, Fabp1) [235,237,
321,322], autophagy (Atg, Tfeb) [248,249], and glycerol metabolism (Gyk, Gpdh) [255], and regulates
lipoprotein metabolism (Lpl, ApoC3) [220] and hepatic Fgf21 expression [242,243]. It also downregulates
inflammatory genes and transcription factors (Nf-κb, Ap-1, Stat, Iκb, Il1ra) [220,281,300], and may
downregulate Tgfβ expression [306]. (B) PPARβ/δ increases PGC-1α in muscles [273,275], Insig1 [280]
and Cd36 [279] in the liver, and regulates the expression of genes involved in lipoprotein metabolism
(ApoA4, Vldlr) [281,284] and glucose utilization [279]. PPARβ/δ regulates the expression of genes
induced during alternative macrophage activation (Arg1, Clec7a) [307] and may also influence HSC
activation (Tgfβ, α-Sma, Col1a1) [309,310]. (C) PPARγ controls the expression of genes involved in
adipogenesis (Fabp4, Cd36, Lpl, Mogat1) [296,314] and genes encoding adipokines (Adipoq, leptin,
Fgf21) [192,193,289,291]. It also promotes Fsp27 expression in the liver during steatosis [293]. PPARγ
downregulates inflammatory transcription factors (Nf-κb, Ap-1, Stat) [312,315] and may also reduce
expression of Tgfβ [318,319]. Abbreviations: Hmgcs2, 3-hydroxy-3-methylglutaryl-CoA synthase 2;
Acox, peroxisomal acyl-coenzyme A oxidase 1; Cyp4a, cytochrome P450 family 4 subfamily A; Ehhadh,
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enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase; Acadm, acyl-CoA dehydrogenase
medium chain; Acadl, acyl-CoA dehydrogenase long chain; Acadvl, acyl-CoA dehydrogenase very long
chain; Cpt1a, carnitine palmitoyltransferase 1a; Cpt2, carnitine palmitoyltransferase 2; Slc27a1, solute
carrier family 27 member 1; Fabp1, fatty acid binding protein 1; Fabp4, fatty acid binding protein 4; Lpl,
lipoprotein lipase; ApoC3, apolipoprotein C3; ApoA4, apolipoprotein A4; Atg, autophagy-related genes;
Tfeb, transcription factor EB; Fgf21, fibroblast growth factor 21; Pgc1α, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; Fasn, fatty acid synthase; Acc, acetyl-CoA carboxylase; Scd1,
stearoyl-CoA desaturase; Insig1, insulin-induced gene 1; Vldlr, very-low density lipoprotein receptor;
Mogat1, monoacylglycerol O-acyltransferase 1; Fsp27, fat specific protein 27; Adipoq, adiponectin;
Gpdh, glyceraldehyde-3-phosphate dehydrogenase; Gyk, glycerol kinase; Glut2, glucose transporter
type 2; Pk, pyruvate kinase; Gk, glucokinase; Nf-κb, nuclear factor kappa B subunit 1; Ap-1, activator
protein; Stat, signal transducer and activator of transcription; Iκb, Nf-κb inhibitor; Il1ra, IL-1 receptor
antagonist; Arg1, arginase 1; Clec7a, C-type lectin domain containing 7A; Tgfβ, transforming growth
factor beta; Col1a1, collagen type I alpha 1 chain; α-Sma, alpha-smooth muscle actin.

4.1.4. PPARs in NAFLD

Human studies indicate a link between PPAR functions and NAFLD pathogenesis. In a cohort
of obese patients with NAFLD, the hepatic expression of PPARβ/δ and PPARγ remained unchanged
during NAFLD progression, but the expression of PPARα and its target genes negatively correlated
with the histological severity of steatosis and NASH both at baseline and after 1 year of follow-up.
In addition, decreased liver PPARα expression is associated with increased insulin resistance and
decreased adiponectin levels [323]. More recently, reduced PPARβ/δ expression and activity were
observed in patients with severe hepatic steatosis [284].

Preclinical evidence indicates a role of PPARs in mouse models of NAFLD. Hepatic expression of
PPARα and its target genes is increased in mice undergoing chronic high-fat feeding. Interestingly, an
increase in PPARγ expression has been observed in PPARα-deficient mice fed a HFD [222]. Whole-body
PPARα-deficient mice develop obesity, which is more pronounced and associated with higher fat
deposition in females [324]. PPARα deficiency in mice fed a HFD promotes hepatic steatosis and
inflammatory gene expression [325,326]. In a mouse model of steatohepatitis induced by methionine
and choline deficiency diet (MCD), PPARα-null mice develop more severe steatosis and steatohepatitis
is associated with increased lipid peroxidation compared to control mice [327]. The systemic deletion of
PPARα also leads to more severe steatosis in response to a trans fatty acid-rich diet [328]. Liver-specific
PPARα-deficiency has revealed the importance of hepatocyte PPARα in protecting the animals from
HFD-induced NAFLD, including steatosis and hepatic inflammation [235]. Interestingly, PPARα-null
mice and hepatocyte-specific PPARα-deficient mice do not present with increased glucose intolerance
when fed a HFD [329]. In addition, hepatocyte-specific deletion of PPARα induces spontaneous steatosis
in aging mice and aggravates MCD-induced liver damage [235]. Interestingly, hepatocyte-specific
depletion of G protein pathway suppressor 2 (Gps2), a co-repressor of PPARα, protects mice from
HFD-induced steatosis and improves MCD-induced fibrosis through PPARα activation. In humans,
liver Gps2 expression positively correlates with NASH and fibrosis [330]. In response to HFD,
whole-body and hepatic deficiencies in PPARα differentially alter the lipid profiles, suggesting that
extrahepatic PPARα is involved in lipid metabolism and the adaptive response to HFD [329]. PPARα
in extrahepatic tissues also contributes to the protection of fasting-induced hepatosteatosis [261].

PPARβ/δ-deficient mice exhibit impaired thermogenesis and increased HFD-induced obesity [276].
PPARβ/δ deletion also leads to fat deposition in the liver and exacerbated hepatic steatosis induced
by ER stress, which is accompanied by an increase in hepatic VLDLR levels [284]. In response to
CCl4-induced liver toxicity, PPARβ/δ-deficient mice present with increased hepatotoxicity, which is
associated with an increase in NF-κB signaling [331].

Systemic deletion of PPARγ induces embryonic lethality due to placental defect [332,333]. Recently,
mice with whole-body PPARγ deletion except in the placenta were obtained. These mice are completely
lipodystrophic, which is consistent with PPARγ being required in mature white and brown adipocytes
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for their survival [287], develop T2DM, and get a fatty liver [334]. As mentioned above, specific deletion
of PPARγ in adipose tissue also leads to hepatic steatosis [288]. Increased hepatic expression of PPARγ
is also observed in mice fed a HFD [335]. Intriguingly, hepatocyte-specific deletion of PPARγ protects
mice against HFD-induced steatosis and glucose intolerance, but has no effect on insulin sensitivity,
hepatic inflammation, or obesity [335,336]. In contrast, PPARγ deficiency in non-parenchymal liver
cells (Kupffer cells and HSCs) aggravates acute and chronic CCl4-induced liver damage, increasing
inflammatory and fibrogenic responses, whereas the deletion of PPARγ in hepatocytes does not have
this effect [320]. Finally, a role of hepatic PPARγ in tumorigenesis has been shown in a mouse model of
liver cancer [337].

Collectively, all PPAR isotypes regulate not only many aspects of glucose and lipid metabolism,
but also contribute to anti-inflammatory responses, and potentially to HSC function (Figure 4).
In addition, caloric restriction, which has beneficial effects in NAFLD patients, reduces the expression
of PPARα and its target genes involved in lipid oxidation in the duodenum. Interestingly, this
change in duodenum gene expression influences the microbiota composition [338]. Reciprocally,
the gut microbiota appears to influence hepatic PPAR activity [339]. Moreover, some beneficial
effects of gut microbiota on NAFLD were recently suggested to involve PPARs [340]. Overall, PPARs
modulate the transcription of both overlapping and distinct downstream target genes involved in
many NAFLD-related functions in multiple organs, including lipid and glucose metabolism and
inflammation (Figure 4). Therefore, PPARs represent relevant targets for NAFLD.

4.2. Available PPAR Agonists

Several experimental and clinical studies have reported the use of PPAR agonists in the treatment
of NAFLD [341,342], which we review below.

4.2.1. PPARα Agonists

Fibrates are lipid-lowering agents used in clinical practice to treat hypertriglyceridemia and
atherogenic dyslipidemia [343]. In rodent models of NAFLD, fibrates have demonstrated beneficial
effects on hepatic steatosis, inflammation, and fibrosis. In MCD-induced mouse steatohepatitis, the
PPARα agonist Wy14643 reduces hepatic TG levels and histological inflammation [327], as well as
liver fibrosis in association with a decrease in HSC activation [305]. In this model, the beneficial
effect of Wy14643 on MCD-induced liver damage is independent of its impact on fat accumulation
in the liver, and due to the expression of genes involved in anti-inflammatory and anti-fibrogenic
pathways [301]. PPARα activation by Wy14643 also decreases steatosis and inflammatory pathways
in foz/foz mice, a genetic model of NASH, fed a HFD [344]. In the thioacetamide rat model of liver
cirrhosis, Wy14643 and fenofibrate reverse histological liver fibrosis, in part by reducing the activity of
the hepatic anti-oxidant enzyme catalase [345]. Fenofibrate also reduces CCl4-induced hepatic fibrosis
in rats [346]. In a recent study, fenofibrate prevented liver damage induced by chronic intoxication of
mice with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC), a model that induces key morphological
features of NASH [347].

Conversely, fibrates only exhibit an effect on TG levels in humans. In obese patients with NAFLD,
fenofibrate reduces plasma TGs by increasing VLDL-TG clearance from plasma, but does not change
intrahepatic TG levels after 8 weeks of treatment [348]. Similarly, administration of fenofibrate for
48 weeks improves TG and glucose levels, but not liver histology in NAFLD patients [349]. Liver
stiffness and biochemical markers of fibrosis (hyaluronic acid, TGF-β, and tumor necrosis factor-alpha
(TNFα)) were decreased after 24 weeks of fenofibrate treatment, but no data on liver histology
were given in this study [350]. In the Effects of Epanova Compared to Placebo and Compared to
Fenofibrate on Liver Fat Content in Hypertriglyceridemic Overweight Subjects (EFFECT) I trial,
12 weeks of fenofibrate also reduced plasma TG levels, but increased liver fat content and liver volume
in overweight or obese patients with NAFLD, suggesting a complex effect of fenofibrate on human
hepatic lipid metabolism that requires further investigation [351]. Gemfibrozil has also demonstrated
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PPARα-dependent hypolipidemic actions [352] and attenuated hepatic lipid accumulation in vitro [353].
However, in NAFLD patients, gemfibrozil has only shown beneficial effects on plasma levels of liver
enzymes [354,355].

4.2.2. PPARβ/δ Agonists

Current PPARβ/δ agonists, including GW501516, GW0742, and MBX-8025 (Sedalpar), have
mostly been tested in experimental models of NAFLD, and clinical studies are lacking. Though
treatment of mice with GW501516 results in increased liver TG content after 4 weeks, long-term
treatment (8 weeks) leads to reduced hepatic fat content. Interestingly, both PPARα and PPARβ/δ
are required for the effect of GW501516 on hepatic lipid accumulation, as GW501516-dependent
reduction in hepatic steatosis is abolished in PPARα-null mice. PPARβ/δ may modulate the levels of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), an endogenous activator of PPARα [356].
GW501516 treatment protects against HFD-induced obesity and insulin resistance, and reduces hepatic
lipid accumulation by increasing muscle lipid oxidation [357]. GW501516 also increases the expression
of hepatic VLDLR in mice fed a HFD [358]. Furthermore, GW501516 administration for 8 weeks
decreases hepatic steatosis and insulin resistance in LDLR−/− mice fed a HFD via the increased
expression of genes involved in hepatic fatty acid oxidation and decreased expression of hepatic fatty
acid synthesis genes [359]. However, GW501516 does not improve liver injury induced by CCl4 [311].
One human study reported that administration of GW501516 to healthy individuals for 2 weeks
reduced liver fat content and serum TG levels [282].

In a diabetic rat model, GW0742 decreased hepatic TGs, glucose intolerance, epididymal fat
weight, and inflammatory cytokines [360]. Another study indicated that GW0742 reduces hepatic
TGs, glucose intolerance, and insulin resistance in mice fed a HFD. These effects were associated
with several changes in hepatic gene expression, including an increase in PPARα and beta-oxidation
gene expression and decreased expression of PPARγ and lipogenic genes, as well as genes involved
in inflammation and ER stress [361]. GW0742 also reduces CCl4-induced hepatotoxicity, which is
associated with modulation of NF-κB signaling [362].

The more recent PPARβ/δ agonist seladelpar reduces glucose intolerance and hepatic TGs in the
foz/foz mouse model of NASH when fed an atherogenic diet. Seladelpar also decreased the NAS by
50% and reversed NASH in all mice. In addition, seladelpar improved liver histology, with decreased
hepatic apoptosis and fibrosis and a reduction in the number of macrophages around hepatocytes
(crown-like structures) [363].

4.2.3. PPARγ Agonists

Thiazolidinediones (pioglitazone, rosiglitazone) are synthetic ligands of PPARγ that are clinically
used as insulin sensitizers in the treatment of T2DM [193]. Though pioglitazone effectively improves
hepatic steatosis in humans, preclinical data in rodents have been controversial, and the exact molecular
mechanisms underlying the action of pioglitazone are not fully understood.

Several studies indicate that pioglitazone reduces HFD-induced steatosis in mice by increasing
adiponectin production and the hepatic expression of genes involved in lipolysis, beta-oxidation, and
autophagy [195,196]. In contrast, pioglitazone was shown to have no effect on liver histology in a
rat dietary model of NASH (high fat, high cholesterol and cholate) [364]. A recent study showed
that the effect of pioglitazone on NAFLD is influenced by CAR activity, as pioglitazone improves
hepatic steatosis much better in CAR-deficient mice, suggesting an interaction between CAR and
PPARγ [365]. Finally, another study indicates that pioglitazone promotes hepatic steatosis. In this
study, the global expression profiles in the livers of mice fed a HFD and treated with pioglitazone
reveal that pioglitazone upregulates the expression of genes involved in fatty acid uptake and de novo
lipogenesis, and reduces the expression of inflammatory genes, leading to hepatic TG accumulation
and improved insulin resistance [366].
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As discussed above, several studies have reported that pioglitazone treatment is effective in
NAFLD patients [94,180,181,183]. Pioglitazone improves the histological features of NAFLD, including
steatosis and inflammation, whereas its effect on fibrosis is less clear. A recent meta-analysis reported
that pioglitazone therapy is associated with an improvement in advanced fibrosis in NAFLD patients,
even in non-diabetic patients. This meta-analysis also indicated that weight gain and limb edema is
associated with pioglitazone treatment [367].

Another thiazolidinedione that has shown promising results in preclinical studies is rosiglitazone.
In animal models, rosiglitazone protects against HFD-induced hepatic steatosis and reduces hepatic
lipid content by increasing the expression of genes involved in beta-oxidation and decreasing the
expression of lipogenic genes. These beneficial effects of rosiglitazone on lipid metabolism are
accompanied by a decrease in hepatic M1 macrophages and modulation of the TLR4/NF-κB signaling
pathways [368]. In the MCD model, rosiglitazone improves hepatic steatosis, inflammation, and
fibrosis and reduces the expression of the HSC activator TGF-β [369]. In a model of liver cholestasis
and fibrosis induced by bile duct ligation, rosiglitazone reduces fibrosis and hepatocyte apoptosis
by inhibiting NF-κB-TNFα signaling in a PPARγ-dependent manner [370]. Interestingly, a recent
study indicated that adipose PPARγ is dispensable for the whole-body insulin-sensitizing effect of
rosiglitazone, suggesting the presence of PPARγ-independent targets of rosiglitazone in adipocytes, or
that rosiglitazone activates PPARγ in other tissues [371]. In a small paired biopsy study, rosiglitazone
treatment of NASH patients for 48 weeks results in improved hepatic steatosis, necroinflammation,
and ballooning. In most patients, body weight increases during the treatment period, and the weight
gain remains after a 6-month post-treatment follow-up [372]. The Fatty Liver Improvement With
Rosiglitazone Therapy (FLIRT) trial assessed the effect of rosiglitazone in patients with biopsy-proven
NASH. Treatment with rosiglitazone for 1 year increased adiponectin levels and reduced insulin
resistance in most patients, and reduced hepatic steatosis in half of patients, but did not improve liver
inflammation or fibrosis. The main adverse effect was weight gain in 40% of responders [373]. In a
post hoc analysis of this cohort, patients treated with rosiglitazone presented with increased hepatic
expression of PPARγ, which was associated with increased expression of several pro-inflammatory
genes in the liver (monocyte chemoattractant protein-1 [MCP1], IL8, SOCS3), suggesting a potential
long-term deleterious effect [374].

Although all PPAR agonists have had beneficial effects in preclinical models of NAFLD, their
effectiveness in human pathology is limited. In NAFLD patients, PPARα activation only reduces
plasma TG levels, whereas PPARγ agonists improve insulin sensitivity and steatosis, but do not seem
to impact liver fibrosis. The efficacy of current PPARβ/δ agonists against NAFLD in humans is not
known. Moreover, some PPAR agonists have adverse effects (weight gain and fluid retention following
pioglitazone) or limited potency (fibrates) that limit their application.

Novel PPAR agonists, called selective PPAR modulators (SPPARMs), aim to maximize the
beneficial effects and minimize the adverse effects of current agonists. Furthermore, given the multiple
and distinct effects of PPARs in the liver and other organs, targeting two or three isotypes has emerged
as a promising novel therapeutic strategy for treating NAFLD (Table 2).
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Table 2. PPAR agonists currently in late-stage clinical trials (phase 2 and phase 3). Overview of new
PPAR agonists: trivial name, chemical structure, and short description.

Compounds Chemical Structure Description
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Moderate and balanced activity on PPARα,
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Currently in phase 2: effect on NAFLD/NASH

Abbreviations: CV, cardiovascular; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis.

4.3. Novel PPAR Agonists

4.3.1. Pemafibrate

Pemafibrate (K-877) is a novel selective PPARα modulator that, compared to fenofibrate, exhibits
high potency for human PPARα and enhanced PPARα selectivity and activity in vitro [375]. The
crystal structure of the PPARα-pemafibrate complex showed that pemafibrate is highly flexible
and can change its conformation following coactivator binding. In addition, several hydrophobic
interactions between PPARα and pemafibrate may improve the binding affinity for PPARα [376]. The
hepatic transcriptome of primary human hepatocytes and mice treated with pemafibrate indicates a
PPARα-dependent increase in the expression of genes involved in lipid catabolism and ketogenesis.
Interestingly, VLDLR and FGF21 are also induced by pemafibrate in humans and mice, and at a higher
level than by fenofibrate [377,378]. Pemafibrate decreases plasma TG and total cholesterol levels
in the LDLR−/− mouse model of atherosclerosis, which is associated with increased expression of
PPARα and its target genes in both the liver and intestine [379]. In Western diet-fed ApoE2KI mice,
pemafibrate also improves lipoprotein metabolism, resulting in a greater reduction in TG and increase
in HDL-cholesterol levels compared to fenofibrate. Pemafibrate also decreases atherosclerotic lesions,
lesion macrophage infiltration, and inflammatory markers [380]. In mice fed a HFD, pemafibrate
reduces postprandial accumulation of TGs at the same level as fenofibrate, but at lower doses [381].
In addition, pemafibrate protects against HFD-induced obesity, glucose intolerance, and insulin
resistance, and decreases the cell size in white adipose tissue and brown adipose tissue, but has no
effect on hepatic TG accumulation. Pemafibrate-activated PPARα in the liver increases hepatic and
plasma levels of FGF21, whereas in inguinal adipose tissue, pemafibrate increases the expression of
genes involved in fatty acid oxidation and thermogenesis, and the mitochondrial marker elongation of
very long chain fatty acids protein 3 (Elovl3) in brown adipose tissue [382]. One study examined the
effects of pemafibrate in a mouse model of NASH induced by an amylin diet that exhibits the different
stages of NASH, including steatosis, inflammation, hepatocyte ballooning, and fibrosis. Pemafibrate

31



Cells 2020, 9, 1638

reduces hepatic TG levels, inflammation, and fibrosis, and increases expression of PPARα and its
target genes involved in beta-oxidation. In addition, pemafibrate increases the expression of lipogenic
genes. However, in contrast to previous reports, fenofibrate tested in parallel with pemafibrate was
also effective in reducing fibrosis [383]. Recently, the therapeutic potential of pemafibrate was tested in
a mouse model of a diabetes-based NASH-HCC model. In this model, combined chemical (one low
dose of streptozotocin just after birth) and dietary (continuous HFD feeding) interventions leads to
diabetes in 1 week and sequential liver damage from steatosis, NASH, and HCC but did not induce
obesity and insulin resistance. Pemafibrate reduces macrophage recruitment and inflammation in the
liver, potentially through the downregulation of endothelial adhesion molecules. Intriguingly, hepatic
TG accumulation is not improved with pemafibrate in this model [384].

In clinical studies, pemafibrate has demonstrated safety and efficacy in patients with atherogenic
dyslipidemia [385] and appears to be superior to fenofibrate to reduce plasma TG levels [386–388].
In a phase 3 clinical trial, treatment of Japanese T2DM patients with pemafibrate for 24 weeks reduced
fasting serum TG levels by 45%. Interestingly, in this cohort, pemafibrate increased plasma FGF21 [389].
The ongoing Pemafibrate to Reduce Cardiovascular Outcomes by Reducing Triglycerides in Patients
with Diabetes (PROMINENT) study is a placebo-controlled trial testing the effect of pemafibrate on
cardiovascular events in T2DM patients with elevated TG and low HDL-cholesterol levels [390].

Due to the multiple and distinct effects of PPARs, dual or pan-PPAR agonists represent attractive
approaches for targeting the multiple biological processes involved in the pathogenesis of NAFLD.
Below, we review the most promising of them.

4.3.2. PPARα and β/δ Dual Agonist Elafibranor

The PPARα and PPARβ/δ dual agonist elafibranor (GFT-505) has preferential activity on human
PPARα in vitro and additional but lower activity on human PPARβ/δ [391]. Several experimental
studies indicate that elafibranor has beneficial effects on NAFLD/NASH and fibrosis in rodent models.
Efficiency was first demonstrated in Western diet-fed human apolipoprotein E2 transgenic mice, in
which elafibranor improves lipid profiles and reduces hepatic expression of pro-inflammatory and
pro-fibrotic genes. Histological examination has demonstrated that elafibranor decreases steatosis,
inflammation, and fibrosis. Similar results have been reported in ob/ob mice fed MCD. Using
PPARα-deficient mice, this study demonstrates the importance of PPARα in the effects of elafibranor,
but also reveals PPARα-independent mechanisms [392]. In other mouse models of diet-induced NASH,
elafibranor induces weight loss and improves steatosis, as well as inflammation and fibrosis. Hepatic
transcriptome analysis has revealed that elafibranor modulates the expression of genes involved in
lipid metabolism, inflammation, fibrogenesis, HSC activation, and apoptosis [393,394]. Elafibranor
has also shown efficiency in a rapid diet-induced NASH model with additional cyclodextrin in
drinking water, which induces NASH in 3 weeks without obesity [395]. Elafibranor also prevents
and reverses CCl4-induced liver fibrosis and inflammation in rats [392]. Interestingly, in alcoholic
steatohepatitis, elafibranor reduces adipose tissue autophagy dysfunction, leading to hepatoprotective
and anti-inflammatory effects in several organs, including the liver, intestines, and adipose tissue [396].

Few clinical studies have reported the impact of elafibranor in humans. Eight-week treatment
with elafibranor reduces fasting plasma TG levels and improves both hepatic and whole-body insulin
sensitivity in obese insulin-resistant patients. Elafibranor also improves liver enzyme levels, suggesting
beneficial effects on liver functions [397]. A phase 2 study examined the efficacy of elafibranor
treatment for 1 year in NASH patients. According to the updated definition of resolution for NASH,
elafibranor resolves NASH without fibrosis worsening, but only in patients with severe disease (NAS
> 4). Elafibranor is not efficient in patients with mild disease (NAS < 4) and fails to demonstrate a
beneficial effect on fibrosis [398]. In these human studies, elafibranor had a safety profile with no
specific adverse effects.
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The combination of its insulin-sensitizing and hepatoprotective effects makes elafibranor a good
candidate for treating NAFLD. However, no beneficial effects on fibrosis have been demonstrated. It is
currently being tested in a phase 3 clinical trial in NASH patients with fibrosis (NAS > 4).

4.3.3. PPARα and γ Dual Agonist Saroglitazar

Glitazars are dual PPARα/γ agonists developed to combine the beneficial effects of PPARα on
plasma TGs and lipoproteins and PPARγ on insulin resistance. Most of these agonists have been
discontinued due to adverse effects, but saroglitazar (Lipaglyn) was clinically approved in India in
2013 to treat diabetic dyslipidemia [399]. In vitro, saroglitazar has predominant activity on PPARα
and moderate activity on PPARγ, reducing the adverse effects associated with PPARγ activation by
pioglitazone [400].

In a diet-induced mouse model of NASH (choline-deficient, l-amino acid-defined, HFD),
saroglitazar leads to a greater reduction in NAS than the PPARα agonist fenofibrate and PPARγ
agonist pioglitazone. Histological examination of the liver tissue demonstrated a strong reduction
in steatosis and decreased hepatocyte ballooning and inflammation, but only a trend in reduced
fibrosis. Saroglitazar reduces hepatic expression of pro-inflammatory and pro-fibrotic genes. In vitro,
saroglitazar decreases lipid-mediated oxidative stress and HSC activation. In addition, saroglitazar
reduces CCl4-induced liver fibrosis in rats [401] and regulates adipose tissue homeostasis in mice [402].
In HFD-fed mice, saroglitazar improves serum TG levels and insulin resistance and reduces body
weight and white adipose tissue mass. Histological examination of the adipose tissue has shown
that saroglitazar reduces adipocyte hypertrophy by increasing the expression of thermogenic genes.
In addition, saroglitazar treatment increases M2 macrophages and decreases M1 macrophages in
adipose tissue, indicating that saroglitazar promotes an anti-inflammatory environment in adipose
tissue [402]. In a rapid rat model of NASH induced by high-fat emulsion and small doses of LPS,
saroglitazar improved adipocyte dysfunction through increased plasma adiponectin. In the liver,
saroglitazar induced a decrease in TLR4 signaling upon LPS administration, with reduced NF-κB, TLR4,
and TGFβ, which suggests a role of saroglitazar in response to gut endotoxins [403]. Saroglitazar also
reduces thioacetamide-induced liver fibrosis in rats and decreases leptin, TGF-β, and platelet-derived
growth factor (PDGF-BB) in the liver [404].

Several clinical studies have indicated that saroglitazar treatment in patients with diabetic
dyslipidemia results in improved lipid and glucose parameters, including a reduction in plasma TG
levels and fasting plasma glucose [405,406], and improves whole body insulin sensitivity in these
patients [407]. In a review summarizing 18 studies on the effect of saroglitazar in patients with diabetic
dyslipidemia, saroglitazar treatment was associated with a reduction in ALT levels and fatty liver in
NAFLD patients with diabetic dyslipidemia [408]. A phase 2 study is evaluating the safety and efficacy
of saroglitazar in patients with NASH. The primary endpoint is to assess the changes in NAS with
no worsening of fibrosis from baseline to week 24 of treatment. The 16-week efficacy of saroglitazar
in reducing serum ALT in NAFLD patients is also being tested in a phase 2 trial. Furthermore, two
phase 3 clinical trials are currently evaluating saroglitazar in NAFLD with an amelioration of the
fibrosis score as the primary outcome. The first study is investigating the efficacy of saroglitazar
compared to pioglitazone in NAFLD patients over a period of 24 weeks. The second study is comparing
the effect of combined saroglitazar and vitamin E treatment vs. vitamin E alone vs. saroglitazar
alone (NCT04193982). Based on all observations thus far, saroglitazar shows promise as a potential
NASH drug.

4.3.4. Pan-PPAR Agonist Lanifibranor

Lanifibranor (IVA337) is a moderately potent and well-balanced modulator of the three PPAR
isotypes and has a good safety profile. Compared to glitazones, lanifibranor has demonstrated
differences in co-regulator recruitment [409]. Treatment of db/db mice with lanifibranor induces
a dose-dependent decrease in circulating glucose and TG levels [409]. Lanifibranor has also been
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tested in mouse models of NASH [410,411]. In the MCD model, lanifibranor reduces steatosis and
hepatic TG levels, as well as inflammation. In foz/foz mice fed a HFD, lanifibranor attenuates steatosis,
inflammation, and hepatocyte ballooning. Hepatic gene expression analysis has shown increased
expression of genes involved in fatty acid beta-oxidation and decreased expression of pro-inflammatory
and pro-fibrotic genes. In addition, lanifibranor treatment improves metabolic parameters, such as
glucose intolerance, and increases plasma adiponectin levels [410]. Beneficial effects of lanifibranor
on NASH histology, including reduced fibrosis, were confirmed recently in a preclinical model of
NASH and fibrosis (choline-deficient amino acid-defined HFD mouse model). Interestingly, decreased
macrophage infiltration in the liver has been observed upon lanifibranor treatment, suggesting that
Kupffer cells may be important targets of lanifibranor to improve NAFLD. Similar results of NASH
histology were obtained in the Western diet model, together with a reduction in plasma TG levels [411].
Lanifibranor is also effective in reducing collagen deposition and increasing plasma adiponectin in mice
with CCl4-induced liver fibrosis [409,410]. In vitro results have demonstrated that lanifibranor inhibits
the proliferation and activation of HSCs, as well as the activation of hepatic macrophages [410,411].
The anti-inflammatory and anti-fibrotic effects of lanifibranor were also demonstrated in preclinical
mouse models of skin and pulmonary fibrosis [412,413].

Lanifibranor is currently undergoing phase 2 clinical trials in NAFLD. The first study is evaluating
the efficacy and the safety of two doses of lanifibranor for 24 weeks vs. placebo in adult NASH patients
with liver steatosis and moderate to severe necroinflammation without cirrhosis. The second study is
designed to study lanifibranor in patients with T2DM and NAFLD.

The therapeutic potential of the novel PPAR agonists discussed above appears to be
well-established in experimental models. However, none of the current preclinical models of NASH
reproduce all features of human NASH [414]. In addition, differences exist between humans and
mice regarding the PPARs. For example, hepatic PPARα expression is higher in rodents than in
humans, which may explain why PPARα activation has stronger beneficial effects in rodent NAFLD.
In this respect, “humanized” preclinical strategies, for example using transgenic mice expressing
human PPARs or mice with a humanized liver may represent a relevant strategy for the evaluation of
PPAR agonists [342]. In addition, a better understanding of the molecular mechanisms, especially the
transcriptional coregulator network, underlying PPAR-dependent transcription in different species,
tissues and diseases may be needed for designing more-specific and more-potent PPAR ligands [415].
Finally, PPAR functions are also regulated at the level of posttranslational modifications that influence
protein stability and localization, ligand binding, and co-factor interaction. Understanding the role of
these posttranslational modifications and their association with diseases might help in the development
of novel molecules that specifically inhibit or promote such modifications [232].

In a relatively near future, the results of phase 2 and phase 3 clinical trials will determine the
therapeutic potential of these novel compounds in NAFLD. Given the role of PPARs in multiple
pathways involved in NAFLD and the beneficial effects of each single isotype agonist, we consider
combined activation of several PPARs as a promising approach for NAFLD treatment because of
potential optimization of the benefits and reduction of the side effects (Figure 5).
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Figure 5. Novel PPAR agonists with potential for NAFLD treatment. The main genes regulated
by the PPARα agonist pemafibrate, the dual PPARα and β/δ agonist elafibranor, the dual PPARα
and γ agonist saroglitazar, and the pan-PPAR agonist lanifibranor in preclinical models of NAFLD.
Through the modulation of gene expression, these novel compounds regulate several hepatic and
extrahepatic pathways, including lipid and glucose metabolism, inflammation, and hepatic stellate cell
activation, which are all key processes involved in NAFLD. Abbreviations: BAT, brown adipose tissue;
WAT, white adipose tissue; Pdk4, pyruvate dehydrogenase kinase 4; Lpl, lipoprotein lipase; ApoC3,
apolipoprotein C3; Vldlr, very-low density lipoprotein receptor; Cpt, carnitine palmitoyltransferase;
Slc27a1, solute carrier family 27 member 1; Fabp, fatty acid binding protein; Cyp4a, cytochrome P450
family 4 subfamily A; Ehhadh, enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase; Acad,
acyl-CoA dehydrogenase; Hmgcs2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; Acot1, acyl-CoA
thioesterase 1; Fgf21, fibroblast growth factor 21; Nrf1, nuclear respiratory factor 1; Sod1, superoxide
dismutase 1; Il1β, interleukin-1 beta; Il6, interleukin-6; Tnfα, tumor necrosis factor-alpha; Ccr2, C-C
motif chemokine receptor 2; Tlr4, Toll-like receptor 4; Mcp1, monocyte chemoattractant protein 1;
Ccl5, C-C motif chemokine ligand 5; Nlrp3, NLR family pyrin domain containing 3; Nfκb, nuclear
factor kappa B subunit 1; Tgfβ, transforming growth factor beta; Col1a1, collagen type I alpha 1 chain;
Timp1, metalloproteinase inhibitor 1; α-Sma, alpha-smooth muscle actin; Ucp1, uncoupling protein
1; Cidea, cell death inducing DFFA like effector A; Elovl3, elongation of very long chain fatty acids
protein 3; Acox, peroxisomal acyl-coenzyme A oxidase 1; Abca1, ATP binding cassette subfamily A
member 1; Npc1l1, Niemann-Pick C1-like protein 1; Pgc1α, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha; Ifnγ, interferon gamma; Il4, interleukin-4; Il10, interleukin-10; Stat6, signal
transducer and activator of transcription 6.

5. Concluding Remarks

The prevalence of NAFLD is dramatically increasing in developed countries, but no approved
therapy is available. Most of the current pharmacological strategies target comorbidities, such as
the manifestations of metabolic syndrome. Vitamin E and pioglitazone have beneficial effects on
steatosis and inflammation, but can induce adverse effects in some patients. In addition, none of
the currently used medications improve fibrosis, which is the strongest indicator of mortality in
NAFLD. As highlighted in this review, the pathogenesis of NAFLD is multifactorial, which represents
both a challenge and an opportunity for developing intervention strategies. As regulators of gene
expression, the three PPARs impact, in some way, all currently known functions associated with
NAFLD pathogenesis. The PPARs have emerged as crucial regulators of the whole organism and
cellular metabolic functions. As links between lipid signaling and inflammation, they also fine-tune
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the crosstalk between metabolic processes and the innate immune system. All of these attributes make
them relevant targets for treating NAFLD. Different approaches may be successful. One approach
would be to selectively modify the pharmacological characteristics of agonists, as has been done with
the PPARα selective modulator pemafibrate, to ameliorate the profile of beneficial effects with respect
to issues associated with fibrate treatment. Developing molecules simultaneously targeting two or all
three PPAR isotypes is another promising approach for NAFLD treatment that allows targeting of the
multifaceted roles of PPARs. The dual agonists—elafibranor and saroglitazar—and the pan agonist
lanifibranor have demonstrated many beneficial effects on liver histology with minimal adverse effects.
Some of these novel agonists are currently in phase 3 clinical trials and appear promising for NASH
treatment. As discussed herein, PPARs not only impact liver, but also other organs. In particular,
they can have both positive and negative effects on heart physiology, pathology and injury [416,417].
Therefore, it is of importance that the new potential NASH drugs are evaluated for potential beneficial
as well as deleterious effects on cardiac functions. In a post hoc analysis, elafibranor resolved NASH
without fibrosis worsening and did not cause cardiac events [398]. Saroglitazar showed a potential
to lower the cardiovascular risk in T2DM patients [418]. Pemafibrate is currently being tested for its
effect on reducing cardiovascular events in diabetic patients with high TG levels in the PROMINENT
study (NCT03071692) [390].

In parallel with the study of these novel promising agonists, it will be important to increase
knowledge of the liver-specific functions of the PPAR isotypes, particularly in hepatocytes, Kupffer
cells, and HSCs, and deepen our understanding of their roles in inflammation and fibrosis. Drugs that
combine PPAR activation and other PPAR-independent pathways, which converge in ameliorating the
manifestations of NAFLD, are also worth exploring. Interestingly, telmisartan, an angiotensin receptor
blocker, is also a PPARα/γ dual agonist and worth exploring in the treatment of NAFLD. Inhibition of
angiotensin converting enzyme (ACE) and angiotensin II type 1 receptor (AT1) improves liver fibrosis
by keeping HSCs in a quiescent state through suppression of TGF-β [419]. These effects, combined
with those known of PPARα/γ activation, deserve further investigation. Given the importance of
circadian clock proteins in coordinating energy metabolism, the clock regulation of drug targets should
also be taken into account in the development of pharmaceuticals for the treatment of NAFLD [420].
Despite recent remarkable and fast progress in the field, there are still many challenges imposed by the
complex physiopathology underlying the development and progression of NAFLD, not least of all its
heterogeneity, which is not fully understood. For example, why some patients will progress to advanced
stages and others will not is not clear, and NAFLD in lean patients is also not completely understood.
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Abstract: Peroxisome proliferator-activated receptor gamma co-activator 1 alpha (PGC-1α) is perhaps
best known as a master regulator of mitochondrial biogenesis and function. However, by virtue of its
interactions as a coactivator for numerous nuclear receptors and transcription factors, PGC-1α also
regulates many tissue-specific tasks that include adipogenesis, angiogenesis, gluconeogenesis,
heme biosynthesis, thermogenesis, and cellular protection against degeneration. Knowledge about
these functions continue to be discovered with ongoing research. Unsurprisingly, alterations in
PGC-1α expression lead to a range of deleterious outcomes. In this review, we provide a brief
background on the PGC-1 family with an overview of PGC-1α’s roles as an adaptive link to meet
cellular needs and its pathological consequences in several organ contexts. Among the latter,
kidney health is especially reliant on PGC-1α. Thus, we discuss here at length how changes in PGC-1α
function impact the states of renal cancer, acute kidney injury (AKI) and chronic kidney disease
(CKD), as well as emerging data that illuminate pivotal roles for PGC-1α during renal development.
We survey a new intriguing association of PGC-1α function with ciliogenesis and polycystic kidney
disease (PKD), where recent animal studies revealed that embryonic renal cyst formation can occur
in the context of PGC-1α deficiency. Finally, we explore future prospects for PGC-1α research and
therapeutic implications for this multifaceted coactivator.

Keywords: PGC-1α, disease; kidney; cancer; AKI; CKD; nephron; PKD; cilia; cystogenesis

1. Introduction

Peroxisome proliferator-activated receptor gamma co-activator 1 alpha (PGC-1α, or alternatively
PPARGC1A) serves as a master regulator for mitochondrial biogenesis and function. Mitochondria are
classically defined as the powerhouse of the cell, as they function to produce the essential energy needed
for cellular processes. PGC-1α was first discovered in the late 1990s as its expression was induced in
brown adipose tissue during the response to cold temperature exposure [1]. PGC-1α was found to alter
the transcriptional activities of several key mitochondrial genes, which ultimately resulted in increased
mitochondrial DNA [1]. Due to its physical interaction with the nuclear hormone receptor peroxisome
proliferator-activated receptor gamma (PPARγ) that led to an increase in PPARγ transcriptional activity,
this novel co-activator acquired its name, PGC-1α [1]. Interestingly, PGC-1α was shown in the same
study to also bind a number of other nuclear hormone receptors including thyroid hormone receptor
(THR), retinoid X receptor α (RXRα), and estrogen receptor (ER) [1]. Soon after, the glucocorticoid
receptor (GR) was identified as another nuclear receptor binding partner [2]. This was just the beginning
of research to uncover the multitude of critical roles that PGC-1α and its family members play during
the molecular workings of cellular life [3–7].
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It is now appreciated that the PGC-1 family of transcriptional coactivators hold key positions
in controlling many cellular pathways, among these figuring prominently in regulating metabolism
as well as conducting a host of tissue-specific functions [3–7]. These coactivator proteins do not
bind DNA directly but rather all work through interactions with transcription factors and other
proteins to influence gene expression. The family consists of three related members: PGC-1α, PGC-1β,
and PGC-related coactivator (PRC) [1,8,9]. The PGC-1 family members are conserved across higher
vertebrates, including fish, amphibians, birds, and mammals [3–7]. Thought initially to be absent from
the genomes of lower eukaryotes such as yeast, insects and worms [2,3], a PGC-1 homologue named
Spargel was later identified in Drosophila, where it similarly functions in mitochondrial metabolism
and regulates insulin signaling [10].

PGC-1 family members share a related overall structure, with functional regions that include
an N-terminal activation domain, a central regulatory domain, and a C-terminal RNA recognition
motif [2–6]. The activation domain can bind several proteins that possess histone acetyltransferase
(HAT) activity and influence chromatin structure [3–7]. The central domain is known to dock various
transcription factor targets, but the latter are not limited to interacting with only this region [3–7].
The RNA binding domain enables interactions with proteins of the mediator complex that interacts
with the RNA polymerase II machinery [3–7]. Among the family members, PGC-1β shows the
closest homology to PGC-1α, and both of these proteins are abundant in tissues with high oxidative
metabolism [3–7]. PGC-1α and PGC-1β are the best studied members of this family, and in line with
their expression pattern, they both participate in regulating mitochondrial functions [3–7]. In contrast,
PRC is expressed nearly ubiquitously [9] but its roles remain comparatively understudied [6,7].

To date, the PGC-1 coactivators have been catalogued to interact with over 20 different transcription
factors in sum, with some shared targets and others unique to just one family member [3–7]. These targets
are not limited to nuclear receptor family members (such as the previously mentioned PPARγ, THR,
ER, RXRα, and GR) but include binding to unliganded nuclear receptors, forkhead/winged helix
proteins, zinc-finger proteins, and others [3–7]. Despite large-scale efforts to identify partners such as
through genome-wide coactivation screens [10], it is likely that ongoing research will only continue to
reveal additional binding partners. Interestingly, the target binding activities of PGC-1α are influenced
by numerous post-translational modifications that include acetylation, methylation, phosphorylation
and SUMOylation, although comparatively less is known about the influence of such modifications
on the other family members [3–7]. Additionally, as we will discuss later in the present work,
both PGC-1α and PGC-1β are alternatively spliced, but the functional consequences of this are not yet
fully appreciated [3–7].

Today, PGC-1α is known to be specifically expressed in organs with high energy demands such
as the heart, kidney, brain, and skeletal muscles, among others [3–7]. Across all of these organs,
expression of PGC-1α is highly regulated by a number of signal transduction pathways and hormones
to maintain metabolic balance in a tissue specific manner [3–7]. Furthermore, in such locations as brown
fat and the liver, dynamic changes in PGC-1α expression are used to respond to fluctuating physiological
and environmental stimuli [11]. These changes can consist of cold exposure, exercise, fasting, etc.
In the following paragraphs, we provide an overview of some example signaling mechanisms that
regulate PGC-1α expression in response to particular stimuli to illustrate the diversity of ways in which
PGC-1α can be employed to regulate biological processes.

Cold-induced stress and the cellular response, commonly referred to as adaptive thermogenesis,
is essential to maintain body temperature thus ensuring proper organ function. Interestingly,
upon subjecting PGC-1α null mice to a standard cold challenge, the animals were unable to maintain
core body temperatures and succumbed to hypothermia when exposure was extended beyond 6 h [12].
Defense of body temperature is a functional readout of brown adipose tissue; therefore, this study
was one of the first indications that PGC-1α had a molecular role in this cell type [12]. In both
brown fat and skeletal muscle, PGC-1α expression is induced by cold and regulates a suite of nuclear
and mitochondrial-encoded genes corresponding to subunits of the electron transport chain [7,12].
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For example, in brown fat, PGC-1α increases transcriptional activity at the promoter of mitochondrial
uncoupling protein-1 (UCP1), where subsequent UCP1 activity results in the production of heat by
dissipating the mitochondrial proton gradient [13–16].

Fasting induces PGC-1α expression in the liver through the activation of p38 mitogen-activated
protein kinase (p38), where PGC-1α interacts with transcription factors to enable the body to adapt
to nutrient deprivation [3,17,18]. PGC-1α is sufficient to activate the processes of gluconeogenesis,
fatty acid B-oxidation, ketogenesis, heme biosynthesis, and bile-acid homeostasis. Each of these
processes is triggered by PGC-1α coactivation of specific hepatic transcription factors [17–21].
Without PGC-1α, fasted mice develop hypoglycemia and hepatic steatosis [22]. Further, it was
recently demonstrated that PGC-1α plays an important role in the hepatic response to insulin during
the fasting-to-fed transition by regulating expression of upstream components of the insulin-signaling
pathway [23,24].

PGC-1α after exercise-induced cellular stress has been extensively studied in skeletal muscle.
In this context, several pathways previously discussed remain relevant, with the overall goal of
equilibrating cellular metabolism. In this situation and tissue type, investigators have found several
modes of action that result in a PGC-1α-dependent adaptive response. First, nerve stimulation activates
the calcium/calmodulin-dependent protein kinase IV (CaMKIV) and calcineurin A (CaN) pathway and
increases PGC-1α expression via the myocyte enhancer factor 2C and 2D (MEF2C/2D) [15,19] or by way
of the CaMKIV target cAMP response element binding protein (CREB) [15,25–30]. Another previously
mentioned pathway involved in both fasting-induced PGC-1α expression and exercise-induced PGC-1α
expression is p38 MAPK signaling. Interestingly, multiple factors can be initiated by p38 MAPK that
result in downstream PGC-1α functions. Both MEF2 [30] and ATF2 [31] can increase expression of
PGC-1α in muscle post exercise.

Much of this information was gathered in the years immediately following the discovery of
PGC-1α and laid the groundwork for subsequent studies. This next wave of studies brought to light
the extensive network of PGC-1α functionality and its diverse impacts on physiology during health
and disease states. Further, recent studies have begun to highlight important developmental roles for
PGC-1α. In Section 2 of this review, we will discuss several cellular and molecular roles of PGC-1α
during health and disease progression. In Section 3 of this review, we explore the functions of PGC-1α
in renal disease and development.

2. PGC-1α in the Context of Human Disease and Development

There has been extensive research regarding the impact of PGC-1α function in human disease
(Figure 1). More recently, there is a growing body of work that has begun to reveal insights regarding
the roles of PGC-1α in developing tissues. The foundational information presented above illustrates
the functions of PGC-1α in the adaptive response to several stimuli including exercise and fasting.
Not coincidentally, the relationship between inactivity and poor diet can lead to type 2 diabetes.
Type 2 diabetes mellitus is a metabolic disorder caused by abnormal glucose metabolism due to insulin
resistance or disrupted B-cell function culminating in abnormal insulin production.

Here, we will highlight part of the relationship between PGC-1α and tissues in terms of type 2
diabetes mellitus. A comprehensive description of these relationships is nicely detailed in another
review [30]. As previously discussed, in the liver PGC-1α acts to 1) maintain proper levels of
gluconeogenesis with well-studied pathways including CREB, HNF4a, AMPK, Sirtuins, and p38 MAPK
2) control B-cell oxidation and 3) regulate mitochondrial biogenesis by partnering with estrogen related
receptors (ERRs) and other factors [17–22,30]. Understandably PGC-1α is also linked with type
2 diabetes mellitus in the pancreas where B-cells are supposed to manufacture and secret insulin.
Early studies found PGC-1α overexpression can decrease B-cell insulin secretion [31]. Further research
has found roles for PGC-1α in B-cell apoptosis, regeneration, insulin secretion, and mitochondrial
metabolism [32–35]. While much of the attention on type 2 diabetes is understandably focused on the
liver and pancreas, another largely affected system are skeletal muscles that rely on glucose energetics.
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PGC-1α activates the glucose transporter 4 (GLUT4) and in doing so can stimulate glucose uptake.
This relationship between PGC-1α and glucose in skeletal muscles is extended to the process of glucose
disposal [30,36].

Figure 1. Systems affected and corresponding disease states in peroxisome proliferator-activated
receptor gamma co-activator 1 alpha (PGC-1α) contexts. Schematic depicting the role of PGC-1α in
select cellular processes including glucose uptake and disposal via glucose transporter 4 (GLUT4)
in skeletal muscle (top, left), central nervous system reactive oxygen species (ROS) protection via
PGC-1α uncoupling protein-2 (UCP2) (top, right), gluconeogenesis in the human liver (bottom, left),
and insulin secretion from a pancreatic B-cell (bottom, right). Table summarizes key disease states and
the associated organ systems in addition to the role PGC-1α plays in those organs and some of the
genetic interactions with PGC-1α.

A number of additional studies have demonstrated the importance of PGC-1α in skeletal muscle,
perhaps interrelated to type 2 diabetes mellitus. Interestingly, researchers discovered a molecular node
connecting the metabolic factors PGC-1α/PGC-1βwith immune pathways, specifically the inflammatory
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response of NF-kB. For example, PGC-1α/PGC-1β repress NF-kB by reducing phosphorylation of p65
in skeletal muscle [37]. Another important association that could impact the relationship between
PGC-1α and type 2 diabetes is the discovery of key molecular events connecting exercise to PGC-1α
driven angiogenesis in skeletal muscle. This important tie is corroborated by phenotypes observed in
PGC-1α deficient mice. As compared to wild-type counterparts, PGC-1α-null mice did not undergo
robust angiogenesis post exercise [38].

Further investigation revealed a deeper mechanistic insight, which placed B-adrenergic signaling
upstream of PGC-1α in this process and also relies on ERR to activate VEGF signaling to induce
angiogenesis [38]. The role PGC-1α plays in angiogenesis is not limited to skeletal muscle as
Saint-Geniez et al. (2013) provide evidence PGC-1α controls retinal angiogenesis by inducing VEGFa
in multiple retinal cell types, including Muller cells, ganglion cells, photoreceptors, and retinal
pigment epithelial cells [39]. Additionally, PGC-1α is highly upregulated in the retina during
postnatal development in mice, especially from P5-P17 [39]. Consequently, mice deficient in PGC-1α
have signs of reduced retinal angiogenesis in both early developmental stages and adulthood [39].
Further investigation revealed that PGC-1α is involved in pathological neovascularization [39].

A principal area of study has identified roles for PGC-1α in heart development and maturation.
A number of compelling findings have been summarized previously [40]. To highlight some of these
findings, Lai et al. (2008) show intriguing data indicating a level of redundancy in mice when it comes
to the roles of family members PGC-1α and PGC-1b [41]. Mice deficient in one factor develop relatively
normally; however, when both factors are knocked out, the compound mutant mice develop a number
of heart defects and perish shortly after birth [41]. These redundant layers of regulation are also
observed in murine brown adipose tissue [41]. Other studies have suggested timing of the knockout
may affect heart function as well [42–45]. As expected from the contents discussed thus far, PGC-1α is
responsible for mitochondrial biogenesis in the heart through its relationships with genetic partners,
including TFAM, NRF-1, NRF-2, and ERRs [40,43,45,46]. Additionally, loss of PGC-1α results in
cardiomyopathy following transverse aortic constriction [44]. Importantly, PGC-1α expression is able
to overcome cardiomyopathy, although this depends on the time of induction [43]. Findings indicating
the significance of timing and redundancy should elicit a response in the research community to
identify the possibility of this relationship in other developmental contexts.

PGC-1α is important for removing reactive oxygen species (ROS). This is especially important
for neurological diseases where PGC-1α has been shown to decrease ROS and protect neural cells
from oxidative stress by inducing expression of several detoxifying factors such as UCP2 and
SOD2 [47]. The link between PGC-1α and neurobiology involves developmental aspects and disease
contexts including Alzheimer’s disease, Huntington disease, and amyotrophic lateral sclerosis (ALS),
among others. In a developmental context, Blechman et al. (2011) found a direct correlation
between PGC-1α and oxytocin production in the hypothalamus [48]. The well-studied SIRT1/PGC-1α
relationship is very important for mitochondrial recovery following intracerebral hemorrhage in
rats [49]. In the case of Huntington disease, PGC-1α and its downstream partners TFAM and NRF-1 are
needed to prevent mitochondrial dysfunction that leads to the disease progression [50]. An important
finding to both the neuroscience community as well as those interested specifically in PGC-1α came
in a 2012 publication that identified several novel PGC-1α isoforms that dictate age of onset for
Huntington’s disease [51]. These and other tissue and function-specific isoforms are nuances of
studying PGC-1α [52]. On a cellular level, PGC-1α impacts ribosomal transcription, which has recently
been found to impact Huntington disease progression [53]. Similarly, the development of Parkinson’s
disease entails central nervous system specific PGC-1α isoforms [54,55]. This same approach is a
focus of Alzheimer’s disease, where PGC-1α can reduce β-secretase thereby decreasing amyloid-β
and the associated neuronal and cognitive loss [56]. A comprehensive understanding of PGC-1α and
Alzheimer’s disease has been previously reviewed [57].

As cancer studies have shifted to understanding the metabolism of tumors and the tumor
microenvironment, there have been several studies focused on how PGC-1α might affect tumorigenesis
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and metastasis. Currently there is not consensus in the literature regarding PGC-1α levels and the
impact on tumorigenesis. Different types of cancers exhibit different PGC-1α expression trends.
Further, some cancers such as breast, colon, ovarian, and melanomas have observed both increased
and decreased expression of the gene in tumor tissue. The conclusions reached in a very informative
review by Mastropasqua et al. (2018) indicate PGC-1α responds to cellular needs in terms of energy
demands [58]. This conditional complexity can be mostly explained by the dynamic nature of the
PGC-1α gene in combination with the complicated mechanisms leading to cancer progression; therefore,
the interface of these two issues presents challenges to conducting research in this area [58]. In addition,
PGC-1α has many upstream and perhaps an even greater number of downstream effectors that allow for
adaptive responses thus making a simple linear relationship with cancer highly unlikely. An accurate
understanding of the role of PGC-1α in cancer will most likely be dependent on the molecular subtype
and tissue of origin. The role of PGC-1α cellular metabolism, specifically of cancer cells, in addition
to budding therapeutic options, are nicely described in another review by Bost and Kaminski [59].
We will further discuss kidney cancer below.

3. PGC-1α in Kidney Disease and Development

The kidney requires an abundance of energy because of the essential roles it carries out as a
vital organ. These functions include blood filtration, ion transport, fluid homeostasis, and waste
removal. The nephron is the functional unit of the kidney and is composed of three main components:
(1) the glomerulus functions to filter the blood, (2) the segmented tubule that modifies the filtrate,
and (3) the collecting duct system that transports waste for excretion [60]. Genetic analyses have
illuminated that PGC-1α is necessary for proper nephrogenesis in the zebrafish [61,62]. However,
other vertebrate species with PGC-1α loss of function models have not presented with explicit kidney
developmental phenotypes in PGC-1α deficient contexts [63]. Interestingly, there is precedence in mice
that PGC-1α deficiency can be masked by PGC-1β compensation [41]. Perhaps future studies will
shed light on potential for redundant or partially overlapping functions for PGC-1α and PGC-1β in
the kidney.

Nevertheless, as one of the most energy demanding organs, it is logical that PGC-1α is highly
expressed in the kidney. This expression is conserved across vertebrate species spanning zebrafish,
mice, and humans [61,63–67]. Though studies to date have not identified overt loss of function renal
phenotypes in mammalian development, there exists a vast amount of literature suggesting a link
between PGC-1α and reno-protective properties at later stages. Subjects deficient in PGC-1α experience
deleterious outcomes after suffering from acute kidney injury (AKI) as they progressively undergo
renal fibrosis and suffer from chronic kidney disease (CKD). In the following subsections, we will
detail a number of these studies and key findings, as there is a growing body of evidence revealing
critical roles for PGC-1α and regulation of mitochondria biogenesis in kidney development and disease
(Figure 2).

3.1. Kidney Cancer

When basal expression of PGC-1α is disrupted in the kidney, the risk of cancer increases.
As previously discussed, the exact role of PGC-1α in cancer is not entirely understood, where research
has revealed that PGC-1α can be is upregulated or downregulated in a multitude of cancer types [58].
In the context of kidney cancer, the lack of a clear correlation between PGC-1α expression and cancer
development and progression is unfortunately only further perplexing. For example, in the context of
Birt–Hogg–Dube (BHD) syndrome both PGC-1α and the tumor suppressor FLCN are altered resulting
in predisposition to patients developing lung cysts, hair follicle tumors, and renal cancer [68]. FLCN loss
induces a metabolic shift toward oxidative phosphorylation and elevated mitochondrial biogenesis
in a PGC-1α-dependent manner [68]. Inactivation of PGC-1α in cancer cells rescued hyperplastic
phenotypes in FLCN-null kidneys [68]. Together this data indicates that increased FLCN deficiency
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and subsequent upregulation of PGC-1α enhances energy production and provides malignant tumor
cells a growth advantage that fuels renal carcinogenesis [68].

Figure 2. Kidney disease states associated with PGC-1α expression. Renal diagram illustrating general
(top, left) and nephron compartment-specific functions of PGC-1α in addition to areas of future research.
Kidney (left, maroon), nephron (right), glomerulus (orange), proximal tubule (green), and distal
tubule (dark blue). References for cited studies listed within. (PT = proximal tubule, AKI = acute
kidney injury).

Contrary to BHD syndrome, the development of clear cell renal carcinoma (ccRCC) involves
the downregulation of PGC-1α by a HIF/Dec1-dependent mechanism. The most common genetic
driver of ccRCC is the tumor suppressor Von Hippel–Lindau (Vhl), which, when mutated, promotes
constitutive expression of HIF-a and promotes metastasis, invasion, angiogenesis, and metabolism [60].
PGC-1α expression in VHL-deficient ccRCC cells restores mitochondrial function, upregulated
antioxidant gene expression, suppresses tumor growth, and sensitizes cancer cells to cytotoxic
chemotherapy and radiotherapy treatments [69]. ERRαwas demonstrated to be an essential co-regulator
of PGC-1α in mediating mitochondrial biogenesis in the context of ccRCC [69]. ccRCC is considered a
metabolic disease that manifests histological hallmarks such as lipid accumulation and lipid storage,
which is thought to support tumor survival. The Cancer Genome Atlas and other data repositories
indicate PGC-1α expression is significantly decreased in ccRCC tissues versus healthy kidneys and is
associated with poor patient prognosis. A study found supplying ccRCC cells with melatonin restores
PGC-1α levels, thereby eliminating abnormal lipid accumulations and inhibiting tumor progression [70].
Furthermore, this melatonin-initiated rescue was driven by a novel ‘tumor slimming’ mechanism
where lipid droplets are broken down via PGC-1α/UCP1-mediated autophagy and lipid browning [70].
Another research group described a novel role for PGC-1α, whereby the PGC-1α/miR-29 axis attenuates
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the epithelial-to-mesenchymal transition (EMT) program to prevent ccRCC tumor progression [71].
Restoration of PGC-1α in ccRCC cells suppresses collagens associated with invasive and migratory
behaviors via activation of miR-29a [71]. PGC-1α-mediated repression of collagen/DDR1 signaling
culminates in downregulation of known EMT genes SNAIL1 and SNAIL2, which curbed pro-invasive
phenotypes [71].

A genetic loss of function screen revealed MYBBP1A promotes tumorigenesis in absence of glucose
by operating a “metabolic switch” involving PGC-1α [72]. In multiple ccRCC lines, downregulation of
MYBBP1A induces tumor cell survival and proliferation [72]. In response to decreased MYBBP1A,
c-MYB repression is alleviated leading to transcriptional activation of PGC-1α, which elicits a shift
to OXPHOS metabolism [72]. This data indicates PGC-1α is a stress sensor of glucose depletion
and can provide tumor cells a competitive advantage in restrictive microenvironments similar to
previously discussed roles for PGC-1α above [72]. Evaluation of biopsies from 380 ccRCC patients
revealed increased MLXIPL and decreased PGC-1α mRNA levels in the tumor microenvironment are
significantly correlated with poor overall survival [73]. Further, elevated MIXIPL and PGC-1α were
associated with a decline in the number of B cells, CD8+T cells, macrophages, neutrophils, and dendritic
cells [73]. Thus, MIXIPL and PGC-1α signatures are closely related to the degree of immune infiltration,
underscoring the potential of monitoring and targeting the tumor microenvironment in ccRCC [73].

3.2. Acute Kidney Injury (AKI)

Acute kidney injury (AKI) is the sudden and rapid decrease in kidney function resulting from
a severe insult [74]. This insult can originate from various sources, such as decreased blood flow
(ischemia), increased inflammation, introduction of a toxin perhaps in the form of a chemical or
antibiotic, or obstructed urine flow. These insults can cause damage to cells throughout the nephron
functional units and/or to the interstitium [74]. AKI can be detected clinically by evaluating a number
of kidney related outputs including blood urea nitrogen, creatinine, and atypical ion levels.

Over the last decade, a better understanding of the cellular energy defects associated with various
types of AKI has understandably focused on the role PGC-1α plays during and after AKI. One of the first
studies that examined the specific relationship between AKI and PGC-1α was published over a decade
ago. Rasbach and Schnellmann hypothesized that increasing mitochondrial biogenesis could help
overcome ischemic injury conditions [75]. They discovered that increasing mitochondrial biogenesis
via PGC-1α overexpression helped expedite recovery if applied post-injury [66]. Introducing increased
mitochondria via PGC-1α overexpression prior to injury did not prevent injury or promote recovery,
suggesting timing and quantity must be finely tuned [75].

Closely following this idea, another research group gathered transcriptional analysis from
sepsis-associated AKI, which indicated oxidative phosphorylation genes were downregulated in
addition to aberrant mitochondrial function [63]. More specifically, PGC-1α expression was reduced [63].
Global and tissue specific (proximal tubule) PGC-1α knockout mice lines were used in this study and
results indicate normal kidney function until AKI where the animals then struggled to recover [63].
PGC-1α action seemingly acts downstream of TNFα induced inflammation as PGC-1α levels decreased
after TNFα treatment, and PGC-1α rescued the oxygen consumption of TNFα treated nephron
cells [63]. Another study found PGC-1α plays an important role in cellular recovery following an
ischemia-reperfusion injury model [76]. Researchers treated with SRT1720 after AKI to agonize the
SIRT1 pathway. Upon SIRT1 activation in rescued animals, the group found that PGC-1α had higher
rates of deacetylation, an indicator of increased activation [76]. This study further substantiated the
thought that PGC-1α could serve as a key therapeutic target for patients suffering AKI.

To this end, potential therapeutics were found in a study that identified trametinib (a MEK1/2
inhibitor) and erlotinib (an EGFR inhibitor) as potentially indirect PGC-1α modifiers that could help in
the context of ischemia-reperfusion AKI [77]. In this study, treatment with trametinib blocked ERK1/2
and FOXO3a/1 phosphorylation and resulted in increased PGC-1α expression in kidney cells [77].
Additionally, linking EGFR to this pathway, authors found treatment with erlotinib also blocked
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ERK1/2 phosphorylation and exhibited a similar increase in PGC-1α expression as trametinib [77].
This study not only identified potential treatments of AKI, but also pinpointed a pathway including
EGFR, ERK1/2, FOXO3a/1, and PGC-1α in the context of mitochondrial response to kidney injury.

Another very interesting relationship between a well-studied pathway and PGC-1α in the
kidney has also been documented [66]. Here the researchers accumulated convincing evidence
that the disease-causing gene human nuclear factor 1B (HNF1B) directly controls mitochondria
via PGC-1α in kidney cells [66]. Using a similar sepsis-induced AKI model as previously
discussed [65], this group found a comparable decrease in PGC-1α and a subsequent decline in
other mitochondrial biogenesis genes as well as substantial decreased HNF1B expression and many of
its targets [66]. Additional experiments found HNF1B deficiency caused reduced PGC-1α expression
and was associated with corresponding mitochondrial morphological defects [66]. A chromatin
immunoprecipitation assay found HNF1B binds to the PGC-1α promoter region in mouse kidney
cells [66]. The authors believe this is conserved in human kidney cells as an HNF1B-mutant-patient
sample had decreased PGC-1α expression [66]. This uniquely connects HNF1B to mitochondrial
biogenesis via PGC-1α [66]. Results from this study importantly connect HNF1B to PGC-1α and merit
additional research to explore the involvement of PGC-1α in HNF1B associated kidney diseases.

With previous publications finding potential upstream regulators of PGC-1α in response to
AKI, a unique study identified the downstream factors of PGC-1α post-AKI [65]. Interestingly,
they found post ischemic AKI PGC-1α-deficient mice present with decreased niacinamide (NAM)
levels, fat accumulation, and are unable to regain baseline kidney function [65]. Through a number of
elegant rescue studies, the authors found PGC-1α regulates renal recovery from AKI by controlling
nicotinamide adenine dinucleotide (NAD) biosynthesis via NAM and that NAM was needed for
B-hydroxybutyrate to increase prostaglandin E2 production [65]. The authors also found that this NAM
relationship to AKI recovery was important during cisplatin induced AKI as well as ischemic induced
AKI [65]. Additional research related to this topic discovered the loss of a mitochondrial-related
gene-dynamin-related protein 1 (DRP1) benefited proximal tubule cells following ischemic AKI [78].
The benefits included renoprotection via activation of PGC-1α and the associated B-hydroxybutyrate
pathway ultimately resulting in decreased inflammation [78]. Further supporting these links,
another group found decreased PGC-1α expression in AKI context, specifically toxin-induced AKI [78].
Transcriptomic analysis pointed to PGC-1α acting upstream of many of the genes affected in folic
acid induced AKI [79]. They found that decreased PGC-1α resulted in an increase in inflammation
(including activation of NF-kB) and cell death [79].

3.3. Chronic Kidney Disease (CKD)

Chronic kidney disease (CDK) is the progressive decrease in renal function due to repeated insults
over time [60]. In this section we will discuss both direct and indirect actions of PGC-1α in chronic
kidney disease including diabetic nephropathy, glomerular function, and fibrosis.

As previously described, PGC-1α plays a significant role in type 2 diabetes mellitus in multiple
tissues including muscle, pancreas, and the kidney. Most of what has been covered up to this point
has focused on tissues other than kidney. Here, we will focus on the role of PGC-1α in diabetic
nephropathy, also called diabetic kidney disease. Diabetic nephropathy is the leading cause of CKD
and too often results in end stage renal disease [80,81]. The glomerulus is the first point of contact
for function of the nephron as it filters the blood and passes the filtrate to the nephron tubule for
modification. Typically, the function of the glomerulus is affected in diabetic nephropathy as patients
exhibit lesions and adverse glomerular filtration rates [80]. Two important studies have indicated a
role for PGC-1α and the resulting mitochondrial biogenesis being essential for proper kidney function
in the case of diabetic kidney disease [82,83]. Sharma and colleagues (2013) utilized bioinformatics that
directed them to discover decreased levels of PGC-1α in diabetic kidneys [82]. The other group also
saw decreased mRNA levels of PGC-1α in diabetic kidneys [74]. Furthermore, stimulating PGC-1α
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expression in diabetic kidneys via AICAR treatment rescued superoxide production in kidneys in
addition to a number of clinical outputs [83].

With the evidence supporting an essential role for PGC-1α in the nephron to protect against
diabetic nephropathy it is important to understand the possible molecular components regulating
the expression of this factor. Upon completing RNA sequencing on glomeruli from a diabetic
mouse model, a research team found the long noncoding RNA taurine-upregulated gene 1 (Tug1)
was differentially expressed [84]. Additional experiments found Tug1 interacts with PGC-1α to
promote PGC-1α expression and resulted in a rescue of downstream PGC-1α targets [84]. Though,
another research group found the levels of PGC-1α have to be fine-tuned to allow a beneficial and
not a deleterious outcome [85]. There exists a unique balance of PGC-1α expression required for
basal glomerulus function [85]. Both mouse and humans suffering from diabetic kidney disease had
decreased expression of PGC-1α and the corresponding mitochondrial transcripts, most likely caused
by the inhibitory action of TGF-B [85]. Using an inducible nephron-specific PGC-1α overexpression
line, the authors found excess PGC-1α causes collapsing glomerulopathy including albuminuria and
renal failure/glomerulosclerosis [85]. This suggests a delicate balance of PGC-1α is necessary for proper
nephron function.

While these studies strongly indicate a vital role of PGC-1α another group used an inducible
nephron specific PGC-1α knockout mouse model to study the physiological role of PGC-1α in the
kidney [86]. Results indicated the role of PGC-1α in mitochondrial metabolic systems is observed in
the kidney similar to the previously described roles of PGC-1α in other tissues. After inducing the
knockout at 12 weeks, researchers noted abnormal sodium excretion, most likely due to the decreased
protein expression of sodium transporters NCCT and NKCC2 [86]. These phenotypes ultimately led to
mice presenting with renal steatosis, although the authors hypothesize PGC-1α is dispensable for renal
physiology due to mild phenotypes and high survival rates [86].

In chronic kidney disease, there exists progressive fibrosis, which leads to the decreased ability
of the kidney to perform its tasks as previously functional tissue is converted to nonfunctional
connective tissue. Various studies have found PGC-1α plays a direct role in the fibrotic response to
repeated insults to the kidney. Renal fibrosis leading to CKD and eventually end stage renal disease
can largely be attributed to mis-regulated expression of inflammation and metabolism pathways
according to transcriptomics work presented by Kang et al. (2015) [87]. Specifically, they observed
fatty acid oxidation components (including PGC-1α specifically) were decreased in the case of
fibrosis [87]. This ultimately results in three characteristics of fibrosis: decreased ATP, cell death,
and dedifferentiation [87]. Furthermore, they observed molecular connections including evidence that
TGFB1 reduced PGC-1α expression via SMAD3 [87]. Interestingly, PGC-1α overexpression was able to
rescue a many fibrotic phenotypes leading the field to further pursue a possible targeted treatment
for fibrosis progression [87]. This genetic relationship was further supported by a study that also
found PGC-1α acts downstream of TGF-B [88]. Once again, there was an adaptive response using
PGC-1α in the reaction to stress [88]. Researchers showed that exercise was a possible indicator of
more positive outcomes in CKD patients [88]. The mode of action uncovered in this study involves the
myokine irisin, which acts to inhibit TGF-B type 1 receptor allowing PGC-1α to decrease the amount of
damage to kidneys [88]. PGC-1α expression improves metabolic function and decreases fibrosis in
mice kidneys [88].

Understanding renal fibrosis is a key step to formulate innovative therapeutics to combat CKD.
Another research team found fatty acid oxidation genes, including PGC-1α were downregulated in
fibrotic kidneys due to Notch signaling. In fact, PGC-1α expression was decreased in several types of
kidney disease including toxin-induced AKI, physical obstruction induced kidney injury, and a genetic
CKD model. The authors found evidence suggesting that the Notch component Hes1 represses PGC-1α
in kidney cells. Additionally, PGC-1α expression was able to rescue a number of ailments including
kidney physiology, fibrotic gene expression, mitochondrial physiology, and fatty acid oxidation both
in vivo and in vitro [67]. A year later, the same group then found a unique role for PGC-1α downstream
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factor mitochondrial transcription factor A (Tfam) in kidney fibrosis [89]. Using a combination of
transcriptomics, loss of function studies, and rescue experiments, the researchers used a number of
kidney disease models to support Notch signaling components Jag1 and Notch2 are key players in
fibrosis by negatively affecting Tfam, ultimately resulting in aberrant metabolic function [89].

3.4. Future Direction: Polycystic Kidney Disease (PKD) and Cilia

One intriguing area of future studies could be focused on the relationship between PGC-1α and
ciliogenesis. There is overlap between kidney diseases and ciliopathies including conditions such as
polycystic kidney disease (PKD) and nephronophthisis. Although significant progress has been made
in understanding disease progression, the molecular mechanisms and intertwining pathways involved
in cilia formation and function is an area of extreme importance as PKD affects over 12 million people
worldwide [90]. PKD presents with many fluid-filled sacs (cysts) that develop in the kidneys rendering
it more difficult to properly filter the blood and produce urine. PKD is a genetic disorder that affects
around 500,000 people in the United States alone [90]. Although two main causative ciliary genes
have been identified, there is no cure for PKD and the molecular consequences involving cilia are not
well understood. The genetic mechanisms that are known focus on mutations in the genetic drivers
polycystin-1 (PKD1) and polycystin-2 (PKD2) that result in cyst formation once a certain threshold of
insufficient protein product is reached [91–95]. Both polycystin proteins localize to the ciliary body and
function in chemosensing by regulating calcium levels. While this information is important, the current
gap in knowledge that needs to be addressed is identifying other genes these polycystin proteins
interact with as well as the modes of interaction, either direct or indirect [93–95].

The likely association between PKD and PGC-1α has been supported by researchers who noted
that oxidative stress is present early in PKD and mitochondria is involved in pathogenesis of this disease.
They discovered a quantitative decrease in PGC-1α mRNA and protein expression that was supported
further by histological staining of cyst-lining cells [96]. Additional experiments indicate this PGC-1α
dependent mitochondrial dysfunction was caused by decreased calcium via calcineurin/p38-MAPK
signaling [96]. The authors were able to rescue superoxide production by supplementing PKD1 mutant
cells with MitoQuinone, a mitochondrion antioxidant [96]. The study later proposes that PGC-1α could
play a pivotal role in PKD by recapitulating the molecular function of MitoQuinone, where it controls
mitochondrial superoxide production and oxidative stress [96]. An interesting link between PGC-1α,
its well-studied molecular partners, and PKD has been reported [97]. Here, the authors found evidence
that microRNA17 promotes cyst progression in PKD by inhibiting mitochondrial metabolism [97].
In this study, they observe decreased PGC-1α expression in both PKD1 and PKD2 knockout mice [97].
They go on to propose upregulation of c-myc by PKD1/2 results in enhanced activity of miRNA-17,
which then functions to inhibit mitochondrial metabolism via the PGC-1α partner PPAR α [97].

While studies of PGC-1α knockouts in mice do not result in cystogenesis, there are a number
of reasons to continue investigations. Some of these reasons include: the possibility of PGC-1β
compensation [41], the unending connections of PGC-1α pathway components and their relationship
to PKD etiology and progression [98] and compelling data from recent studies using zebrafish
pronephros where loss of PGC-1α induces cystogenesis in the kidney [99]. Also, PGC-1α has
been linked to several PKD/cilia related genes including Hnf1b [66,100,101], Notch signaling [67],
prostaglandin signaling [65,99,102,103], and mTOR signaling [26,104]. Specifically, there is mounting
evidence mitochondria and the resulting metabolic effects need to strike the balance seen in a number
of examples already mentioned in order to properly form cilia [105,106]. The connections between
PGC-1α, mitochondria, cilia, and diseases such as PKD and nephronophthisis is an area of research
primed to shed light on underlying genetic and cellular mechanisms contributing to disease states.

4. Conclusions

Members of the PGC-1 family are known to be expressed in tissues with oxidative metabolism
demands and also dynamically expressed in response to physiological stimuli. PGC-1 coactivators
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serve diverse functions because they can interact with many binding partners. Among the PGC-1
family members, PGC-1α has incredible versatility to affect cellular processes by virtue of its many
transcription factor targets. This versatility also has a role in a multitude of disease contexts throughout
the body, including in the liver, nervous system, and kidneys, among others. Here, we have discussed
the roles of PGC-1α in a number of contexts including its role as an adaptive response to energy
requirements, the current understanding of PGC-1α in disease contexts, with a special focus on
the kidneys, and future areas of research relating PGC-1α and mitochondrial deficiencies to PKD.
There exists a large challenge when studying PGC-1α knockout models, as recent findings suggest
tissue-specific isoforms that may not be detectable by certain analyses (e.g., PCR amplifying or using
antibodies for areas of the PGC-1α sequence that is not specific to the tissue of interest) [52]. This variety
of transcript variants could result in compensation in knockout murine models, which have historically
targeted exons 3-5 [12,46,63], although there are a number of PGC-1α transcript variants that do not
include these exons. A fantastic example of this temporal spatial specificity of PGC-1α can be observed
in a study that found conditional loss of PGC-1α in adult mice results in decreased dopaminergic
neurons in particular regions of the brain [107].

The dynamic expression and roles of PGC-1α and the associated transcript variants give reason to
question if PGC-1α may be involved in an even greater number of processes in mammalian physiology.
Interestingly, another possibility exists that PGC-1βmay compensate for loss of mammalian PGC-1α [41].
It does not appear that this compensation exists in all vertebrates as PGC-1α deficient zebrafish exhibit
more severe phenotypes than their mammalian counterparts [61,99]. These differences do not mean
there are not also strong similarities as some very specific phenotypes are observed in both mammalian
and zebrafish nephrons. Specifically, loss of PGC-1α results in a decrease of expression in the transporter
Slc12a3 (NCCT) in zebrafish and mice [61,86]. With the evidence of genetic compensation in Lai et al.,
(2008) and identification of multiple tissue-specific isoforms [41,51,52,54], future research could seek
to identify additional isoforms and ensure complete knockout while also accounting for potential
compensatory action of PGC-1β.
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Abbreviations

AKI (acute kidney injury), ALS (amyotrophic lateral sclerosis), AMPK (5’ adenosine
monophosphate-activated protein kinase), ATF2 (Activating Transcription Factor 2), BHD (Birt-Hogg-Dube
syndrome), CaMKIV (calcium/calmodulin-dependent protein kinase IV), CaN (calcineurin A),
ccRCC (clear cell renal carcinoma), CKD (chronic kidney disease), CREB (cAMP response
element-binding protein), DRP1 (dynamin-related protein 1), EGFR (epidermal growth factor receptor),
EMT (epithelial-to-mesenchymal transition), ER (estrogen receptor), ERK1/2 (Extracellular Signal-Regulated
Kinase 1/2), ERR (estrogen related receptor), FLCN (folliculin), FOXO3a/1 (Forkhead Box O3), glucocorticoid
receptor (GR), GLUT4 (glucose transporter 4), HAT (histone acetyltransferase), HNF1B (human nuclear
factor 1B), HNF4α (hepatocyte nuclear factor-4 alpha), MEF2C/2D (myocyte enhancer factor 2C and 2D),
MEK1/2 (Dual specificity mitogen activated protein kinase kinase 1), MLXIPL (MLX Interacting Protein
Like), MYBBP1A (MYB Binding Protein 1a), NAD (nicotinamide adenine dinucleotide), NAM (niacinamide),
NCCT or Slc12a3 (sodium-chloride symporter), NF-kB (nuclear factor kappa-light-chain-enhancer of
activated B cells), NKCC2 (sodium potassium chloride cotransporter), NRF-1 (Nuclear Respiratory Factor 1),
NRF-2 (Nuclear Respiratory Factor 2), OXPHOS (Oxidative phosphorylation), p38 (p38 mitogen-activated protein
kinase), PGC-1α (Peroxisome proliferator-activated receptor gamma co-activator 1 alpha), PKD (polycystic
kidney disease), PKD1 (polycystin-1), PKD2 (polycystin-2), PPARγ (peroxisome proliferator-activated
receptor gamma), PPARα (peroxisome proliferator-activated receptor alpha), PRC (PGC-related coactivator),
RG (glucocorticoid receptor), ROS (reactive oxygen species), RXRα (retinoid X receptor alpha), SIRT1 (Sirtuin 1),
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SMAD3 (Mothers against decapentaplegic homolog 3), SOD2 (Superoxide dismutase 2), TFAM (mitochondrial
transcription factor A), TGF-B (Transforming growth factor beta), THR (thyroid hormone receptor), TNFα (Tumor
necrosis factor alpha), Tug1 (taurine-upregulated gene 1), UCP1 (uncoupling protein-1), VEGF (Vascular
endothelial growth factor), Vhl (Von Hippel-Lindau)
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Abstract: Sirtuin1 (Sirt1) has a NAD (+) binding domain and modulates the acetylation status
of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC1α) and Fork Head Box O1
transcription factor (Foxo1) according to the nutritional status. Sirt1 is decreased in obese patients
and increased in weight loss. Its decreased expression explains part of the pathomechanisms of the
metabolic syndrome, diabetes mellitus type 2 (DT2), cardiovascular diseases and nonalcoholic liver
disease. Sirt1 plays an important role in the differentiation of adipocytes and in insulin signaling
regulated by Foxo1 and phosphatidylinositol 3′-kinase (PI3K) signaling. Its overexpression attenuates
inflammation and macrophage infiltration induced by a high fat diet. Its decreased expression
plays a prominent role in the heart, liver and brain of rat as manifestations of fetal programming
produced by deficit in vitamin B12 and folate during pregnancy and lactation through imbalanced
methylation/acetylation of PGC1α and altered expression and methylation of nuclear receptors.
The decreased expression of Sirt1 produced by impaired cellular availability of vitamin B12 results
from endoplasmic reticulum stress through subcellular mislocalization of ELAVL1/HuR protein
that shuttles Sirt1 mRNA between the nucleus and cytoplasm. Preclinical and clinical studies
of Sirt1 agonists have produced contrasted results in the treatment of the metabolic syndrome.
A preclinical study has produced promising results in the treatment of inherited disorders of vitamin
B12 metabolism.

Keywords: Sirtuin1; peroxisome proliferator-activated receptor-γ coactivator-1α; peroxisome
proliferator activated receptors; obesity; metabolic syndrome; vitamin B12; folate; fetal programming;
inherited metabolic disorders

1. Introduction

Sirtuin1 (Sirt1) is one of the seven mammalian proteins belonging to the silent information
regulator 2 (Sir2) proteins/Sirtuin family with highly conserved catalytic and nicotinamide adenine
dinucleotide (NAD+) binding domain [1]. Sirtuins (Sirt) catalyze histone and non-histone lysine
deacetylation in a NAD+ dependent manner [2,3]. Sirt1 has been shown to play an important role
in increasing longevity in a number of lower animals like worms and flies [4–6]. Sirt1 is localized
in the cytosol and the nucleus, between which it shuttles in response to different pathological and
physiological environmental stimuli [2] including cellular stress and metabolic energy dysregulation.
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Sirt1 regulates cellular energy metabolism through deacetylation of transcription factors and co-factors
of energy metabolism [4,7]. Beside its role in metabolic redox electron transfer, NAD+ is an essential
Sirt1-dependent cell sensor of energy metabolism, insulin secretion and adaptation to cell stress [8].

1.1. Role of Sirt1 on the Regulation of Energy Metabolism by Peroxisome Proliferator-Activated Receptor-Γ
Coactivator-1α and Peroxisome Proliferator Activated Receptors

Calorie restriction regulates the expression levels of Sirt1 in a tissue-dependent manner [9].
Sirt1 regulates tissue glucose homeostasis, fatty acid beta oxidation and energy metabolism by
modulating the acetylation status of peroxisome proliferator-activated receptor-γ coactivator-1α
(PGC1α), Fork Head Box O1 transcription factor (Foxo1) and cAMP response element-binding protein
(CREB), according to the nutritional status and fasting state. Sirt1 enhances PGC1α activity by
deacetylating its lysine residues [10–12]. During fasting, Sirt1 activates PGC1α, which then induces
the transcription of genes encoding gluconeogenic enzymes and suppresses the transcription of
glycolytic genes in the liver [11]. Deacetylation of Foxo1 by Sirt1 regulates thyroid hormone mediated
transcription of gluconeogenic genes like glucose-6-phosphatase and phospho-enoyl pyruvate carboxy
kinase in mouse and human hepatic cells [13,14]. Activated Foxo1 binds to insulin response elements
(IRE) promoters of these genes to induce their transcription [13,15]. Peroxisome proliferator activated
receptors (PPARs) interact with co-regulators, including PGC1α in the regulation of energy homeostasis,
insulin sensitivity, inflammation and adipogenesis [16]. Sirt1 regulates lipid metabolism of the liver in
response to energy deprivation through deacetylation of PPARα. PPARα target genes encode fatty
acid beta oxidation enzymes, carnitine palmitoyltransferase I, medium-chain acyl-CoA dehydrogenase
and fatty acyl CoA synthase [17]. Liver specific ablation of Sirt1 induces the decreased transcription of
PPARα target genes of fatty acid oxidation [18]. Similarly, the decreased expression of Sirt1 induces
dysregulated energy metabolism through imbalanced acetylation and methylation of PGC1α in the
myocardium of weaning animals exposed to methyl donor deficiency [19]. Sirt1 inhibits the expression
of uncoupling protein gene 2 (UCP2), while Sirt1 silencing produces a mirrored effect in knock out
mice [20]. Taken together, these data show that Sirt1 plays a prominent role on the regulation of energy
metabolism through the deacetylation of PGC1α and Foxo1.

1.2. The Role of Sirt1 in Metabolic Syndrome and Insulin Resistance

The metabolic syndrome is a global public health problem related to overnutrition. It is defined
as a cluster of cardio-metabolic abnormalities that includes obesity, insulin resistance or diabetes
mellitus type 2 (DT2), hypertension and dyslipidemia [21,22]. The prevalence and incidence of the
metabolic syndrome is increasing dramatically worldwide [21,23]. Systemic overexpression of Sirt1
has been reported to have protective effects against physiological damage in mice exposed to a high fat
diet [24]. The decreased expression of Sirt1 explains part of the consequences of fatty acid enriched
diets on the metabolic syndrome, DT2, cardiovascular diseases, nonalcoholic liver disease [25–28]
and metabolic syndrome-associated cancers [29] (Figure 1). The decreased expression and activity of
Sirt1 is involved in the pathogenesis of insulin resistance, DT2 and liver steatosis [30,31]. Decreased
Sirt1 expression produces overexpression of miR-180a and impaired insulin signaling in hepatocytes
miR-180a targets the 3′ UTR Sirt1 mRNA and is increased in insulin resistant hepatocytes and serum
of diabetic patients [32]. Conversely, the overexpression of Sirt1 improves insulin sensitivity of
hepatocytes in genetically obese ob/ob mice [33]. Insulin sensitivity is improved through inhibition
of endoplasmic reticulum (ER) stress and decreased activity of mammalian/mechanistic target of
Rapamycin complex 1 (mTORC1) in these animals [33]. Taken together, these data highlight the
decreased activity of Sirt1 as a key component of the molecular mechanisms that produce the outcomes
of metabolic syndrome and insulin resistance.
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Figure 1. Main metabolic effects of Sirtuin1 related to its protective influence against the manifestations
of metabolic syndrome.

1.3. Role of Sirt1 in Pancreatic Beta Cells, Adipose Tissue and Skeletal Muscle

Secretion of insulin by pancreatic beta cells is enhanced by Sirt1 in response to glucose
stimulation [34–36]. Conversely, decreased expression of Sirt1 impairs glucose-stimulated insulin
secretion and expression of mitochondrial genes that control metabolic coupling. Genetic or
pharmacologic activation of Sirt1 protects beta cells against lipotoxicity of circulating lipids [37,38].
Furthermore, the specific deletion of Sirt1 in beta cells decreases the expression of glucose transporters
and ER chaperones involved in an unfolded protein response [39]. The treatment of human isolated
islets with gamma butyric-acid (GABA) enhances Sirt1 activity and attenuates drug-induced apoptosis,
suggesting an anti-apoptotic role of Sirt1 [40].

Clinical studies evidenced decreased Sirt1 expression in adipose tissues of obese patients [41,42]
and increased expression in progressive weight loss [43,44]. Adipocyte specific ablation of Sirt1 induces
increased adiposity and manifestation of metabolic dysfunction including insulin resistance [25].
Overexpression of Sirt1 in adipose tissue in mice enhances glucose homeostasis and prevents
age-induced decline in insulin sensitivity [45]. Chronic exposure to a high fat diet accelerates
glucose intolerance and hyperinsulinemia in mice with adipocyte specific knockout of Sirt1 [46].
High fat diet induces cleavage of Sirt1 via Caspase 1 activation in adipose tissues [25]. Sirt1 induces
browning remodeling of white adipose tissue by deacetylation of PPARγ [47,48]. PPARγ is highly
expressed in adipocytes where it acts as a key regulator of lipid metabolism, insulin sensitivity and
adipocyte differentiation [41,42,49]. Adiponectin is an adipocyte hormone associated with obesity and
type 1 diabetes [50]. Sirt1 regulates the secretion of adiponectin through PPARγ upregulation of ER
oxidoreductase α (Erol-Lα) [51]. Sirt1 also upregulates adiponectin secretion by activating Foxo1 and
increasing the interaction between Foxo1 and C/EBP α [52].

Sirt1 plays an important role in the differentiation of skeletal muscle [53]. Insulin signaling is
regulated by the Foxo1-Sirt1 pathway in skeletal muscle [54]. Sirt1 enhances insulin sensitivity through
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PI3K signaling in response to caloric restriction [55]. Conversely, Sirt1 silencing decreases insulin
sensitivity in Sirt1 KO mice. Wild type mice fed with a caloric restriction diet have a dramatic decreased
acetylation of p53 and PGC1α, compared to Sirt1 KO mice [55]. In contrast, the overexpression of Sirt1
in skeletal muscle in vivo does not improve insulin resistance and had little impact on mitochondrial
metabolism, suggesting that the overexpression of Sirt1 protein is not the single factor involved in
insulin sensitization of skeletal muscle [56]. PPARγ- PGC1α couple is crucial in the regulation of
energy metabolism in skeletal muscle. Its inhibition induces insulin resistance in C2C12 skeletal
muscle cells, while its overexpression attenuates insulin resistance and enhanced glucose uptake [57].
In summary, Sirt1 acts as a sensor of the nutritional status on molecular mechanisms related with
metabolic syndrome and insulin resistance, in pancreatic beta cells, adipose tissue and skeletal muscle.

1.4. Anti-Inflammatory Role of Sirt1 and PPAR in Metabolic Syndromes and Related Diseases

Visceral low grade inflammation triggered by adipocytes contributes to the pathogenesis of
obesity, insulin resistance and other outcomes of the metabolic syndrome [58–60]. Besides dysregulated
energy metabolism, increasing evidences link inflammation to pathogenesis of metabolic syndromes
and related disorders, including diabetes and obesity [59–61]. Inflammation of the pancreatic beta
cells in the islets is one of the prominent mechanisms of diabetes type 1 (DT1) and DT2. Adipocyte
Sirt1 controls systemic insulin sensitivity through its effects on macrophages of adipose tissue [46,62].
Sirt1 knockdown exhibits elevated expression of Tumor Necrosis Factor α (TNF α) in adipocytes,
induces macrophage infiltration and inflammation and increases cytokines levels of interleukin 1
beta (IL-1B), Interleukin 10 (IL-10), Interleukin 4 (IL-4) and TNF α in mice fed with high fat diet [63].
Conversely, overexpression of Sirt1 attenuates the adipose tissue inflammation and macrophage
infiltration induced by a high fat diet [63]. Sirt1 inhibits inflammation in adipose tissue via mTOR/p70
ribosomal protein kinase 1 (S6k1) and Akt2 interacting pathways [64].

Converging evidences support an antagonistic crosstalk between Sirt1 and nuclear transcription
factor Kappa B (NF-κB) [65]. Damaging effect of proinflammatory cytokines on beta cells is attenuated
by the overexpression of Sirt1 in isolated rat islets through the deacetylation of P35 subunit of
NF-κB [66]. Sirt1 deacetylates lysine 310 in the RelA/P65 subunit of NF-κB [67,68]. As a consequence,
deacetylated RelA/P65 impairs methylation of lysine 314 and 315 residues, leading to ubiquitination
and degradation [68,69]. Sirt1 knockdown in 3T3-L1 adipocytes activates the NF-κB signaling pathway
by increased acetylation of NF-kB components and impaired interaction with promoters of matrix
metalloproteinases and monocyte chemoattractant protein 1 (MCP1) [70].

Mice with hepatocyte specific knock out of Sirt1 (Sirt1LKO) exposed to a high fat diet develop
hepatic inflammation and ER stress [18]. Liver inflammation of Sirt1 knock out mice results from
increased expression of proinflammatory cytokine including TNF-α and IL-1B and macrophage
infiltration. Liver ER stress of Sirt1LKO mice results from increased phosphorylation of translation
initiation factor (elf2-α) and C-Jun N-terminal (JNK) [18]. PPARα confers protection against cellular
stress and inflammation through various mechanisms related to Sirt1 [71]. PPARα agonist fenofibrate
upregulates Sirt1 expression, suppresses CD40 and decreases acetylation of NF-κB-P65 in TNF-α
treated 3T3-L1 adipocytes [72]. Chronic LPS stimulation of PPARγ deficient macrophages results in
increased production of proinflammatory cytokines and decreased expression of anti-inflammatory
cytokine IL-10 [73]. Furthermore, PPARγ deficiency causes delayed monocyte kinetic differentiation
into macrophages [73]. In addition, PPARγ plays a crucial role in maturation of alternative phenotype in
adipose tissues [74]. In summary, Sirt1 exerts protective effects against cellular stress and inflammation
through complementary molecular and cellular mechanisms in adipose tissue, pancreatic islets and liver.

1.5. Antioxidant Role of Sirt1 and PPAR against Metabolic Syndromes and Related Diseases

Oxidative stress is associated with pathogenesis of complex metabolic diseases. Sirt1 activates
Foxo transcription factors via the feedback loop [75,76]. Activation of Foxo3a and Foxo1a by Sirt1
deacetylation induces the transcription of catalase and manganese superoxide dismutase (MnSOD).
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Moderate overexpression of Sirt1 is protective against oxidative stress in the mice heart by upregulating
the expression of catalase through Foxo1a-dependent mechanisms [77]. In contrast, high levels of
Sirt1 increase oxidative stress and cardiomyopathy [77]. A decreased expression of Sirt1, increased
expression of NADPH oxidases (P42Phox) and increased superoxide production is observed in
monocytes of DT1 patients [78]. The protective role of Sirt1 against oxidative stress is linked to the
deacetylation of check point kinase 2, which increases cell death under oxidative stress [79]. We and
others have shown a link between Sirt1 and RNA binding proteins like HUR in response to cellular
stress [80,81]. Mitochondrion is one of the main organelle involved in ROS production [82]. PGC1α
induces expression of superoxide dismutase 2 (SOD2) and glutathione peroxidase involved in ROS
detoxification [12,83]. These data illustrate the important role of Sirt1 in oxidative stress homeostasis.

1.6. Role of Sirt1 in Fetal Programming and Nutritional and Inherited Disorders of Vitamin B12 Metabolism

The fetal programming hypothesis [84], also named “developmental origins of health and disease
hypothesis” (DOHaD), proposes that unfavorable intrauterine life, including intrauterine growth
restriction (IUGR), predicts the risk of postnatal complex diseases, including insulin resistance, DT2 and
other outcomes of pathological obesity. We have shown that the maternal deficiency in methyl donors
(MDD, vitamin B12 and folate) during pregnancy and lactation of rodents produces a low birth weight
and an epigenomic Sirt1-dependent dysregulation of mitochondrial energy production and fatty acid
oxidation in offspring [85,86]. It is noteworthy that the decreased expression of Sirt1 observed in fetal
programming of maternal MDD is also a hallmark of overnutrition and pathological obesity (Figure 2).
Moreover, population studies have highlighted an association between maternal methyl donor status
and manifestations of fetal programming. In India and Nepal, many babies are thin with central
obesity. There is a higher prevalence of mothers with low serum vitamin B12, folate deficiency and
intrauterine growth restriction, compared to Europe [87]. In these two countries, the most insulin
resistant children are born to mothers who have the lowest serum vitamin B12 at the first trimester of
pregnancy [88,89]. A variant of adenosyl-methionine decarboxylase is also associated with childhood
obesity, in India [90]. Folate seems to influence the metabolic consequences of fetal programming in
Europe, despite contrasted results among population studies [91]. In France, a genetic polymorphism
(677C > T, relatively common) of methylenetetrahydrofolate reductase (MTHFR) was associated with
low birth weight and high insulin resistance in morbidly obese adolescents [92].

The decreased expression of Sirt1 plays a prominent role in the pathomechanisms of fetal
programming produced by MDD in rats (vitamin B12 and folate) [19,81,93,94]. Vitamin B12 is
metabolized into two active cofactors, methyl-cobalamin (Me-Cbl) and adenosyl-cobalamin (Ado-Cbl),
the cofactors for cytoplasmic methionine synthase (MS/MTR) and mitochondrial methyl malonyl
CoA mutase, respectively [95]. Me-Cbl and methyl folate are needed for the transmethylation of
homocysteine into endogenous methionine, which is catalyzed by methionine synthase. Methionine
is the direct precursor of S-adenosyl methionine (SAM), the universal methyl donor needed for
transmethylation reactions involved in epigenomic regulatory mechanisms [86].

MDD during pregnancy and lactation induces impaired fatty acid oxidation, reduced activity
of complexes I and II, cardiac hypertrophy with enlargement of cardiomyocyte and liver steatosis in
weaning rat pups [19,96]. These observations are linked to the hyperacetylation and hypomethylation
of PGC1α and dissociation of PGC1α from PPARα through decreased expression of Sirt1 and protein
arginine methyltransferase 1 (PMRT1; Figures 2 and 3) [19]. MDD weakens the activator activity of
PGC1α for other nuclear receptors, including estrogen receptor-α (ER-α), estrogen-related receptor-α,
hepatocyte nuclear factor 4 (HNF-4) and vitamin D receptor (VDR). The liver steatosis of pups born from
mothers with MDD during pregnancy and lactation resulted predominantly from hypomethylation
of PGC1α, the decreased binding with its partners, including PPARα and HNF4 and the subsequent
impaired mitochondrial fatty acid oxidation [96]. The effects of fetal programming on the liver of
rats born from MDD mothers are worsened when pups are subsequently subjected to a high fat diet
(HF) after d50 [97]. The MDD/HF animals have hallmarks of steato-hepatitis, with increased markers

83



Cells 2020, 9, 1882

of inflammation and fibrosis, insulin resistance and key genes triggering the pathomechanisms of
non-alcoholic steato-hepatitis (NASH; transforming growth factor beta super family, angiotensin and
angiotensin receptor type 1). These data show that MDD during pregnancy is a risk factor of NASH in
populations subsequently exposed to a HF diet. The deactivation of PGC1α is also involved in the
brain manifestations of MDD fetal programming in rats. MDD during gestation and lactation alters
the cerebellum plasticity in offspring, with a lower expression of synapsins. The altered neuroplasticity
results from decreased expression and methylation of ER-α and subsequent decreased ER-α/PPAR-γ
coactivator 1 α (PGC-1α) interaction in the deficiency condition. The impaired ER-α pathway leads
to decreased expression of synapsins through a decreased EGR-1/Zif-268 transcription factor and
Src-dependent phosphorylation of synapsins [98]. Deficiencies in methyl donors and in vitamin D are
independently associated with altered bone development. In young rats, MDD decreases the total body
bone mineral density, reduced tibia length and impaired growth plate maturation, and in preosteoblasts,
MDD slows cellular proliferation. MDD produces a decreased expression of VDR, estrogen receptor-α,
PGC1α, PRMT1 and Sirt1 and decreased nuclear VDR-PGC1α interaction [99]. The weaker VDR-PGC1α
interaction is attributed to the reduced expression and imbalanced methylation/acetylation of PGC1α
and the nuclear VDR sequestration by heat shock protein 90 (HSP90). These mechanisms together
compromise bone development, as reflected by lowered bone alkaline phosphatase and increased
proadipogenic PPARγ, adiponectin and estrogen-related receptor-α expression [99].

Target Genes:

PGC1-α

PPARα, ERRα, 

HNF-4α, VDR

P MeAc

High fat diet
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AMP/ATP

AMPK

GCN5 SIRT1 PRMT1  

Figure 2. The decreased expression and activity of Sirtuin1 is a common molecular hallmark in a
high fat diet and methyl donor deficiency (MDD). Sirtuin1 targets the acetylation of peroxisome
proliferator-activated receptor-γ coactivator-1α (PGC1α) and has a complementary role with GCN5
acetylase, AMP kinase and protein arginine methyltransferase (PRMT1) in the regulation of PGC1α
activation of nuclear receptors, including PPARα, ERRα, HNF-4α and VDR. PGC1α is phosphorylated
and acetylated under the control of AMP kinase (AMPK), GCN5 acetylase and SIRT1 deacetylase.
High fat diet and over nutrition decrease activity of AMP kinase, through high intracellular ATP levels,
leading to decreased phosphorylation of PGC-1 α. It produces hyperacetylation of PGC-1α through
increased expression of GCN5 and decreased expression and activity of SIRT1. MDD produces similar
effects through decreased SIRT1 and PRMT1.
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Figure 3. Molecular mechanisms demonstrating the link between methyl donor deficiency (MDD) and
fetal programming and energy metabolism in liver and heart and regulation of synapsin expression in
neuron. (A) The effects of fetal programming on the heart, liver and brain of rats born from methyl
donor deficient (MDD) mothers are related to impaired PGC-1α activity through decreased expression
of Sirtuin1 (Sirt1) and protein arginine methyltransferase (PRMT1) and decreased synthesis of the
universal methyl donor (Me) methyl S- adenosyl methionine (SAM). The decreased activity of PGC-1α
results from imbalanced methylation and acetylation. PGC-1α is a regulator of lipid metabolism and
fatty acid oxidation through its role as coactivator of PPARα in heart and liver. (B) MDD induces
decreased phosphorylation of synaptic vesicle proteins through impaired ERα activity linked to
decreased SAM levels, PMRT1 expression and PGC-1α activity. PGC-1α is a regulator of synapsin
expression and vesicle transport through its role as a coactivator of ERα in the brain.

The impaired cellular availability of vitamin B12 leads to ER stress related to decreased expression
of Sirt1. ER stress is evidenced by increased expression and activation of elf2-α and activating
transcription factor 6 (ATF6) and may be favored by decreased expression of heat shock proteins (HSP).
Decreased Sirt1 impairs the transcription of HSP by increasing the acetylation of heat shock protein
factor 1 (HSF1; Figure 4) [93]. Conversely, overexpression of Sirt1 and HSF1 and activation of Sirt1 by
SRT1720 as well as addition of vitamin B12 induce a dramatic decrease of ER stress in NIE115 neuronal
cells with impaired cellular B12 availability [93]. Similarly, ER stress is increased in fibroblasts of cblC,
cblG and cblG* patients with inherited disorders of cellular vitamin B12 metabolism [100]. Some of
the molecular mechanisms that underlie the neurological manifestations of patients with inherited
disorders of vitamin B12 metabolism are related to transcriptomic changes of genes involved in RNA
metabolism and ER stress. The transcriptomic changes result from the subcellular mislocalization
of several RNA binding proteins (RBP), including the ELAVL1/HuR protein implicated in neuronal
stress and HnRNPA1 and RBM10, in patient fibroblasts and Cd320 knockout mice with impaired
cellular uptake of vitamin B12. The decreased interaction of ELAVL1/HuR with the CRM1/exportin
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protein of the nuclear pore complex and its subsequent mislocalization result from hypomethylation by
decreased SAM and protein methyl transferase CARM1 and dephosphorylation by increased protein
phosphatase PP2A. The mislocalization of ELAVL1/HuR triggers the decreased expression of Sirt1
deacetylase and other genes involved in brain development, neuroplasticity, myelin formation and
brain aging [81,100]. In summary, Sirt1 plays a prominent role in the pathomechanisms produced
by MDD through its role on the acetylation of PGC1α, the transcription of HSP and the subcellular
localization of RNA binding proteins (RBP).
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Figure 4. Influence of vitamin B12 cellular availability on endoplasmic reticulum (ER) stress-related
decreased expression of Sirtuin1 (Sirt1). (A) The decreased cellular availability in B12 activates ER stress
pathways and decreases the expression of heat shock proteins through decreased expression of Sirt1
and subsequent hyperacetylation of heat shock factor 1 (HSF1). (B) The decreased cellular availability
in B12 produces the subcellular mislocalization of the ELAVL1/HuR RNA binding protein implicated in
response to ER stress through hypomethylation by decreased synthesis of methyl S-adenosyl methionine
(SAM) and dephosphorylation by increased protein phosphatase PP2A. The blue arrow shows the
nuclear pore complex. The mislocalization of ELAVL1/HuR triggered the decreased expression of Sirt1
by altered Sirt1 mRNA export from nucleus to cytoplasm.

1.7. Sirt1 Is a Target for the Treatment of Complex and Hereditary Metabolic Diseases

Preclinical and clinical studies in the treatment of complex and inherited metabolic diseases have
produced contrasted results in the evaluation of health benefits of activation of Sirt1 by natural and
pharmaceutical small activating molecules.

Resveratrol is a natural polyphenolic compound found in red wine and grape and in plants
and fruits like berries and peanuts. Resveratrol activates Sirt1 and mimics the caloric restriction
status known to be protective against the metabolic syndrome. For decades, the therapeutic use
of resveratrol has been considered in regard to its anti-inflammatory, antioxidant, antiaging and
anticancer properties [101–103]. It reduces oxidative stress, hepatic steatosis and hypertension in
high fat diet induced obesity in rodents and non-human primates [104–108]. In addition, resveratrol
protects against high fat diet induced hepatic steatosis and endoplasmic stress [104,108,109] by
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decreasing the expression of proinflammatory cytokines, including TNF- α, IL-1β and IL-6 and
increasing antioxidant enzymes like SOD2 and catalase [110]. Treatment of human monocytes in
hyperglycemic condition with resveratrol induces upregulated expression of Sirt1, decreased P42Phox
expression and upregulates the expression and activation of Foxo3a, which together lead to decreased
production of superoxide [78]. Resveratrol has been proposed as a potential therapeutic agent against
cardiovascular diseases [107,111–113]. It reduces hypertension [114,115] and cardiac hypertrophy via
LBK1-AMPK1-eNOS signaling pathways in hypertensive animals [114].

Given the health benefits of resveratrol in experimental animal studies, clinical trials have been
carried out to evaluate its effects in the prevention and treatment of metabolic syndrome. A preliminary
exploratory trial showed that administration of 500 mg resveratrol twice per day for 60 days in type 1
diabetic patients decreased fasting plasma sugar (FPS) and hemoglobin A1C [116]. A prospective
open-label randomized controlled trial reported that a 30 days resveratrol supplementation improves
hemoglobin A1c, total cholesterol and systolic blood pressure and insulin sensitivity in patients with
diabetes type 2 [117,118]. A meta-analysis of nine randomized clinical trials with 283 participants
concluded that resveratrol improves insulin sensitivity (HOMA-IR index) in DT2 patients, and had
no effects on hemoglobin A1c and the lipid profile [119]. Similar results were observed in another
meta-analysis of 29 randomized clinical trials involving 1069 participants [120]. In contrast, a one
month randomized clinical double-blinded crossover administration of 150 mg/day of resveratrol
had no effect on peripheral and hepatic insulin sensitivity [121]. This contrasted result could be
due to the interaction of metformin and resveratrol in the DT2 recruited patients. Resveratrol has
been also evaluated in cardiovascular diseases, neurodegenerative diseases and cancers [113,122,123].
For example, it ameliorates the endothelial dysfunction in diabetic and obese mice through sirtuin 1
and peroxisome proliferator-activated receptor δ (PPARδ) [124].

Activators of Sirt1 such as SRT1720, SRT2183 and SRT1460 are 1000-fold more active than
resveratrol. SRT1720 and resveratrol improve insulin sensitivity in nutritionally and genetically
induced obesity and DT2 in mice [125]. SRT1720 treatment improved insulin sensitivity of liver,
skeletal muscle and adipose tissue in insulin resistance Zucker fa/fa rats [126]. SRT1720 enhances
fatty acid oxidation through direct deacetylation of PGC1α, Foxo1 and indirect activation of the AMP
activated protein kinase (AMPK) pathway [126]. Furthermore, SRT1720 extends the lifespan of mice
fed a high fat diet, decreases hepatic steatosis, increases insulin sensitivity and reverses inflammation
and oxidative stress markers in adult obese mice subjected to a high fat diet [127]. SRT1720 impairs
lipopolysaccharide stimulated inflammatory pathways and TNF-α secretion in macrophages and
adipose tissues of Zucker fatty rats [70]. SRT1720 also activates AMPK in a Sirt1-independent manner.
However, SRT1720 cannot be used in humans because of potential toxicity. Metformin regulates
gluconeogenesis in ob/ob mice by upregulating hepatic Sirt1 and GCN5 [128]. A computational study
confirmed that metformin directly activates Sirt1 [129]. At low NAD+ concentration, leucine and low
dose of metformin synergistically activate Sirt1 and AMPK, with enhanced energy metabolism and
insulin sensitivity in muscle cells and hepatic cells in vitro [130]. Recently two novel Sirt1 activators
with high affinity for Sirt1, SC1C2 and SC1C2.1 attenuated doxorubicin induced DNA damage via
deacetylation of P53 and cellular senescence in HepG2 and H9c2 cell lines [131].

Phase 1 clinical trials showed that SRT2104, another small molecule activator of Sirt1 is safe and
tolerable in healthy volunteers, including the elderly [132,133]. However, in a prospective double
blinded random placebo control crossover study, the daily administration of 2.0 g of SRT2104 for
28 days had a neutral cardiovascular effect in DT2 patients, even if it induced a loss in body weight [134].
Lipid profile of healthy smokers was improved after 28 days SRT2104 administration but again the
cardiovascular effects were neutral [134,135].

Some severe forms of inherited disorders of intracellular metabolism of vitamin B12 are resistant to
conventional treatments. Decreased Sirt1 activity plays a central role in some of the pathomechanisms
of these disorders. We therefore evaluated the effect of Sirt1 agonists in a preclinical study in fibroblasts
from patients with cblG and cblC inherited defects of vitamin B12 metabolism and an original transgenic
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mouse model of methionine synthase deficiency specific to neuronal cells. Patient fibroblasts with
cblC and cblG defects of vitamin B12 metabolism presented with endoplasmic reticulum stress, altered
subcellular localization of HuR, HnRNPA1 and RBM10, global mRNA mislocalization and increased
HnRNPA1-dependent skipping of interferon regulatory factor 3 (IRF3) exons. SRT1720 inhibited ER
stress and rescued RBP and mRNA mislocalization and IRF3 splicing. Furthermore, Sirt1 activation by
SRT1720 partially restored the methylation and phosphorylation of these RBPs in patients’ fibroblasts.
Interestingly, SRT1720, vitamin B12 and SAM treatment improved cognitive functions in conditional
MTR-KO mice with brain specific invalidation of Mtr gene encoding MS enzyme [100]. In particular,
SRT1720 improved the deficient hippocampo-dependent learning ability of the mice.

In summary, preclinical and clinical studies of Sirt1 agonists have produced contrasted results in
the treatment of the metabolic syndrome. A preclinical study has produced promising results in the
treatment of inherited disorders of vitamin B12 metabolism.

2. Conclusions

Numerous experimental evidence show a strong link between decreased Sirt1 and the pathological
manifestations of metabolic syndrome by synergistic cellular and molecular mechanisms. It is
noteworthy that over nutrition and MDD both produce a decrease of Sirt1. There are additive
and synergistic effects of the MDD fetal programming and subsequent exposure to a high fat diet in
adult life. The therapeutic prospects for using activators of Sirt1 in the treatment of disease outcomes
of metabolic syndrome have not been conclusive to date. However, pharmacological activation of
Sirt1 opens promising perspectives for the treatment of rare diseases of vitamin B12 metabolism with
particular effects on reticulum stress and mislocalization of RBPs.
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Abstract: Alzheimer’s disease (AD) is the leading cause of dementia in the elderly. Mutations in
genes encoding proteins involved in amyloid-β peptide (Aβ) production are responsible for inherited
AD cases. The amyloid cascade hypothesis was proposed to explain the pathogeny. Despite the
fact that Aβ is considered as the main culprit of the pathology, most clinical trials focusing on Aβ

failed and suggested that earlier interventions are needed to influence the course of AD. Therefore,
identifying risk factors that predispose to AD is crucial. Among them, the epsilon 4 allele of the
apolipoprotein E gene that encodes the major brain lipid carrier and metabolic disorders such as obesity
and type 2 diabetes were identified as AD risk factors, suggesting that abnormal lipid metabolism
could influence the progression of the disease. Among lipids, fatty acids (FAs) play a fundamental role
in proper brain function, including memory. Peroxisome proliferator-activated receptor α (PPARα) is
a master metabolic regulator that regulates the catabolism of FA. Several studies report an essential
role of PPARα in neuronal function governing synaptic plasticity and cognition. In this review, we
explore the implication of lipid metabolism in AD, with a special focus on PPARα and its potential
role in AD therapy.

Keywords: Alzheimer’s; risk factors; PPARs; PPARα; lipids; fatty acids; modulators; cognition;
sex; therapy

1. Alzheimer Disease: A Dementing Illness

With a prevalence doubling every 5 years beyond 65, Alzheimer’s disease (AD) is a devastating
neurodegenerative disorder, which is the most common cause of dementia in the elderly. In 2019,
Alzheimer’s Disease International estimated that there are over 50 million people living with dementia
globally, a figure set to increase to 152 million by 2050 [1].

Memory loss is one of the main clinical features of AD onset, and numerous neuropsychological
tests allow for the assessment of the cognitive functions of Alzheimer’s patients [2,3]. Along with a
decline in cognitive performance, AD is characterized by the coexistence in the brain of two main
neuropathological lesions: intraneuronal neurofibrillary tangles composed of hyperphosphorylated
microtubule-associated protein tau and extracellular senile plaques containing the amyloid-β (Aβ)
peptide generated from the sequential proteolytic processing of its precursor, the amyloid precursor
protein (APP). Although the definitive diagnosis of the disease was previously achieved by the
postmortem neuropathological brain examination, the detection of specific AD biomarkers in the
cerebrospinal fluid, including Aβ and tau, constitutes an early examination and a reliable diagnosis [4].
Moreover, recent non-invasive imaging techniques using Aβ- and tau-PET tracers have led to the
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preclinical diagnosis of AD, allowing its evolution during the patient’s lifetime to be tracked [5–7].
As positron emission tomography (PET) imaging studies have shown that Aβ accumulation occurs
long before the onset of clinical AD and given that mutations in the APP gene can act as fully
penetrant in rare inherited early-onset AD cases (EOAD, about 1% of the cases, (Figure 1)), the amyloid
cascade hypothesis was proposed to explain the pathogeny. According to this hypothesis, a gradual
accumulation and aggregation of Aβ initiate a neurodegenerative cascade resulting in neurofibrillary
tangles formation, cell loss, vascular damage and dementia [8,9]. Although this hypothesis was
strengthened by the discovery that mutations in presenilins (Figure 1), the catalytic subunits of the
γ-secretase complex, lead to an increase in Aβ production [10], several studies have challenged
the amyloid hypothesis over the past ten years [11,12]. Mounting evidence reports that mutations
in the Presenilin 1 (PSEN1) gene associated with EOAD have heterogenic manifestations. It was
indeed recently shown that the most common mutations found in PSEN1 decrease the activity of the
γ-secretase [13,14] or lead to a loss of its function [15], indicating that in some cases, PSEN1 mutations
either hyper-activate or reduce the activity of the γ-secretase complex. Moreover, γ-secretase activity
assessed in brain samples from EOAD and non-demented controls was similar, while it displayed
some dysfunctions in a few brain samples from late-onset AD cases (LOAD), which represent the vast
majority of AD cases [14]. This suggests that γ-secretase may also play a role in some LOAD cases, in
which brain Aβ production levels are similar to those observed in unaffected controls [16].

of Alzheimer’s disease (AD). 

β (Aβ) deposition. Disruption 

processed into Aβ by presenilins

to Alzheimer’s 

While in EOAD, Aβ accumulation in the brain is caused by gene mutations, the vast majority of 
which the source of Aβ accumulation in 

–

–

Figure 1. Gene mutations and genetic risk factors linked to lipid dysmetabolism and the progression of
Alzheimer’s disease (AD). Gene mutations responsible for inherited early-onset AD cases (EOAD, gene
mutations) and genetic risk factors for late-onset AD cases (LOAD, genetic risk factors) lead to altered
amyloid precursor protein (APP) processing and brain amyloid-β (Aβ) deposition. Disruption of
lipid homeostasis induces abnormal lipid composition in rafts and increased mitochondria-associated
endoplasmic reticulum membrane (MAM) function in which targeted APP is proteolytically processed
into Aβ by presenilins (PSEN). Conversely, cleavage of APP directly affects cellular lipid composition
by altering the synthesis of several lipids that are enriched in lipid rafts. Abbreviations: APOE4
(Apolipoprotein E4); CLU (Clusterin); ABCA7 (ATP-binding cassette sub-family A member 7); SREBFs
(Sterol regulatory element-binding genes).
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Moreover, several studies have shown that humans with Down syndrome, who harbor three
copies of the APP gene that leads to the overexpression of APP protein, have an age-dependent
increased risk for developing AD and develop clinical features and neuropathological changes similar
to those observed in AD (for review, see [17]). This aforementioned study suggests that AD could be a
combination of different pathologies with diverse etiologies [18] leading to dementia. This is supported
by recent findings showing that some pathologies have similar clinical markers and manifestations
to those observed in AD, as reported in limbic-predominant, age-related TDP-43 encephalopathy
(LATE), in which senile plaques and neurofibrillary tangles that define AD have been brought out in
the brain [19].

Since Aβ that builds up in plaques also deposits during normal brain aging, amyloid deposition
occurring in the hippocampus and cerebral cortex of AD patients potentially explains deficits in
memory and cognitive function observed. Despite the various isoforms of Aβ produced, Aβ toxicity
rate is dependent on its state of assembly. Among the three assemblies state of Aβ (monomers, soluble
oligomers and insoluble fibrils) (for review, see [20]), soluble Aβ oligomers are organized into different
structures ranging from dimers, trimers, tetramers, pentamers, decamers and dodecamers, among
others [21–23]. Toxic soluble oligomers have been identified in AD brains [24–26]. However, in some
cases, higher aggregates, such as fibrils, showed protective effects in AD models [27], suggesting that
there is an inverse correlation between the size of Aβ assembly and its toxicity. Since Aβ dimers form a
more stable structure, these dimeric units are described to be the building blocks for toxic aggregates [28].
This supports the idea that disassembling plaques or fibrillar structures could be detrimental if not
accompanied by strategies to remove oligomeric aggregates of Aβ. However, it remains difficult to
influence the course of AD by removing amyloid deposits. Indeed, some approaches were developed
to inhibit secretases activities involved in the release of Aβ or to remove amyloid deposits from the
brain using active or passive immunotherapy [29]. While first attempts completely failed in Phase
III clinical trials due to the widespread function of secretases and the development of encephalitis
in some patients [30], recent attempts have shown that although senile plaques can be effectively
removed from the AD brain, cognitive performance is not improved in these patients [31]. Despite the
fact that recent results with an immunotherapy clinical trial using aducanumab targeting aggregated
forms of Aβ have been encouraging and could prove efficacious [32], this clearly suggests that when
structural modifications are found in the brain due to accumulation of abnormal proteins, the proposed
treatments arrive too late and are inefficient [33]. Consequently, we must focus on modifications in
physiological functions, which could occur long before abnormal protein deposition. Among them,
abnormal lipid metabolism could be an important early event in the pathogenesis of AD.

2. Linking Lipids to Alzheimer’s Disease

While in EOAD, Aβ accumulation in the brain is caused by gene mutations, the vast majority of
AD cases are late-onset AD cases (LOAD, 99% of cases), in which the source of Aβ accumulation in the
brain is still unknown. Nevertheless, it is well established that the epsilon 4 allele of the Apolipoprotein

E (APOE) gene, encoding the main lipid carrier in the brain, is a genetic risk factor for AD. People who
are homozygous for this allele have ten times greater risk to develop AD [34]. Therefore, a relationship
between AD and lipid metabolism has been established. Furthermore, large-scale genome-wide
association studies on AD first confirmed that APOE4 is a major risk factor and provided evidence
that at least 20 genetic susceptibility loci in addition to APOE genotype are associated with AD [35,36]
(Figure 2). Among them are genes encoding Clusterin and ABCA7, two proteins involved in lipid
metabolism [37–40] (Figures 1 and 2). Therefore, the identification of these susceptibility loci supports
the hypothesis that perturbation of lipid metabolism favors the progression of AD [41]. This hypothesis
is sustained by recent reports showing that genetic polymorphisms in SREBF genes encoding sterol
regulatory element-binding proteins (SREBPs), transcription factors activating lipid metabolism-related
genes involved in cholesterol and fatty acids biosynthesis [42,43], were associated with an increased
risk of schizophrenia and LOAD [44–46]. Disturbances in the signaling and expression of SREBPs were
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indeed reported in LOAD cases and, in a rare case of EOAD, harboring a microduplication in the locus
of APP gene [47,48].
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Figure 2. Common pathways regulated by proliferator-activated receptor α (PPARα) and involved in
the etiology of AD. Peroxisome proliferator-activated receptor α (PPARα) is a transcription factor that
governs pathways involved in the metabolism of lipids, inflammatory response and the metabolism
of the amyloid precursor protein (APP), which have been implicated in the etiology of late-onset
Alzheimer’s disease (LOAD). Genome-wide association studies identified several genetic risk factors
for LOAD, which are involved in pathways that are governed by PPARα. Abbreviations: ABCA7
(ATP-binding cassette subfamily A member 7), ACE (Angiotensin-converting enzyme gene), APOE
(Apolipoprotein E), APP (Amyloid precursor protein), ACACA (Acetyl-CoA carboxylase), ACOX1
(Acyl-CoA oxidase), ADAM10 (ADAM Metallopeptidase Domain 10), BACE1 (β-Site amyloid precursor
protein-cleaving enzyme 1), CLU (Clusterin), CPT1 (Carnitine palmitoyl transferase), CR1 (Complement
receptor 1), NF-κB (Nuclear factor κB), MS4A (Membrane-spanning 4A), PUFAs (Polyunsaturated fatty
acids), TREM2 (Triggering receptor expressed on myeloid cells 2).

Additional support comes from metabolomic studies that have shown changes in the lipid content
of plasma, cerebrospinal fluid and in brain tissue from AD [49–52]. Moreover, perturbations in brain
fatty acids profiles observed in brain regions vulnerable to AD pathology [49,53] could influence AD
pathogenesis by promoting Aβ accumulation and tau pathology [54–56].

3. Lipids in Alzheimer Disease: Involvement of Fatty Acids in Cognitive Function

The human brain contains the second-highest concentration of lipids (50–60% of its dry weight)
after adipose tissue [57]. Due to their structural diversity and their involvement in a wide range
of biological processes, lipids play a fundamental role in maintaining brain physiological functions.
Phospholipids, sterols, sphingolipids, fatty acids and triacylglycerols are the five main brain lipid
classes, which are involved in neuronal differentiation, synaptogenesis, and brain development
(for reviews, see [58,59]). At the subcellular level, lipids are basic structural components of cell
membranes and are enriched in the myelin sheath surrounding nerve cell axons, which regulates the
ability of a neuron to trigger action potentials encoding information [60]. Moreover, lipids and their
derivatives modulate membrane fluidity and permeability, which regulate trafficking, localization
and function of ion pumps, channels, receptors and transporters at the plasma membrane [61,62].
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In particular, any change in lipid homeostasis affects the lipid composition of membrane lipid rafts,
which are cholesterol and sphingolipid-enriched microdomains [63] where most of the synaptic-related
proteins involved in synaptic transmission and plasticity are embedded [64]. Since lipid rafts from
AD brains displayed important changes in their composition [65,66], disturbance in the function of
lipid-rafts-associated synaptic proteins could contribute to the development of neuropathological
events that favor amyloidogenesis and proteins aggregation [67,68].

One of the main pathological characteristics involved in the pathogenesis of AD implies the
APP protein, which is hydrolyzed by β- and γ-secretases, leading to the deposition of Aβ in the
brain. APP is a single-pass transmembrane protein with a large extracellular region that contains
several domains involved in APP dimerization, protein–protein or metal interactions (e.g., heparin-
and copper-binding domains). The APP trans-membrane-helix domain in which the Aβ sequence
is inserted and the APP intracellular domain contain cholesterol-binding [69] and YENPTY motifs
that regulate the subcellular location, trafficking, and proteolytic processing of APP, respectively [70]
(for more details, see [71,72]). These domains and motifs engage APP and its cleavage products in
a plethora of physiological functions ranging from synaptic transmission, plasticity, development,
neuroprotection, trophic function, cell adhesion, apoptosis, calcium and lipid homeostasis, among
others [73–75].

The cholesterol-binding motif found in APP plays an essential role in the interaction of APP
with proteins involved in cholesterol metabolism (e.g., SREBP1) [48] and in its location in lipid rafts
present in synaptic vesicles and mitochondria-associated endoplasmic reticulum (ER) membranes
(MAMs) [76] (Figure 1). MAMs are enriched in cholesterol and sphingomyelin and are points of
physical contact between the outer mitochondrial membrane and ER. While they play an essential
role in the metabolism of glucose, phospholipids, cholesterol and calcium homeostasis [77,78], MAMs
regulate APP processing. Indeed, presenilins and γ-secretase activity, previously localized at the ER,
are enriched in MAMs, in which β-cleaved fragment generating Aβ accumulates [79,80]. Interestingly,
the activity/function and expression of MAM-associated proteins increase in human and mouse AD
brains long before Aβ deposition [81], suggesting a potential role of MAMs in the pathophysiology of
AD [81,82]. From these data, the concept of the MAM hypothesis in AD emerged (reviewed in more
details in [83,84]).

While rafts are described as noncaveolar lipid microdomains, caveolae are cholesterol-enriched
membrane invaginations found in the Golgi network, exocytotic vesicles, ER and plasma membrane
in which surface protein markers caveolin are embedded [85,86]. Caveolae are involved in cellular
cholesterol transport and are docking sites for signaling proteins and receptors and are therefore
considered as hotspots for cell–cell communication [87]. Although caveolae-dependent cell signaling
is not yet fully understood, several studies have reported the involvement of caveolin proteins in
the pathogenesis of AD [88,89]. Caveolin expression levels are upregulated in the hippocampus
and the frontal cortex of AD brain compared to control, suggesting a link between the expression of
caveolin and dysregulation of cholesterol homeostasis observed in AD [89–91]. Moreover, increased
expression in caveolin promotes oxidative stress and APP processing into Aβ [89,92] that could favor
the progression of AD. Although cholesterol and sphingolipid-enriched membrane microdomains
could take part in AD physiopathology, fatty acids seem to also contribute to its occurrence.

Fatty acids (FAs) are the major essential monomeric constituents of all lipids [93] and therefore
are key components of cellular membranes [94]. They can be unesterified (free) or esterified to plasma
membrane phospholipids and are classified based on the length of their carbon chain. FAs are either
saturated, monounsaturated, or polyunsaturated (PUFAs) (for review, see [95]). While the brain
can produce saturated and monosaturated FAs by de novo lipogenesis, essential PUFAs cannot be
synthesized in sufficient quantities [96] and therefore are provided by the diet [94]. Within the brain,
palmitic acid and stearic acid are the main saturated FAs, and oleic acid is the main monounsaturated
one. Linoleic and α-linolenic essential FAs are transformed into arachidonic and docosahexaenoic
acids, the major brain ω-6 and ω-3 PUFAs, respectively [94,95].
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PUFAs play a critical role in neurogenesis, synaptic function, inflammation, glucose homeostasis,
mood and cognition [94]. As they play a critical role in brain development and functioning [97], high
concentrations of dietary saturated long-chain FAs and a decrease in dietary consumption of ω-3
PUFAs have been associated with neurological dysfunction and neuropsychiatric disorders, including
neurodegenerative diseases such as AD [98–100]. In addition, diets in the western population are
rich in saturated FAs and low in PUFAs [101], which are not only associated with the development of
obesity but also to cognitive dysfunction.

Levels of docosahexaenoic acid (DHA), the major brain ω-3 PUFAs, have been reported to be
decreased in plasma and post-mortem brains from AD patients [49–51]. Although DHA dietary
supplements did not improve memory, cognition or mood [50,102,103], higher dietary intake of DHA is
associated with decreased risk of neurological disorders [104] and dementia in elderly individuals [105].
Interestingly, ω-3 PUFAs supplementation in individuals with mild cognitive impairment and in AD
patients without the APOE4 allele has shown benefits [102,106]. While low brain DHA levels were
shown to impair behavior in AD mouse models [107,108], the dietary supplementation of ω-3 PUFAs
in rodents facilitated hippocampal synaptic plasticity and improved cognitive deficits of aged mice and
in several animal models of AD [50,102,109–112]. Moreover, in non-pathological conditions, maternal
intake of ω-3 PUFAs increases hippocampal plasticity and cognition in healthy pups rodents [113].

While cellular and molecular mechanisms underlying such effects are poorly understood, more
and more studies put forward the involvement of nuclear receptors.

4. RXRs, LXRs and PPARs Nuclear Receptors in AD

4.1. Nuclear Receptors

The nuclear receptors superfamily of ligand-dependent transcription factors regulates energy
balance, inflammation, and lipid and glucose metabolism [114]. They control target genes expression
through their binding with sequence-specific elements located in gene promoter regions [114].
Structurally, they contain an amino-terminal activation domain needed for the recruitment of
coactivators, a carboxyl-terminal ligand- and a DNA-binding domain. Among these receptors,
retinoid X receptors (RXRs), liver X receptors (LXRs) and peroxisome proliferator-activated receptors
(PPARs) act as master regulators of lipid metabolism by trans-activating genes encoding enzymes
involved in lipid and fat metabolism. Therefore, they are abundantly expressed in metabolically active
tissues, including the brains of rodents and humans [115]. Due to their anti-inflammatory and potential
neuroprotective effects, RXRs, LXRs and PPARs activation with specific agonists emerged as promising
approaches for treating brain pathologies in several mouse models of Parkinson’s, Huntington and
Alzheimer’s diseases, multiple and amyotrophic lateral sclerosis, stroke and even in a mouse model
with physiological brain aging-dependent cognitive decline (reviewed in [116,117]).

4.2. RXRs

Among the three RXR isotypes identified (RXRα, β and γ), RXRα is mainly expressed in the
liver, lungs, muscles, kidneys, epidermis and intestine. While RXRβ is expressed ubiquitously, RXRγ
is enriched in the brain, heart and muscles. RXRs can be activated by 9-cis retinoic acid, linoleic,
linolenic and DHA acids, natural RXR ligands [118,119]. As a strong agonist of the RXRs, the retinoid
bexarotene synthetic agonist [120], which the U.S. FDA approved for the treatment of cutaneous
T-cell lymphoma [121], was described to improve cognitive deficits in AD mouse models [122–127]
mainly by inducing the transcription and lipidation of APOE and reducing microglial expression of
pro-inflammatory genes among others [128,129]. Although we previously reported that bexarotene
improved cognition in a patient with mild AD [130], its efficacy in clinical trials for treating AD
pathology has been disappointing [131,132].
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4.3. LXRs

As an obligate binding partner of LXRs, RXRs form permissive heterodimers with two LXRs
isoforms, LXRα and β [114]. LXRα is abundantly expressed in the liver, intestine, kidney, spleen
and adipose tissue, whereas LXRβ is ubiquitously expressed at a lower level but more widely in
the brain and mainly in the hippocampus. LXRs are activated by oxysterols, most prominently
hydroxylated forms of cholesterol [133,134]. They play therefore a critical role in the control of
whole-body cholesterol homeostasis and exert potent anti-inflammatory actions [135]. Once activated,
they control the transcription of target genes involved in lipid transport and biosynthesis, such as
APOE and SREBP, respectively [136,137]. The expression of the SREBP1 isoform is mediated by LXRs
to ensure FAs synthesis needed for the esterification of free cholesterol for protecting cells from a
detrimental cholesterol overload. Moreover, unesterified PUFAs exert feedback inhibition on the
expression of SREBP1 by antagonizing the oxysterol LXR receptor [138,139].

4.4. PPARs

PPARs were first described for their ability to induce peroxisomal proliferation in the liver
in response to xenobiotics [140]. Afterward, they were considered as master metabolic regulators
involved in energy homeostasis [141]. They act principally as lipid sensors and regulate whole-body
metabolism in response to dietary lipid intake and control their subsequent metabolism and storage by
inducing or repressing the expression of genes involved in the metabolism of lipid and glucose [142].
The three PPARs isoforms identified (PPARα, β/δ and γ) have partially overlapping functions and tissue
distribution in mammals. PPARα is highly expressed in the liver, heart and kidney but has low levels
in the brain [143,144] and more particularly in the hippocampus of rodents and primates [144–149].
PPARα plays an important role in the regulation of FAs catabolism [150] by controlling the expression
of genes encoding acyl-CoA oxidase, carnitine palmitoyl transferase and acetyl-CoA carboxylase,
enzymes that tightly regulate FAs peroxisomal and mitochondrialβ-oxidation, respectively (for reviews,
see [151,152]) (Figure 1). Consistent with the first central role of PPARα in FAs catabolism [150], PPARα
null mice exhibit greater lipid accumulation [153].

While PPARγ isoform is mainly expressed in white and brown adipose tissue, the large intestine and
spleen, in which it regulates adipogenesis, energy balance, lipid biosynthesis and inflammation [154],
PPARβ/δ is expressed ubiquitously in all tissues and is the most abundant isoform found in liver,
kidney, adipose tissue and skeletal muscle, where it plays mainly a role in FAs oxidation [155].

Although PPARs expression is ubiquitous in the human and mouse brain, PPARα and γ are
expressed in both neurons and astrocytes, while PPARβ/δ isoform is exclusively neuronal [115].

Although PPARs were first classified as orphan receptors, many natural and synthetic agonists
of PPARs are used in the treatment of glucose and lipid disorders. Several endogenous ligands
from dietary lipids and their metabolites were identified, among them the essential FA DHA and
eicosanoids [156,157]. Recently, hexadecanamide, 9-octadecanamide and 3-hydroxy-(2,2)-dimethyl
butyrate have been identified as endogenous PPARα ligands in mouse brain hippocampus [158].
Moreover, several synthetic ligands are widely used in clinical practices, among them fibrates and
thiazolidinediones, PPARα and γ agonists, used in the treatment of hypertriglyceridemia and diabetes
mellitus, respectively (for review, see [159]). In addition, PPARs ligands [160] decrease Aβ burden, tau
phosphorylation and inflammation and improve behavior in AD mouse models [116,161].

Due to their overlapping expression in all brain cell types from mouse and human and
given that they share similarities in their ligand-binding domains [162,163], a tight interconnection
between PPARs isoforms was described a couple of years ago [164,165]. The mutual interactions
observed between PPARα, β/δ and γ lead to the concept of a “PPAR triad” in the brain (reviewed
in [166]). This concept emerged from data reporting that the activation of a PPAR isoform affects the
expression of other PPARs due to the low isotype specificity of endogenous PPAR ligands [166,167].
Indeed, the simultaneous activation of different PPARs isoforms was first shown in C6 glioma
and lipopolysaccharide (LPS)-stimulated astrocytes, in which the activation of PPARβ/δ increases
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the expression of PPARγ and to some extent that of PPARα in a positive feedback loop [164,165].
Moreover, such crosstalk between PPARs was also reported in primary cortical neurons and in
ischemic rat brain, where PPARγ activation stimulates the interleukin-1 receptor antagonist production
through the activation of the PPARβ/δ [168]. Conversely, PPARα agonist reduces the expression of
PPARβ/δ in LPS-stimulated primary cultures of astrocytes in a negative feedback loop, leading to the
downregulation of the cyclooxygenase (COX)-2 enzyme involved in the synthesis of the endogenous
PPAR agonist prostaglandin [164,166]. While the activation of PPARα represses the expression of
COX-2, PPARβ/δ activation upregulates the expression of both COX-2 and cytosolic phospholipase A2,
producing PUFAs [164,166] (Figure 2). Therefore, the cross-talk between PPAR isoforms highlights
a “PPAR network”, in which the activation of each PPAR participates in the fine-tuning of genes
expression. These interconnections between PPARs should be considered to design appropriate
therapeutic strategies for neurodegenerative disorders, including AD.

5. PPARs in Alzheimer’s Disease Therapy: The Promising Role of PPARα

5.1. PPARγ and PPARβ/δ in AD

Considering that AD and metabolic diseases such as obesity and type 2 diabetes have overlapping
metabolic dysfunctions (e.g., dyslipidemia, glucose metabolism impairment and insulin resistance)
and given that PPARs metabolic regulators are expressed in the brain, it is not surprising that changes
in PPARs signaling might lead to dementia [169–172].

Since PPARγ and PPARβ/δ regulate both lipid and carbohydrate metabolism and insulin sensitivity,
these receptors represent an attractive therapeutic target for AD. The reduction in glucose metabolic
rates observed in the AD brain occurs decades before onset of clinical symptoms and supports the idea
that metabolic deficits are upstream events, which may influence the course of AD [173]. As a defining
feature of AD, brain glucose hypometabolism leads to a decrease in the O-GlcNAcylation (O-GlcNAc)
of proteins, including both tau and APP. While an increase in brain O-GlcNAc protects against tau and
Aβ peptide toxicity, a decrease in O-GlcNAc promotes neurodegeneration [174].

Moreover, brain insulin resistance promotes AD pathophysiology by disrupting energy
homeostasis and insulin signaling pathways [175,176]. Impairment in insulin signaling favors
Aβ-mediated oxidative stress, Aβ secretion, brain amyloid deposition and tau pathology (reviewed
in [177–179]). Therefore, targeting PPARβ/δ and PPARγ with specific drugs represents an effective
strategy to preserve carbohydrate metabolism, insulin-sensitizing pathways and cognitive performance.
By far, PPARγ was first considered as a promising target for the treatment of AD. While the
thiazolidinedione class of PPARγ agonists has shown improvement in cognitive behavior in murine
models of AD [161,180,181], human clinical trials using PPARγ agonists are less encouraging [182,183].
Although the chronic treatment of diabetic patients with the PPARγ agonist pioglitazone reduces
dementia risk by 47% [184], Takeda and U.S. partner Zinfandel Pharmaceuticals decided to give up
and stop testing a 20-year-old diabetes medicine that fails once more in AD therapy, a lack of success
attributed to the low penetrance of glitazones in the brain.

In contrast to PPARγ, PPARβ/δ is highly expressed throughout the brain and therefore represents
a new therapeutic target of interest in AD [185]. Indeed, treatments using PPARβ/δ agonists have
been reported to decrease brain neuroinflammation, neurodegeneration, amyloid burden and improve
cognitive function in several AD mouse and rat models [186–189]. Recently, a Phase IIa clinical study
of the dual PPARδ and γ agonist T3D-959 reports plasma metabolome profile changes on lipid, glucose
and insulin-related metabolism and improvements of cognitive function (presumably associated with
APOE genotype) in a small cohort of patients with mild to moderate AD [190].

5.2. PPARα in AD

Although the function of PPARα in the brain remained elusive for a long time, more and
more studies indicate that PPARα is involved in physiological and pathological brain functions
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(e.g., in the sleep-wake cycle [191,192], depression [193–196], epilepsy [197–199], stroke [200–203] and
schizophrenia [204]). PPARα modulators (e.g., oleoylethanolamide, a natural PPARα ligand; Wy14643
and fibrates, two synthetic PPARα agonists) regulate dopamine and hippocampal brain-derived
neurotrophic factor (BDNF) signaling pathways to rescue depression-related behaviors [193,195,196]
and nicotinic acetylcholine receptors and endocannabinoid signaling to alleviate epilepsy and
schizophrenia-like effects in mice [197,204].

5.2.1. PPARα Function in Brain Energy Supply

In addition to their anti-inflammatory and potential neuroprotective effects [117,172,205–207],
PPARs, in particular PPARα, are master metabolic regulators of energy homeostasis [141].
Several studies report that PPARα plays an essential role in maintaining brain energy supply.
Ketone bodies, which are derived from FAs oxidation, are mainly produced in the liver during
prolonged fasting or starvation and represent a significant alternative source of fuel to compensate for
a lack of glucose in the brain [208–210]. The ketogenic diet has been therefore used in the treatment of
several neurological diseases, including Parkinson’s and Alzheimer’s diseases, traumatic brain injury
and epilepsy (reviewed in [211]). More and more evidence indicates that the ketogenic diet shows
benefits in both in vitro and in vivo AD models. Treatment with the ketone body d-β-hydroxybutyrate
protects hippocampal neurons from Aβ toxicity [212] and ketogenic diet decreases brain amyloid
pathology in a mouse model of AD [213]. Moreover, the oral administration of the ketogenic compound
AC-1202 reduces oxidative stress and inflammation and improves cognitive function in mild to
moderate AD patients [214].

5.2.2. PPARα and Cognitive Function

More recently, an essential role of PPARα in cognition has emerged. By using a passive-avoidance
task, Mazzola et al. reported that memory acquisition is enhanced in rats treated with the PPARα agonist
Wy14643 [215]. Moreover, treatment of mice with the Wy14643 attenuates cognitive impairments
induced by scopolamine, a muscarinic acetylcholine receptor antagonist [216]. Consistent with the
potential role of PPARα in cognition and memory, PPARα-deficient mice have spatial learning and
long-term memory deficits [149], indicating that PPARα is required for normal cognitive function [217].
Roy et al. have shown that PPARα, and not PPARγ and PPARβ/δ isoforms, regulates the expression of
a set of synaptic-related proteins involved in excitatory neurotransmission, including BDNF, GluN2A
and GluN2B subunits containing N-methyl-D-aspartate receptors (NMDARs) and GluA1 subunit
containing alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) [149].
In agreement with this, we have recently reported that the absence of PPARα severely impairs
hippocampal long-term potentiation (LTP), which is defined as an activity-dependent enhancement of
synaptic strength involved in memory processing [218], and GluA1 expression in male mice [125].

Moreover, Roy et al. identified a PPAR-responsive element in the promoter of genes encoding the
cAMP response element-binding (CREB) protein and therefore identified it as a PPARα target [149].
Interestingly, recent data indicate that RXR activation induces neuronal CREB signaling and increases
dendritic complexity and branching of neurons promoting their differentiation and development [219,
220]. In addition, activation of RXRs upregulates the expression of synaptic markers and improves
cognition in a mouse model of AD [124]. Altogether, these data indicate that effects mediated by RXR
activation on the expression of synaptic-related proteins and cognition could be PPARα-mediated.

It is also interesting to note that Chikahisa et al. recently reported that PPARα-null mice exhibit an
enhancement of fear learning [221]. This enhancement results from an increase in levels of dopamine
and its metabolites in the amygdala [221], suggesting that PPARα is likewise involved in the regulation
of emotional memory via the dopamine pathway in the amygdala.
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5.2.3. Potential Link between PPARα and AD

The relevance of a potential beneficial effect of PPARα for dementia is supported by some studies
showing that polymorphisms in PPARA gene encoding PPARα were associated with an increased risk
of AD. In 2003, Brune et al. were the first to report an association of the PPARA L162V polymorphism
with the AD risk [222]. They indicate that this risk is even higher in carriers harboring a polymorphism
in INS gene encoding insulin [222]. The interaction of INS and PPARA genes in AD was thereafter
investigated by Kölsch and colleagues [223]. In their study, they report an interaction on AD risk
between PPARA L162V and INS in Northern Europeans, in whom Aβ42 and pro-inflammatory
cytokines levels were increased in the cerebrospinal fluid (CSF) [223,224]. However, Sjölander et al.
later reported a lack of replication of these studies [225]. They did not find significant differences in
genotype or allele distributions between AD patients and controls and found no influence of PPARA

variants on CSF markers [225]. Although these conflicting results question the promising role of PPARα
in AD therapy, previous results indicate that expression levels of PPARα and β/δ are significantly
reduced, whereas PPARγ expression is selectively increased in AD brains [226], indicating that PPARs
function is impaired in AD and therefore may contribute to the progression of the disease.

5.2.4. PPARα Ligands and AD

More and more studies report the beneficial effects of several PPARα synthetic agonists on
cognitive behavior in several AD mouse models. Among them, fibrates (e.g., fenofibrate, bezafibrate,
ciprofibrate and gemfibrozil) are a class of lipid-lowering drugs used in the treatment of metabolic
syndromes, including hypertriglyceridemia, obesity and type 2 diabetes, which prevents the progression
of atherosclerotic lesions, cardiovascular events and non-alcoholic fatty liver disease (reviewed
in [227,228]). Among fibrates, fenofibrate has been widely used, but its relatively low efficiency
as PPARα agonist [229,230] leads to the development of pemafibrate, a more potent and selective
agonist for PPARα [231–233]. Recent results from two Japanese Phase III clinical studies indicate that
pemafibrate improves lipid profiles in patients with type 2 diabetes and hypertriglyceridemia [234]
and was useful for dyslipidemia, with a much higher efficacy than fenofibrate [235].

The salutary effects of fibrates on memory have been reported in several preclinical AD models.
It was recently demonstrated that administration of the PPARα activator gemfibrozil decreases amyloid
plaque burden, microgliosis and astrogliosis in the hippocampus and cortex of 5XFAD mice [236],
a well-characterized transgenic mouse model of AD, in which age-dependent synaptic and cognitive
deficits occur [237]. Although a decrease in the expression of PPARα was observed in the brain of
5XFAD mice [125,236], oral administration of gemfibrozil or pemafibrate improves spatial learning,
memory and hippocampal LTP, respectively, in these mice [125,236].

More recently, Luo et al. reported that amyloid pathology, memory deficits and anxiety were
reversed in the APP-PSEN1∆E9 mouse model of AD treated with either gemfibrozil or Wy14643 [238].
The effects observed were mediated by a PPARα-dependent enhancement of autophagosome
biogenesis [238].

In addition, the activation of PPARα with non-conventional ligands such as statins or aspirin,
cholesterol-lowering and nonsteroidal anti-inflammatory drugs, improves [239] hippocampal plasticity
and memory in 5XFAD but not in 5XFAD/Ppara-null mice by mediating the transcriptional activation of
BDNF and CREB, respectively [239,240]. Moreover, oral administration of low-dose aspirin decreased
amyloid plaque pathology in 5xFAD mice by stimulating PPARα-mediated lysosomal biogenesis [241].

Overall, these results support the potential for using PPARα ligands as a promising strategy for
the treatment of AD.

Among PPARα ligands, gemfibrozil has recently been assessed as a possible treatment for
AD. Although gemfibrozil has first been tested in a Phase I clinical trial (NCT00966966 [242]) in
healthy volunteers to evaluate its safety and absorption (unpublished data), a second early Phase I
trial (NCT02045056 [243]) is testing its efficiency to prevent AD by evaluating its ability to increase
microRNA107 (mir-107) levels in participants with either no or mild cognitive impairment. It was
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previously shown that expression of mir-107, a small noncoding RNA involved in the regulation of
gene expression [244], is reduced in AD and may accelerate disease progression through the regulation
of β-Site amyloid precursor protein-cleaving enzyme 1 (BACE1) [245,246], an endopeptidase that
cleaves APP to generate Aβ [247,248]. Moreover, gemfibrozil-mediated activation of PPARα has been
reported to promote the non-amyloidogenic APP processing [249]. In 2015, Corbett et al. identified
PPAR-responsive elements in the promoter of the gene encoding the α-secretase “a disintegrin and
metalloproteinase domain-containing protein 10” (ADAM10), a new PPARα target [249] (Figure 2).
APP cleavage by ADAM10 precludes Aβ generation and results in the release of a soluble APPα (sAPPα)
fragment which exerts neurotrophic and neuroprotective properties involved in the maintenance of
dendritic integrity in the hippocampus [250]. Treatment of wild-type mouse hippocampal neurons
with gemfibrozil increases sAPPα and decreases Aβ production [249]. Moreover, the production of
brain endogenous Aβ is increased in PPARα-deficient mice and exacerbated in 5XFAD/Ppara-null
when compared to wild-type and 5xFAD respective littermates [249].

Although PPARα is indubitably involved in the non-amyloidogenic processing of APP, PPARγ was
previously demonstrated to also regulate Aβ production by controlling the expression of Bace1 gene.
PPARγ activation with specific agonists (e.g., thiazolidinediones and non-steroidal anti-inflammatory
drugs including ibuprofen) decreases the expression of BACE1 [251], whereas a lack of PPARγ has an
opposite effect in cultured mouse embryonic fibroblasts [252], suggesting that PPARγ is a repressor
of Bace1.

5.2.5. PPARα and Sex

While sexual dimorphisms of PPARγ agonist rosiglitazone were previously reported on insulin
sensitization and glucose in mice [253], most in vivo studies have analyzed the potential effects of
PPARα modulators on cognition mainly in male and not in female rodents. We have previously
reported a sex-regulated gene dosage effect of PPARα on synaptic plasticity [125]. PPARα activation
improves synaptic plasticity only in male but not in female 5XFAD mice [125]. These observations
were concomitant with a higher expression of PPARα in brains of males as compared to females [125].
Such differences in PPARα expression between male and female rodents were previously reported
in liver [254], lymphocytes [255] and ischemic brain [202]. Moreover, a sexual dimorphism was also
observed in hippocampus-dependent behaviors. Numerous studies have previously reported that the
magnitude and maintenance of LTP were larger in males than in females, not only at CA3-CA1 synapses
but also in the dentate gyrus-CA3 and temproammonic-CA1 synapses of the hippocampus [256–261].

The most obvious difference between males and females is sexual hormones. Hormones are
known to influence the expression of PPARα in a sex-specific manner since gonadectomy of male
rats decreases PPARα expression [254]. Estrogens, such as estradiol, are known to improve synaptic
plasticity [262,263], and behavior is affected in ovariectomized female rats [264–266]. In humans,
cognitive impairments in older women have long been attributed to the decrease in circulating estradiol
levels after menopause. Exogenous restitution of this hormone during the perimenopausal period
ameliorates such impairments [267,268]. In addition, estrogen replacement therapy in women in a
specific time window is associated with reduced incidence of AD (reviewed in [269]). Although no
differences in PPARα expression were reported between men and women in skeletal muscles [270],
several studies indicate that human circulating mononuclear and T cells exhibit sex differences driven
by the expression of PPARα and PPARγ [271,272]. In their study, Zhang et al. showed that the
treatment of T cells with androgens increases PPARα and decreases PPARγ expression [272].

It is known that women are at a higher risk for AD (two-thirds of those with AD are women).
This results partly from differences between men and women in life-expectation and biology
(e.g., sex-specific differences in gene expression, hormone levels, brain structure and function and in
inflammatory response) (reviewed in [273,274]). Such differences are not exclusively related to AD but
are also observed in cardiovascular diseases, metabolic syndromes and diabetes, where postmenopausal
women or women with endocrine disorders (e.g., in Polycystic Ovary Syndrome or Primary Ovarian
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Insufficiency, in which levels of androgens or estrogens are increased or decreased, respectively), are at
higher risk to develop these pathologies when compared to non-affected women (reviewed in [275]).
This suggests a potential role for estrogens in metabolic function and in particular in brain metabolism.
Indeed, impairment in estrogenic regulation of brain glucose metabolism was previously reported
during perimenopause [276,277], and brain hypometabolism reported in women in menopausal
transition is associated with cognitive dysfunctions [278,279]. This could result from a decrease in the
activation of estrogen receptors (members of the superfamily class of nuclear receptors) in brain areas
involved in learning and memory processes, including the prefrontal cortex and hippocampus [280].
Moreover, impairments in the estrogenic regulation of mitochondrial bioenergetics [281] could lead to
subsequent oxidative stress, promoting Aß accumulation and neuronal dysfunction [282]. Furthermore,
sex differences in PPARs expression and function reported in rodent and human brain could result
from changes in sex hormones levels and cross-talks between estrogen receptors and PPARs network
(reviewed in [283]), suggesting a role for these receptors in sexual dimorphisms observed in metabolism,
inflammatory response and brain function. Moreover, sex differences of the plasma and brain lipidome
have been mentioned in humans [284–287], supporting a potential role of PPARα in this aspect.

6. Conclusions

AD is a multifactorial neurodegenerative disorder in which cognitive deficits occurred. AD is
influenced by genotype and environmental factors. Among risk factors identified, genomic loci
encoding proteins involved in lipid metabolism and altered lipidome of AD brain suggest that brain
lipid metabolism is impaired in AD. Moreover, obesity and type 2 diabetes metabolic disorders,
identified as AD risk factors, support the essential role of lipid homeostasis in the etiology of AD.
Interestingly, PPARs are nuclear transcription factors that govern pathways implicated in the etiology of
AD, including lipid metabolism and inflammatory response (Figure 2). Among them, PPARα involved
in the catabolism of FAs plays a crucial role in cognitive brain function. While disease-modifying
treatments for AD are seeking to interfere with the pathogenic steps responsible for clinical symptoms,
PPARs modulators are a promising target in AD therapy. Among PPARs, PPARαhas a particular interest
since it is the only PPAR isoform described to have neuronal functions involved in memory processes.

As the expression of PPARs is modified in the AD brain, the characterization of new synthetic
molecules able to activate several PPARs isoforms could be needed for an efficient treatment for AD.
Alternative strategies could be therefore to design novel pan-agonists that can simultaneously activate
PPARα, PPARβ and PPARγ. Their efficiencies were previously demonstrated in preclinical mouse
model of AD and therefore deserve further investigation.

Since a sexual dimorphism of PPARα agonist was observed in mechanisms underlying memory
processes in vivo, sex differences should be considered in therapy aiming to use PPARα modulators.
In humans, the influence of sex on the incidence, manifestation and treatment of numerous neurological
and psychiatric diseases is well documented. Therefore, it is of crucial importance to decipher sex
differences in AD, in which complex cognitive and neuropsychiatric symptoms occur, in order to define
novel PPARα sex-specific therapeutic strategies.
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Abstract: Targeting peroxisome proliferator-activated receptors (PPARs) has received increasing
interest as a potential strategy to treat substance use disorders due to the localization of PPARs
in addiction-related brain regions and the ability of PPAR ligands to modulate dopamine
neurotransmission. Robust evidence from animal models suggests that agonists at both the PPAR-α
and PPAR-γ isoforms can reduce both positive and negative reinforcing properties of ethanol, nicotine,
opioids, and possibly psychostimulants. A reduction in the voluntary consumption of ethanol
following treatment with PPAR agonists seems to be the most consistent finding. However, the human
evidence is limited in scope and has so far been less promising. There have been no published human
trials of PPAR agonists for treatment of alcohol use disorder, despite the compelling preclinical
evidence. Two trials of PPAR-α agonists as potential smoking cessation drugs found no effect on
nicotine-related outcomes. The PPAR-γ agonist pioglitazone showed some promise in reducing
heroin, nicotine, and cocaine craving in two human laboratory studies and one pilot trial, yet other
outcomes were unaffected. Potential explanations for the discordance between the animal and human
evidence, such as the potency and selectivity of PPAR ligands and sex-related variability in PPAR
physiology, are discussed.

Keywords: PPAR; nuclear receptors; addiction; alcohol; nicotine; opioids; psychostimulants; animal
models; human studies
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1. Introduction

Substance use disorders (SUDs) continue to represent a significant global public health burden.
In 2017, of the estimated 271 million people aged 16–64 years worldwide who had used drugs in the
past year, nearly 35 million (~13%) were estimated to suffer from an SUD [1]. An SUD is a diagnostic
entity in the Diagnostic and Statistical Manual, 5th Edition (DSM-V) that refers to the repeated use of a
substance that causes significant impairment, e.g., continued use despite physical and psychological
harms and failure to meet expectations at work or school [2]. The term “addiction” is often used
to refer to the severe stage of an SUD characterized by compulsive drug-seeking despite negative
consequences [3,4] that runs a chronic, relapsing course with poor long-term durability of abstinence
from drug-taking even with treatment [5].

Research into the neurobiology of addictions over the past few decades has substantively advanced
our understanding of the key facets of compulsive drug-taking [6,7]. For example, while the focus of
early addictions research was the acute, positively reinforcing properties of drugs of abuse, it is now
recognized that negatively reinforcing states involving anhedonia, dysphoria, and anxiety become
more important in maintaining drug-taking over time [7]. As a result, motivation to use the drug
shifts from seeking pleasure to avoiding negative affect. Thus, pharmacotherapeutic strategies to treat
addictions need to not only reduce the reinforcing or rewarding properties of drugs, but also target
the negatively reinforcing states associated with chronic drug-taking that contribute to the significant
risk of relapse [7]. Agonist substitution therapies have been successful in mitigating this negative
reinforcement in some SUDs, e.g., methadone or buprenorphine for managing withdrawal and craving
associated with opioid use disorder [8] and nicotine replacement therapy (NRT) for managing nicotine
withdrawal [9]. Other medications, such as naltrexone or acamprosate for alcohol use disorder [10] and
varenicline or bupropion for nicotine dependence [9], have demonstrated some efficacy in reducing
positive and/or negative reinforcing aspects of drug use. Nevertheless, long-term abstinence rates
remain low across SUDs, highlighting the need for novel pharmacological treatment approaches.

Peroxisome proliferator-activated receptors (PPARs) are a subfamily of nuclear receptors that
dimerize with retinoid X receptors (RXRs) to regulate gene expression by binding to specific peroxisome
proliferator response elements (PPREs) in enhancer sites of select genes [11]. Three isoforms of PPARs
have been identified: α, γ, and β/δ. So far, the therapeutic potential of PPAR ligands had been
in non-psychiatric fields. While PPARs were initially identified as lipid sensors [11], burgeoning
evidence has demonstrated a role of these nuclear receptors in a wide range of physiological functions,
including central nervous system (CNS) functions such as memory consolidation and modulation
of pain perception [12]. PPAR agonists have been recently considered for their potential to treat
neuropsychiatric disorders, largely due to their ability to target levels of neuroinflammation thought
to be involved in the pathophysiology of these illnesses [13]. In particular, mounting evidence of an
important relationship between neuroimmune function and addition-related processes has generated
interest in investigating the role of PPARs in drug-related behaviors [14,15].

Converging lines of evidence have also suggested a more direct role of PPARs in addiction-relevant
neurocircuitry. Initial evidence came from studies demonstrating that selective inhibition of fatty acid
amide hydrolase (FAAH), an enzyme responsible for degradation of the endogenous cannabinoid
anandamide and the endogenous PPAR ligands oleoylethanolamide (OEA) and palmitoylethanolamide
(PEA), could suppress nicotine-induced activation of dopamine neurons in rats [16,17]. Importantly, this
effect was mimicked by OEA and PEA, but not anandamide, suggesting the effect was due to PPAR
activation specifically [16]. Exogenous PPAR agonists have also been demonstrated to attenuate
nicotine-induced [18,19] and heroin-induced [20] excitation of dopamine neurons in the ventral
tegmental area (VTA) and elevations of dopamine in the nucleus accumbens (NAc) shell in rats.
Further confirmatory evidence comes from rodent studies demonstrating that PPAR isoforms are
indeed localized in addiction-relevant brain regions such as the VTA [21,22], an important part of the
mesocorticolimbic dopaminergic system that plays a central role in drug-related reward [7], and that
PPAR-γ colocalizes with tyrosine-hydroxylase-positive cells in the VTA, suggesting direct expression
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in dopaminergic neurons [23]. A detailed presentation of the neurobiological substrates mediating
the impact of PPAR agonists on addiction-related behaviors is beyond the topic of the present review
(see [18,19] for some mechanistic studies).

The goal of the present review is to expand upon our previous review of the preclinical evidence
for a role of PPARs in addiction [24] to incorporate novel preclinical findings as well as the current
state of evidence from clinical and laboratory studies in humans.

2. Preclinical Behavioral Evidence

Evidence for the role of PPAR agonists in modifying addiction-like behaviors in animal models is
broadly divided into two categories: drug consumption/motivation to use and withdrawal/relapse.
A summary of key methodological details and relevant findings of the studies reviewed is provided in
Table 1.

2.1. PPAR-α Agonists

2.1.1. Consumption/Motivation

A significant body of evidence has consistently demonstrated that PPAR-α agonists can attenuate
voluntary consumption and operant self-administration of ethanol in rodents [25–32]. Using the
two-bottle choice paradigm, studies have found a decrease in voluntary consumption of ethanol
following administration of the clinically useful drugs gemfibrozil [25] and fenofibrate [26,27,29,30,32],
the endogenous agonist OEA [28], the experimental agonist WY14643 [28], and the dual PPAR-α/γ
agonist tesaglitazar [26,29,30]. In addition, operant self-administration of ethanol was attenuated
following administration of OEA and WY14643 under a one-response fixed ratio (i.e., FR1) schedule [28]
and fenofibrate under FR2 and progressive ratio (PR) schedules [31]. Importantly, the effects of the
PPAR-α agonists on attenuation of voluntary consumption of ethanol were reversed when animals
were pre-treated with the PPAR-α antagonists GW6471 [28] or MK886 [30]. Overall, these results
strongly support a role of PPAR-α agonism in reducing willingness to consume ethanol and in reducing
the reinforcing properties of ethanol.

Two studies have assessed the effects of fenofibrate on the development of ethanol conditioned
place preference (CPP) as a measure of the rewarding effects of ethanol, with mixed results [32,33].
Blednov et al. (2016) found no effect of oral administration of 150 mg/kg fenofibrate or 1.5 mg/kg
of the dual PPAR-α/γ agonist tesaglitazar on the development of ethanol CPP in male mice [33].
However, Rivera-Meza et al. (2017) found that oral administration of 50 mg/kg fenofibrate attenuated
the development of ethanol CPP in male rats selectively bred for high ethanol intake (i.e., UChB
rats) [32]. The inconsistency between these two studies is unclear but could be due to the different
doses of fenofibrate used or differences in ethanol-related behaviors of the two different animal models.

More limited, but robust, evidence has supported a role of PPAR-α agonists in attenuating operant
self-administration of nicotine in rodents and non-human primates [18,19]. Mascia et al. (2011) found
that both WY14643 and methyl-OEA reduced nicotine self-administration under an FR5 schedule
in rats and an FR10 schedule in monkeys, and that these effects were reversed by co-administration
of the PPAR-α antagonist MK886 [18]. WY14643 had no effect on operant self-administration of
cocaine in monkeys, demonstrating specificity to nicotine [18]. Panlilio et al. (2012) found further
evidence that the clinically useful drug clofibrate prevented the acquisition of self-administration
in naïve rats and decreased self-administration in experienced rats and monkeys, an effect that was
reversed by treatment with MK886 [19]. Neither study found an effect of PPAR-α agonists on nicotine
discrimination [18,19].
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Table 1. Overview of methodological details and primary findings of the key studies providing behavioral evidence for a role of PPAR agonists in modulating
addiction-related behaviors in animal models.

Reference Species/Strain and Sex Addiction Model and Task
PPAR Agonist, Dose,

and Route of Administration
Treatment Regimen Primary Findings

Maeda et al.,
2007 [34] Male ICR mice Behavioral sensitization to

methamphetamine
0.5–5 µg i.c.v. CIG and PIO

(PPAR-γ)

Once daily administration either
for 5 days concurrently with

methamphetamine or for 6 days
during the withdrawal period

No effect of CIG or PIO (5 µg) when administered
concurrently with methamphetamine

When administered during the withdrawal period,
both CIG and PIO (at 5 µg, but not 0.5 µg or 1.5
µg) attenuated behavioral sensitization, while
1.5 and 5 µg (but not 0.5 µg) GW9662 (PPAR-γ
antagonist) augmented behavioral sensitization

Barson et al.,
2009 [25]

Male Sprague-Dawley
rats

Voluntary ethanol consumption
(2BC paradigm) 50 mg/kg p.o. GEM (PPAR-α) One gavage 2 h prior to 4-h access

to ethanol

GEM reduced intake of 7% ethanol, with a
significant effect at 1 h and 4 h (and reduced
ethanol consumption during the first hour of

access in a separate experiment)

Mascia et al.,
2011 [18]

Male Sprague-Dawley
rats

Male squirrel monkeys

Operant SA (FR5 schedule of i.v.
nicotine) (rats)

Nicotine seeking and relapse
(nicotine/cue-induced
reinstatement) (rats)

Nicotine discrimination (rats)
Operant SA (FR10 schedule of i.v.

nicotine or cocaine) (monkeys)
Nicotine seeking and relapse

(nicotine/cue-induced
reinstatement) (monkeys)

20 or 40 mg/kg i.p.
WY14643 and 10 mg/kg i.p.
methOEA (PPAR-α) (rats)

10, 20, or 40 mg/kg i.m.
WY14643 and 10 mg/kg i.m.

methOEA (PPAR-α) (monkeys)

Single injections of WY14643
20 min prior or methOEA 40 min

prior to SA sessions (rats and
monkeys)

WY14643 20 min prior to
reinstatement (rats and monkeys)
WY14643 substituted for training

dose of nicotine and
co-administered with various

doses of nicotine during
discrimination sessions (rats)

Both WY14643 and methOEA (at all tested doses)
reduced nicotine SA in rats and monkeys;
co-administration with MK886 (PPAR-α

antagonist) attenuated this effect in monkeys
WY14643 attenuated nicotine/cue-induced

reinstatement at both doses tested in rats and
monkeys; MK886 attenuated this effect in

monkeys
WY14643 had no effect on cocaine SA in monkeys

or nicotine discrimination in rats

Stopponi et al.,
2011 [35]

Male msP
(alcohol-preferring

Marchigian Sardinian)
rats

Voluntary ethanol consumption
(2BC paradigm)

Operant SA (FR1 schedule of oral
ethanol)

Ethanol seeking and relapse (stress-
and cue-induced reinstatement)

Ethanol withdrawal (ventromedial
distal flexion response, tail

stiffness/rigidity, and tremors)

10 or 30 mg/kg p.o PIO or ROSI
(PPAR-γ)

Twice daily treatment (12 h and
1 h prior to dark period) for
7 consecutive days (2BC) or

3 consecutive days (2BC with
antagonism treatment)

Twice daily treatment every
fourth day (SA)Single treatment

12 h and 1 h prior to
reinstatement test and evaluation

of withdrawal symptoms

PIO significantly reduced voluntary intake of 10%
ethanol on all treatment days at 30 mg/kg,

but only on treatment days 5 and 7 at 10 mg/kg;
ROSI also significantly reduced intake at the

30 mg/kg dose on all treatment days except day 4,
while only on days 1, 2, and 7 at the 10 mg/kg dose
The effect of PIO (30 mg/kg) on ethanol intake was

attenuated by pre-treatment with 5 µg GW9662
(PPAR-γ antagonist) across all 3 treatment days
PIO (at 30 mg/kg, but not 10 mg/kg) significantly

reduced operant SA of 10% ethanol
Pre-treatment with both doses of PIO significantly
attenuated yohimbine-induced reinstatement of

ethanol-seeking, but had no effect on cue-induced
reinstatement

PIO (at both doses) significantly reduced total
withdrawal signs
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Table 1. Cont.

Reference Species/Strain and Sex Addiction Model and Task
PPAR Agonist, Dose,

and Route of Administration
Treatment Regimen Primary Findings

Panlilio et al.,
2012 [19]

Male Sprague-Dawley
rats

Male squirrel monkeys

Operant SA (FR1 or FR5 schedule
of i.v. nicotine) (rats)

Nicotine discrimination (rats)
Operant SA (FR10 schedule of i.v.

nicotine) (monkeys)
Nicotine seeking and relapse
(nicotine- and cue-induced
reinstatement) (monkeys)

100, 200, or 300 mg/kg i.p.
CLO (PPAR-α) (rats)

25, 50, or 100 mg/kg i.m.
CLO (PPAR-α) (monkeys)

Single injections once daily
beginning two days prior to
18 days of testing (FR1, rats)

Single injections once daily for
3 days (FR5, rats; FR10, monkeys)
Single injection prior to priming

injection of nicotine
(reinstatement, monkeys)

Single injection 100 min prior to
discrimination sessions (rats)

CLO (300 mg/kg) prevented the acquisition of
nicotine SA in naïve rats

CLO decreased SA of nicotine in experienced rats
(at all three doses) and monkeys (at 50 mg/kg and

100 mg/kg, but not 25 mg/kg); this effect was
attenuated by pre-treatment with 3 mg/kg MK886

(PPAR-α antagonist)
In monkeys, 100 mg/kg CLO attenuated both
nicotine- and cue-induced reinstatement of

nicotine-seeking; these effects were attenuated
with MK886 pre-treatment

CLO did not alter nicotine discrimination in rats

Bilbao et al.,
2013 [36]

Male PPAR-α KO mice
and WT counterparts

Behavioral sensitization to cocaine
Cocaine CPP

1, 5, or 20 mg/kg i.p OEA
(PPAR-α)

Single injection prior to tests
(motor response and CPP)

followed by injections every other
day for 3 additional days

(sensitization)

OEA (5 mg/kg and 20 mg/kg, but not 1 mg/kg)
attenuated acute cocaine-induced motor activation

and sensitization to the motor effects of cocaine
OEA attenuated cocaine CPP at 1 and 5 mg/kg and
completely abolished the development of CPP at

20 mg/kg
The ability of OEA (20 mg/kg) to attenuate cocaine
sensitization and CPP was intact in PPAR-α KO

mice

Stopponi et al.,
2013 [37] Male msP rats

Voluntary ethanol consumption
(2BC paradigm)

Ethanol seeking and relapse (stress-
and cue-induced reinstatement)

10 or 30 mg/kg p.o.
PIO (PPAR-γ)

Two treatments (12 h and 1 h
prior to dark period) prior to

testing sessions

PIO (30 mg/kg, but not 10 mg/kg) reduced intake
of 10% ethanol at 24 h (but not 2 or 8 h); 10 mg/kg
PIO co-administered with 0.25 mg/kg naltrexone

also significantly reduced intake at 8 and 24 h
PIO (at both doses) and co-administration of
1 mg/kg naltrexone with either dose of PIO
significantly attenuated yohimbine-induced

reinstatement of ethanol-seeking
PIO alone did not significantly alter cue-induced

reinstatement of ethanol-seeking,
but co-administration of 1 mg/kg naltrexone with

either PIO dose did
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Table 1. Cont.

Reference Species/Strain and Sex Addiction Model and Task
PPAR Agonist, Dose,

and Route of Administration
Treatment Regimen Primary Findings

De Guglielmo
et al., 2014 [38]

Male C57 mice and
conditional neuronal

PPAR-γ KO mice and WT
counterparts

Analgesic tolerance to morphine 10 or 30 mg/kg p.o.
PIO (PPAR-γ)

Single gavage prior to morphine
injections for 9 days (or only on

days 8 and 9 for reversal of
morphine tolerance experiments)

PIO (at both doses) attenuated the development of
tolerance to the analgesic effects of morphine; this
effect was blocked by pretreatment with 5 mg/kg
GW9962 (PPAR-γ antagonist) and was absent in

the PPAR-γ KO mice compared to their WT
counterparts

GW9962 alone accelerated the development of
morphine tolerance

PIO (at both doses) also reversed morphine
tolerance when administered only on the last two

days of treatment

Ferguson et al.,
2014 [26] Male C57BL/6J mice Voluntary ethanol consumption

(2BC paradigm)

150 mg/kg p.o. FEN (PPAR-α)
75 mg/kg p.o.

BEZA (pan-PPAR)
1.5 mg/kg p.o. TESA (dual

PPAR-α/γ)

Single treatment for 8 days
(ethanol consumption measured

on days 5 and 6)

FEN and TESA decreased voluntary consumption
of and preference for 15% ethanol, while BEZA

had no significant effect

Karahanian et
al., 2014 [27]

Male UChB (selectively
bred high-drinker) rats

Voluntary ethanol consumption
(24-h 2BC and limited 2BC drinking

in the dark paradigms)
50 mg/kg p.o. FEN (PPAR-α)

Single daily treatment for
14 consecutive days following

60 days of continuous free choice
of ethanol or water

In the 24-h access paradigm, FEN reduced
voluntary consumption of 10% ethanol, starting
on day 4 of treatment and reaching a maximum

reduction at day 12
In the drinking in the dark paradigm, FEN

significantly reduced ethanol intake, starting on
day 2 and reaching a maximum reduction at day 5

Blednov et al.,
2015 [29] Male C57BL/6J mice

Voluntary ethanol consumption
(24-h 2BC and limited 2BC drinking

in the dark paradigms)

10 or 30 mg/kg p.o.
PIO (PPAR-γ)

50 or 150 mg/kg p.o.
FEN (PPAR-α)

10 mg/kg p.o. GW0742
(PPAR-δ/β)

1.5 mg/kg p.o. TESA (dual
PPAR-α/γ)

25 or 75 mg/kg p.o. BEZA (pan
PPAR-α/γ/δ/β)

Once daily treatment for up to
10 days following 2 days of saline

treatment

In the 24-h access paradigm, PIO (30 mg/kg), FEN
(150 mg/kg), and TESA reduced intake of and
preference for 15% ethanol; BEZA (75 mg/kg)

reduced preference, but not intake; GW0742 had
no effect

In the drinking in the dark paradigm, FEN
(150 mg/kg), TESA (1.5 mg/kg), and BEZA

(75 mg/kg) reduced intake and preference; PIO
and GW0742 had no effect

De Guglielmo
et al., 2015 [20] Male Wistar rats Operant SA (FR1 or PR schedule of

i.v. heroin)
30 or 60 mg/kg p.o.

PIO (PPAR-γ)
Twice-daily treatment (12 and 1 h

prior to SA session) for 5 days

PIO significantly reduced heroin SA under an
FR1 schedule (at 60 mg/kg, but not 30 mg/kg) and
significantly decreased the breakpoint in the PR
schedule (at 30 and 60 mg/kg); the reduction in
responding under FR1 with 60 mg/kg PIO was

blocked by pre-treatment with 5 mg/kg GW9662
(PPAR-γ antagonist)
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Table 1. Cont.

Reference Species/Strain and Sex Addiction Model and Task
PPAR Agonist, Dose,

and Route of Administration
Treatment Regimen Primary Findings

Bilbao et al.,
2016 [28] Male Wistar rats

Voluntary ethanol consumption
(2BC paradigm)

Operant SA (FR1 schedule of oral
ethanol)

Ethanol seeking and relapse
(cue-induced reinstatement)

Ethanol withdrawal (vocalizations,
head tremor and rigidity, tail

tremor, and body tremor)

1, 5, or 20 mg/kg i.p OEA
(PPAR-α)

5, 20, or 40 mg/kg i.p. WY14643
(PPAR-α)

Single injections 30 min prior to
testing sessions

OEA (5 mg/kg) significantly decreased voluntary
intake of 10% ethanol at all time points (2, 4,

and 6 h); this effect was reversed by pre-treatment
with 1 mg/kg GW6471 (PPAR-α antagonist)

OEA (5 mg/kg and 20 mg/kg, but not 1 mg/kg) and
WY14643 (20 mg/kg and 40 mg/kg, but not
5 mg/kg) significantly decreased SA of 10%

ethanol
OEA (5 mg/kg and 20 mg/kg, but not 1 mg/kg) and

WY14643 (20 and 40 mg/kg) significantly
attenuated cue-induced reinstatement of

ethanol-seeking
OEA (5 mg/kg, but not 1 mg/kg) and WY14643
(20 mg/kg) decreased ethanol SA following a

deprivation periodOEA (5 mg/kg) significantly
reduced ethanol withdrawal scores

Blednov et al.,
2016 [30]

Male and female C57BL/6J
and PPAR-α KO mice

Voluntary ethanol consumption
(continuous and intermittent 2BC

paradigm)

10, 50, 100, or 150 mg/kg p.o.
FEN (PPAR-α)

1.5 mg/kg p.o. TESA (dual
PPAR-α/γ)

Once daily treatment for up to
14 days after 2 days of saline

treatment

In the continuous access paradigm, FEN reduced
both intake of and preference for 15% ethanol (at
100 and 150 mg/kg, but not 10 mg/kg or 50 mg/kg)
in male, but not female, mice; TESA reduced both

intake and preference in both male and female
mice

In the intermittent (every other day) access
paradigm, FEN (150 mg/kg, but not 100 mg/kg)
reduced both intake and preference in male and

female mice
Pre-treatment with 5 mg/kg MK886 (PPAR-α

antagonist), but not 5 mg/kg GW9662 (PPAR-γ
antagonist), reduced the effect of FEN on ethanol
intake; pre-treatment with GW9662 or MK886 did

not block the effects of TESA on ethanol intake
Both FEN and TESA had no effect on ethanol

consumption in mice lacking PPAR-α

Blednov et al.,
2016 [33]

Male and female C57BL/6J
and B6 × 129S4 mice

Ethanol CPPEthanol withdrawal
(handling-induced convulsions)

150 mg/kg p.o. FEN (PPAR-α)
1.5 mg/kg p.o. TESA (dual

PPAR-α/γ)

Once daily treatment for the
duration of each experiment after

2 days of saline treatment

No effect of either agonist on CPP in male
B6x129S4 mice

FEN increased withdrawal severity in male mice
of both genotypes, while TESA increased

withdrawal severity in only the B6x129S4 male
mice; neither drug significantly altered

withdrawal in female mice
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Table 1. Cont.

Reference Species/Strain and Sex Addiction Model and Task
PPAR Agonist, Dose,

and Route of Administration
Treatment Regimen Primary Findings

De Guglielmo
et al., 2017 [39]

Male Wistar rats and male
CD1 mice

Morphine withdrawal (jumps,
paw tremors, teeth chattering,

and wet dog shakes)
Heroin seeking and relapse (stress-,

cue-, and heroin-induced
reinstatement)

10, 30, or 60 mg/kg p.o.
PIO (PPAR-γ)

Single treatment 1 h prior to
morphine injection the evening of

day 5 and morning of day 6
(withdrawal expression)

Treatment twice daily (12 h and
1 h prior to tests) for

5 consecutive days, then again on
the morning of day 6 1 h prior to

final morphine injection
(withdrawal development)

Two treatments, 12 h and 1 h
prior to reinstatement tests

In mice, PIO (10 and 30 mg/kg) attenuated the
expression of morphine withdrawal and the

development of morphine withdrawal (at
30 mg/kg); pre-treatment with 5 mg/kg GW9662

(PPAR-γ antagonist) reversed the effect of PIO on
expression of withdrawal

In rats, PIO significantly reduced
yohimbine-induced reinstatement (at 30 mg/kg,

but not 10 mg/kg) and heroin-induced
reinstatement (at 30 mg/kg and 60 mg/kg, but not
10 mg/kg) of heroin-seeking, but had no effect on
cue-induced reinstatement (at 10, 30, or 60 mg/kg)

Haile &
Kosten, 2017

[31]

Wistar rats (sex not
reported)

Operant SA of ethanol (FR2 and
PR)

25, 50, or 100 mg/kg p.o.
FEN (PPAR-α)

Single treatment 1 h prior to test
sessions for 5 consecutive days
(four days of FR2 schedule then

one day of PR schedule)

Under the FR2 schedule, there was a significant
difference between all doses tested, though the
effect was dependent on day (by day 4, all three

active doses of FEN significantly decreased active
lever presses for 10% ethanol)

Under the PR schedule, all three doses of FEN
reduced active lever presses

Jackson et al.,
2017 [40] Male ICR mice

Nicotine (and cocaine) CPP
Nicotine withdrawal (anxiety-like

behavior, somatic withdrawal signs,
and hyperalgesia)

0.3, 0.6, 1, and 5 mg/kg i.p.
WY14643 (PPAR-α)

1, 9, 50, or 100 mg/kg i.p.
FEN (PPAR-α)

For CPP experiments,
WY14643 was administered

15 min prior to and FEN 1 h prior
to nicotine

Following 14 days of infusion
with nicotine, mice were given a
single treatment with WY14643
15 min prior to or FEN 1 h prior
to precipitated withdrawal on

day 15

WY14643 (at all three doses) significantly
attenuated nicotine CPP

WY14643 did not shift the potency of nicotine in
the CPP paradigm

WY14643 (1 mg/kg) did not attenuate cocaine CPP
FEN attenuated nicotine CPP at 50 mg/kg (not 1, 9,

or 100 mg/kg)
WY14643 attenuated signs of nicotine withdrawal

(anxiety-like behaviors and hyperalgesia
attenuated at 5 mg/kg only; somatic withdrawal
symptoms attenuated at 1 and 5 mg/kg; no effect

of 0.3 mg/kg)
FEN did not attenuate anxiety-like behaviors or

hyperalgesia at either dose tested (50 or
100 mg/kg), but did attenuate somatic withdrawal

symptoms at 100 mg/kg

132



Cells 2020, 9, 1196

Table 1. Cont.

Reference Species/Strain and Sex Addiction Model and Task
PPAR Agonist, Dose,

and Route of Administration
Treatment Regimen Primary Findings

Rivera-Meza et
al., 2017 [32] Male UChB rats

Voluntary ethanol consumption
(2BC paradigm)

Ethanol CPP

25, 50, or 100 mg/kg p.o.
FEN (PPAR-α)

Following 60 days free choice
between ethanol and water, rats

were treated once daily for
14 days (in the CPP experiment,

ethanol access was restricted
during this period, and testing

occurred on day 14 of FEN
treatment)

In a separate experiment, rats
were deprived of ethanol on day
60 and treated once during two

deprivation periods (days
61–74 and 103–116), voluntary

consumption of ethanol was once
again measured after each of

these two periods

FEN (all three doses) significantly decreased
voluntary consumption of 10% ethanol beginning

on day 2 of treatment and continuing for the
duration of treatment

FEN (50 mg/kg) prevented the development of
ethanol CPP

FEN (50 mg/kg) significantly decreased voluntary
consumption of ethanol following both periods of

deprivation

Miller et al.,
2018 [41]

Male Sprague-Dawley
rats

Behavioral sensitization to cocaine
Cocaine cue reactivity

(lever-pressing for
cocaine-associated cues during

forced abstinence)

50 mg of PIO per kg of chow

PIO treatment initiated 4 days
prior to behavioral sensitization

protocol and immediately
following final session of cocaine

SA (continued during 30-day
forced abstinence period)

PIO reduced both the development and
expression of behavioral sensitization to cocaine
PIO reduced cue reactivity following prolonged

abstinence from cocaine; this effect was attenuated
by pre-treatment with 1 mg/kg GW9662 (PPAR-γ

antagonist)

Domi et al.,
2019 [42]

Male Wistar rats and
conditional neuronal

PPAR-γ KO mice and WT
counterparts

Nicotine withdrawal (somatic
withdrawal signs and anxiety-like

behaviors)

15 or 30 mg/kg p.o.
PIO (PPAR-γ)

Two treatments, 12 h and 1 h
prior to assessment of withdrawal

PIO (at both doses) reduced somatic signs of
nicotine withdrawal and anxiety-like behaviors in
rats and WT mice, but had no effect in conditional
neuronal PPAR-γ KO mice; the effect of 30 mg/kg
PIO on somatic and anxiety-like withdrawal signs

was blocked by pre-treatment with GW9662
(PPAR-γ antagonist) in WT mice

Donvito et al.,
2019 [43] Male ICR mice

Nicotine withdrawal (anxiety-like
behavior and somatic withdrawal

signs)
Nicotine (and morphine) CPP

10, 30, or 60 mg/kg i.p.
OlGly (PPAR-α)

Single injection 15 min prior to
nicotine injection in the CPP

experiments or to precipitated
withdrawal

OlGly (at 60 mg/kg, but not 10 mg/kg or 30 mg/kg)
significantly attenuated anxiety-like and somatic

nicotine withdrawal signs
OlGly (at all three doses) attenuated the

development of nicotine (but not morphine) CPP;
this effect was blocked by pre-treatment with

2 mg/kg GW6471 (PPAR-α antagonist)

2BC, two-bottle choice; BEZA, bezafibrate; CIG, ciglitazone; CLO, clofibrate; CPP, conditioned place preference; FEN, fenofibrate; FR, fixed ratio; GEM, gemfibrozil; i.c.v.,
intracerebroventricular; i.m., intramuscular; i.p., intraperitoneal; i.v., intravenous; KO, knock-out; methOEA, methyl oleoylethanolamide; OEA, oleoylethanolamide; OlGly, N-Oleoyl-glycine;
PIO, pioglitazone; p.o., per os (oral); ROSI, rosiglitazone; SA, self-administration; TESA, tesaglitazar; WT, wild-type.
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Two additional studies have suggested a role of PPAR-α agonists in attenuating nicotine CPP [40,43].
Jackson et al. (2017) found that both WY14643 and fenofibrate significantly reduced nicotine preference
in the CPP experiments, though fenofibrate was less potent [40]. Importantly, WY14643 did not shift
the potency of nicotine in the CPP paradigm, and the effect of WY14643 was specific to nicotine
as it had no effect on cocaine preference [40]. In support of these findings, Donvito et al. (2019)
found that exogenous administration of the lipid transmitter n-Oleoyl-glycine (OlGly) prevented the
development of nicotine, but not morphine, CPP, and that this effect was blocked by the PPAR-α
antagonist GW6471 [43]. Taken together, the results of the operant self-administration and CPP
experiments provide strong support for a role of PPAR-α agonism in reducing the reinforcing and
rewarding properties of nicotine.

Finally, one study found that OEA reduced behavioral sensitization to cocaine and cocaine CPP,
though this effect was intact in PPAR-α KO mice, suggesting this was due to a PPAR-independent
mechanism [36].

2.1.2. Withdrawal/Relapse

Conflicting evidence exists regarding how PPAR-α agonists influence withdrawal from
ethanol [28,33]. Bilbao et al. (2016) found that i.p. injection of 5 mg/kg of the endogenous PPAR-α
agonist OEA significantly reduced total ethanol withdrawal scores in male rats, and furthermore
decreased each of the individual withdrawal signs evaluated (vocalizations, head tremor and rigidity,
tail tremor, and body tremor) [28]. Blednov et al. (2016) found that oral administration of 150 mg/kg
fenofibrate or 1.5 mg/kg of the dual PPAR-α/γ agonist tesaglitazar actually increased withdrawal
severity (handling-induced convulsions score) in male (but not female) mice [33]. The results of these
two studies are difficult to compare given the different choices of PPAR-α agonist, dose, and route of
administration, withdrawal signs evaluated, and animal models, but do suggest some role of PPAR-α
in modulating ethanol withdrawal.

In the same experiments described above, Bilbao et al. (2016) found that both OEA and WY14643 were
able to attenuate cue-induced reinstatement of ethanol-seeking after a period of deprivation [28], providing
preliminary evidence that PPAR-α agonism may help to prevent alcohol relapse.

Two studies have suggested a role of PPAR-α agonists in reducing nicotine withdrawal signs.
Jackson et al. (2017) assessed the impact of PPAR-α agonists on symptoms of precipitated nicotine
withdrawal. They observed that WY14643 attenuated anxiety-like behaviors, hyperalgesia, and somatic
withdrawal signs, while fenofibrate attenuated only somatic withdrawal signs [40]. Similarly, Donvito
et al. (2019) found that exogenous administration of the lipid transmitter OlGly attenuated anxiety-like
and somatic signs of nicotine withdrawal [43].

Finally, two studies have provided evidence that PPAR-α agonists can block reinstatement
of nicotine-responding following a period of extinction [18,19]. Mascia et al. (2011) found that
WY14643 attenuated reinstatement in both rats and monkeys using a procedure that combines both
nicotine- and cue-induced reinstatement, and that this effect was reversed by co-administration of the
PPAR-α antagonist MK886 [18]. Similarly, Panlilio et al. (2012) found that clofibrate attenuated both
nicotine- and cue-induced reinstatement of nicotine responding in monkeys, and that these effects
were reversed by pre-treatment with MK866 [19]. The reduction in withdrawal symptoms and the
attenuation of both drug- and cue-induced reinstatement suggest that PPAR-α agonists may be useful
in preventing relapse in nicotine-dependent smokers.

2.2. PPAR-γ Agonists

2.2.1. Consumption/Motivation

Similar to the evidence for PPAR-α agonists, the results of several studies support a role
of PPAR-γ agonists in attenuating voluntary consumption and operant self-administration of
ethanol [26,29,30,35,37]. In the two-bottle choice paradigm, voluntary ethanol consumption was found
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to be attenuated by treatment with rosiglitazone [35] and pioglitazone [29,35,37], as well as the dual
PPAR-α/γ agonist tesaglitazar [26,29,30]. Stopponi et al. (2011) additionally observed that pioglitazone
significantly reduced operant self-administration of ethanol under an FR1 schedule [35]. While one
study found that pre-treatment with the PPAR-γ antagonist GW9662 reversed the effects of pioglitazone
on voluntary ethanol consumption [35], another study found no effect of GW9662 pre-treatment on the
ethanol-reducing effects of the dual PPAR-α/γ agonist tesaglitazar, suggesting that the PPAR-α isoform
may be more important in modulating ethanol-related behaviors than the PPAR-γ isoform [30].

Limited evidence suggests that PPAR-γ agonists may not influence ethanol CPP. As described
above, Blednov et al. (2016) found no effect of tesaglitazar on ethanol CPP [33].

One study found that pioglitazone reduced operant self-administration of heroin under an
FR1 schedule and significantly decreased the breakpoint in a PR schedule [20]. Furthermore, the effects
of pioglitazone on self-administration were reversed by pre-treatment with the PPAR-γ antagonist
GW9662 [20]. This preliminary evidence suggests that PPAR-γ agonists may be useful in reducing the
reinforcing effects of opioids such as heroin.

Two studies have suggested that PPAR-γ agonists can attenuate behavioral sensitization to
stimulant drugs [34,41]. Maeda et al. (2007) found that treatment with ciglitazone or pioglitazone
during a withdrawal period, but not concurrently with methamphetamine, significantly attenuated
behavioral sensitization to methamphetamine, while the PPAR-γ antagonist GW9662 significant
augmented behavioral sensitization [34]. Miller et al. (2018) found that treatment with pioglitazone
4 days prior to testing significantly attenuated both the development and expression of behavioral
sensitization to cocaine and attenuated lever-pressing for cocaine-associated cues during a period of
forced abstinence [41].

2.2.2. Withdrawal/Relapse

Similar to the results for PPAR-α agonists, the current evidence for an effect of PPAR-γ in
modulating ethanol withdrawal signs is split [33,35]. As previously described, Blednov et al. (2016)
found that the dual PPAR-α/γ agonist tesaglitazar increased withdrawal severity in mice [33]. In contrast,
Stopponi et al. (2011) found that oral administration of both 10 and 30 mg/kg pioglitazone significantly
reduced total withdrawal signs (composite score of ventromedial distal flexion responses, tail rigidity,
and tremors) in rats [35]. While once again significant methodological differences prevent clear
comparison of these results, it is important to note that in the same set of experiments, Blednov and
colleagues did not find that the effects of tesaglitazar on ethanol-related behaviors were blocked by
pre-treatment with the PPAR-γ antagonist GW9662 [30]. Thus, the ability of tesaglitazar to increase
ethanol withdrawal severity in their experiment may not have been due to its actions at PPAR-γ.

Two studies have provided evidence for a role of PPAR-γ agonism in blocking reinstatement
of ethanol-responding [35,37]. Both studies found that pioglitazone alone significantly attenuated
stress-induced reinstatement (using yohimbine as a stressor), but not cue-induced reinstatement [35,37].
However, when pioglitazone was co-administered with naltrexone, there was an attenuation of
cue-induced reinstatement [37]. These results suggest that PPAR-γ agonists may be useful in
preventing alcohol relapse, possibly to a greater extent when administered concurrently with naltrexone,
a non-selective opioid receptor antagonist that is already approved by the United States Food and
Drug Administration (FDA) to treat alcohol use disorder [10].

One recent study found that PPAR-γ activation may play a role in nicotine withdrawal.
Administration of pioglitazone prior to assessment of nicotine withdrawal attenuated somatic and
anxiety-like signs of withdrawal in rats and in wild-type mice with intact PPAR-γ, but not in conditional
neuronal PPAR-γ KO mice [42]. In addition, the effect of pioglitazone on both somatic and anxiety-like
signs of nicotine withdrawal was blocked by pre-treatment with the PPAR-γ antagonist GW9662 in
WT mice [42].

Finally, one study provided evidence that PPAR-γ agonists can reduce opioid withdrawal and
relapse [39]. Treatment with pioglitazone significantly attenuated both the development and expression
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of morphine withdrawal in mice, and the PPAR-γ antagonist GW9662 blocked the ability of pioglitazone
to attenuate the expression of morphine withdrawal [39]. Furthermore, pioglitazone significantly
attenuated yohimbine- and heroin-induced reinstatement of heroin-responding in rats, while having
no effect on cue-induced reinstatement [39]. Previously, the same group reported that pioglitazone
significantly attenuated the development of analgesic tolerance to morphine [38], which provides
additional evidence for a role of PPAR-γ in the effects of repeated morphine administration.

2.3. Summary of Preclinical Evidence

The majority of the preclinical behavioral evidence suggesting a role of PPAR agonists in
addiction-like behaviors has focused on ethanol. Currently, the literature strongly supports a role of
PPAR-α agonists (gemfibrozil, fenofibrate, OEA, and WY14643), and PPAR-γ agonists (rosiglitazone
and pioglitazone) or a dual PPAR-α/γ agonist (tesaglitazar) to a lesser extent, in attenuating the
voluntary consumption and reinforcing properties of ethanol in rodents. Limited evidence suggests
that the PPAR-α agonist fenofibrate may additionally reduce the rewarding properties of ethanol,
as assessed in the CPP paradigm. While agonists at both PPAR-α (OEA and fenofibrate) and PPAR-γ
(pioglitazone) seem to have some role in modulating ethanol withdrawal signs, the nature of this
role is unclear. However, the evidence does suggest that PPAR agonists may be useful in reducing
the likelihood of alcohol relapse after a period of abstinence. PPAR-α agonists (OEA and WY14643)
were shown to attenuate cue-induced reinstatement of ethanol-seeking, while a PPAR-γ agonist
(pioglitazone) was shown to attenuate stress-induced reinstatement (and possibly also cue-induced
reinstatement when co-administered with naltrexone).

Robust evidence from a limited number of studies strongly supports a role of PPAR-α (and
possibly PPAR-γ) agonists in modulating nicotine-related behaviors in both rodents and non-human
primates. The PPAR-α agonists methyl-OEA, WY14643, and clofibrate were found to reduce the
reinforcing properties of nicotine. In addition, WY14643, fenofibrate, and OlGly were found to reduce
the rewarding effects of nicotine in the CPP paradigm. WY14643 was shown to decrease behavioral
and somatic signs of nicotine withdrawal, while both WY14643 and clofibrate reduced drug- and
cue-induced reinstatement of nicotine-seeking. Finally, the PPAR-γ agonist pioglitazone reduced
somatic and anxiety-like signs of nicotine withdrawal.

Preliminary evidence suggests that PPAR-γ agonists may have a role in modulating opioid-related
behaviors. Studies found that pioglitazone was able to reduce the reinforcing effects of heroin in
an operant self-administration paradigm, decrease both drug- and stress-induced reinstatement of
heroin-seeking, and reduce the development and expression of morphine tolerance and withdrawal.

Finally, there seems to be a role of PPAR agonists in psychostimulant-related behaviors,
yet the evidence is mixed. The PPAR-γ agonists ciglitazone and pioglitazone attenuated behavioral
sensitization to methamphetamine, while pioglitazone attenuated behavioral sensitization to cocaine.
Additionally, the endogenous PPAR-α agonist OEA attenuated behavioral sensitization to cocaine and
cocaine CPP, but through a PPAR-α-independent mechanism. However, it is important to note that
studies of nicotine-related outcomes found no effect of PPAR-α agonists on operant self-administration
of cocaine or cocaine CPP.

3. Clinical or Human Laboratory Evidence

A summary of the methodological details and relevant findings of the human studies reviewed is
provided in Table 2.

3.1. PPAR-α Agonists

Two published placebo-controlled studies have evaluated the potential of PPAR-α agonists in
treatment of nicotine dependence [44,45]. Perkins et al. (2016) recruited nicotine-dependent smokers
high in quit interest for a double-blind, counterbalanced, crossover trial with a target dose of 160 mg of
fenofibrate administered once daily for 4 days following a 4-day dose run-up period [44]. There was no
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difference between fenofibrate and placebo on quit days, the primary outcome of the trial. In addition,
there were no drug effects on any of the secondary outcomes, including pre-quit smoking reinforcement
(i.e., number of puffs taken from participants’ preferred brand of cigarettes and self-reported rewarding
effects), craving responses during a cue reactivity task, and mean daily reductions in smoking [44].
In support of these negative findings, our lab found no effect of gemfibrozil (600 mg administered
orally twice daily) on total self-reported days abstinent in a sample of nicotine-dependent smokers
intent on quitting [45]. Similarly, we found no effects on secondary outcomes including a forced choice
procedure (i.e., reinforcing effects) and both physiological and subjective measures of cue reactivity.
In sum, despite the compelling preclinical evidence, the limited human evidence has not supported a
role of PPAR-α agonists in treating nicotine dependence.

3.2. PPAR-γ Agonists

Three placebo-controlled studies have examined the potential for PPAR-γ agonists in modulating
opioid-related outcomes [46–48]. In a sample of healthy, non-medical users of prescription opioids, there
was no effect of 15 or 45 mg oral pioglitazone administered daily for 2–3 weeks on self-reported positive
and negative subjective effects of oxycodone in a single-blind, within-subjects design [46]. In addition,
pioglitazone had no impact on self-reported drug wanting (opioids, alcohol, cannabis, and tobacco)
during the maintenance phases [46]. In a follow-up study, Jones and colleagues assessed the effects
of 45 mg oral pioglitazone administered daily for 3 weeks in a sample of non-treatment-seeking
adults with an opioid use disorder using a single-blind, randomized, between-subjects design [47].
Pioglitazone did not alter the reinforcing effects of heroin, its abuse liability, or cue reactivity, though
self-reported ratings of “I want heroin” were significantly reduced [47]. Finally, Schroeder et al. (2018)
assessed the potential for pioglitazone as an adjunct pharmacotherapy for patients with an opioid use
disorder undergoing buprenorphine taper [48]. Pioglitazone treatment had no effect on withdrawal
severity, and may actually have increased subjective withdrawal; yet, this trial was limited by very low
recruitment numbers [48].

Two additional studies have investigated the role of pioglitazone in nicotine dependence and
cocaine use disorder. In a single-blind, between-subjects laboratory study of nicotine-dependent
smokers not interested in quitting, compared to placebo treatment, 45 mg oral pioglitazone administered
daily for 3 weeks decreased self-reported measures of nicotine craving, though had minimal or no
impact on reinforcing effects, self-reported positive or negative subjective effects, or cue reactivity [49].
In a pilot study to assess the potential of pioglitazone to target craving and white matter integrity in
treatment-seeking adults with cocaine use disorder, daily administration of 45 mg oral pioglitazone for
12 weeks conferred benefit over placebo in reducing cocaine craving [50].

Taken together, the limited available human evidence suggests that the PPAR-γ agonist
pioglitazone may be beneficial in reducing heroin, nicotine, and cocaine craving. However, it remains
unclear how PPAR-γ agonists may impact more direct measures of treatment efficacy such as quit
days or reductions in drug use.
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Table 2. Overview of methodological details and primary findings of the key clinical and human laboratory studies of PPAR agonists in drug-related outcomes.

References Study Sample
PPAR Agonist, Dose,

and Route of Administration
Study Design Primary Findings

Jones et al.,
2016 [46]

Healthy non-medical users of
prescription opioids, N = 17
(15 M, 2 F), 21–55 years old

(mean 35 years)

15 or 45 mg p.o. PIO (PPAR-γ)

Single-blind, within-subjects, placebo-controlled design.
Participants received PIO doses in ascending order and

maintained on each dose for 2–3 weeks.
Subjective, analgesic, and physiological effects of oral
oxycodone examined at the end of each maintenance

phase.

No effect of PIO on self-reported positive or
negative subjective effects of oxycodone

In addition, PIO did not affect drug wanting
(opioids, alcohol, cannabis, or tobacco) during

the maintenance phase

Perkins et al.,
2016 [44]

Nicotine-dependent smokers
high in quit interest, N = 38
(27 M, 11 F), 18–5 years old

(mean 30.3 years)

160 mg p.o. FEN (PPAR-α)

Double-blind, within-subjects, counterbalanced,
placebo-controlled design. Participants received FEN for
8 days (4-day dose run-up followed by 4-day quit period).

A week of ad libitum smoking separated the two quit
periods. Self-report of no smoking and expired-air CO <

5 ppm were assessed daily during quit periods.
Secondary outcome measures included acute smoking

reinforcement and cue reactivity (pre-quit) and amount of
daily smoking exposure (post-quit).

FEN did not increase quit days compared to
placebo

Additionally, FEN had no impact on acute
smoking reinforcement (SA paradigm),

cue-induced craving, or mean daily smoking

Jones et al.,
2017 [49]

Nicotine-dependent smokers
not interested in quitting, N =
27 (14 active, 13 placebo; 25 M,

2 F), 21–55 years old (mean
44.9 years in active group,

41.6 years in placebo group)

45 mg p.o. PIO (PPAR-γ)

Single-blind, between-subjects, randomized,
placebo-controlled design. Participants received PIO daily

for 3 weeks. Laboratory testing (reinforcing effects,
cue reactivity, subjective effects, and physiological effects)
began after the first week of nicotine patch stabilization.

PIO did not alter the reinforcing effects of
nicotine (verbal choice and progressive choice

paradigms) or subjective/physiological
reactivity to smoking cues

PIO had minimal impact on positive subjective
effects (increased one measure of nicotine

“high”) and no impact on negative subjective
effects

PIO decreased subjective ratings of “craving”
and “desire”

Schmitz et al.,
2017 [50]

Treatment-seeking adults with
cocaine use disorder, N = 30

(15 active, 15 placebo; 22 M, 8 F),
18–60 years old (mean 48.3 in
active group, 47.4 in placebo

group)

Target dose of 45 mg p.o.
PIO (PPAR-γ)

Double-blind, between-subjects, randomized
placebo-controlled pilot trial design. Following a 1-week

baseline period and a 2-week dose titration period,
participants were maintained on 45 mg/day PIO for

duration of study (12 weeks total). Periodic measures of
craving and cocaine use.

High probability that PIO conferred benefit
over placebo in reducing cocaine craving
In addition, there was evidence that PIO

decreased the odds of using cocaine during the
treatment period
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Table 2. Cont.

References Study Sample
PPAR Agonist, Dose,

and Route of Administration
Study Design Primary Findings

Gendy et al.,
2018 [45]

Nicotine-dependent smokers
high in quit interest, N = 27
(17 M, 10 F), 19–65 years old

(mean 43 years old)

2 × 600 mg p.o. GEM (PPAR-α)

Double-blind, within-subjects, counterbalanced,
placebo-controlled design. Two 2-week phases separated

by 1-week washout period. During the first week,
participants smoked normally, and laboratory measures of

cue-elicited craving and forced-choice paradigms were
taken. During the second week, participants were

instructed to stop smoking, and abstinence was assessed.

GEM did not increase number of days of
self-reported abstinence compared to placebo

GEM had no impact on
subjective/physiological reaction to smoking
cues or reinforcing effects of nicotine (forced

choice paradigm)

Jones et al.,
2018 [47]

Non-treatment-seeking adults
with opioid dependence, N = 30
(14 active, 16 placebo; 28 M, 2 F),

21–55 years old (mean
42.4 years in active group,

44.5 years in placebo group)

45 mg p.o. PIO (PPAR-γ)

Single-blind, between-subjects, randomized
placebo-controlled design. Participants received PIO daily

for 3 weeks. Laboratory testing (reinforcing effects,
cue reactivity, subjective effects, cognitive effects,

and physiological effects) began after the first week of
buprenorphine/naloxone stabilization.

PIO did not influence the reinforcing effects of
heroin (verbal choice SA or progressive choice

paradigms) or physiological/subjective
reactivity to active drug cues

PIO did not influence the positive subjective
effects of heroin

PIO did further attenuate self-report ratings of
anxiety during heroin self-administration,
but had no impact on any other negative

subjective effects
PIO reduced ratings of “I want heroin”

Schroeder et
al., 2018 [48]

Opioid-dependent adults
undergoing a buprenorphine

taper, N = 21 randomized
(8 active, 13 placebo; 15 M, 6 F),

N = 17 received at least one
dose (6 active, 11 placebo),

18–65 years old (mean 38.4 years
of participants randomized to

active, 39.5 years placebo)

15 or 45 mg p.o. PIO (PPAR-γ)

Randomized, between-subjects design. Initial outpatient
design (12 weeks of PIO treatment following 1-week

buprenorphine stabilization), then subsequent
outpatient/inpatient combination (5 weeks of PIO
treatment following buprenorphine stabilization).

Measures of opiate withdrawal collected daily throughout
the study.

PIO significantly increased scores on the SOWS
during the taper and post-taper phases,

and had no effect on COWS scores
In addition, there was no effect of PIO on
opioid-positive urine samples during the

post-taper phase

COWS, Clinical Opiate Withdrawal Scale; FEN, fenofibrate; GEM, gemfibrozil; p.o., per os (oral); PIO, pioglitazone; SA, self-administration; SOWS, Subjective Opiate Withdrawal Scale.

139



Cells 2020, 9, 1196

4. Synthesis of the Preclinical and Human Evidence

Given the robust preclinical evidence that both PPAR-α and PPAR-γ play a role in addiction-related
behaviors, the lack of significant findings from human studies is somewhat surprising. For example,
multiple preclinical studies demonstrated that PPAR-α agonists were effective in reducing the
reinforcing and rewarding properties of nicotine and reducing nicotine withdrawal and reinstatement
of nicotine-seeking [18,19,40,43], yet two human trials found no effect of the PPAR-α agonists
fenofibrate [44] or gemfibrozil [45] on smoking cessation outcomes. Potential explanations for the poor
concordance between the animal and human evidence to data are discussed below.

Perhaps the most salient discordance between the animal and human literature is the complete
lack of placebo-controlled trials of PPAR agonists for treatment of alcohol use disorder. One Phase II
trial of pioglitazone for treatment of alcohol craving and other alcohol-related outcomes in adults with
alcohol use disorder (ClinicalTrials.gov identifier: NCT01631630) was terminated due to feasibility
problems. A similar Phase II trial of fenofibrate (ClinicalTrials.gov identifier: NCT02158273) has
been completed, though the results are unpublished. The most consistently reported and robust
addiction-related outcome associated with PPAR agonists in the preclinical literature is a reduction in
voluntary consumption of ethanol. Yet, as of this writing, the potential for PPAR agonists in treatment
of alcohol use disorders in human has not been reported in the published literature. Thus, this is an
important priority for future research. Currently, most pharmacotherapies available for the treatment of
substance use disorders are substance-specific (although some are able to affect different substance use
disorders). Therefore, it would be important to study the role of PPAR agonists in various substances
use disorders, as it is unlikely that a single drug would be able to cure all substance use disorders.

The choice of PPAR agonist and dose is likely an important source of the poor translation from
animal to human studies. For example, Jones and colleagues noted that the pioglitazone dosing
parameters they employed were based on clinical utility in treating type-II diabetes [46,49], which
may not be sufficient to elicit an effect in attenuating the abuse liability or reinforcing effects of
opioids or nicotine. Similarly, while the preclinical evidence for a role of fibrate drugs in attenuating
nicotine-related behaviors came from a study administering clofibrate [19], Perkins et al. (2016) used
fenofibrate instead, as clofibrate was removed from the U.S. market due to its adverse effects [44].
Fibrate drugs, in general, may be less effective in reducing the rewarding and reinforcing effects of
nicotine compared to experimental compounds such as WY14643 [40]. This could be due to the poor
blood-brain barrier penetrance of fibrates like fenofibrate [51,52] or the low potency and PPAR-α
selectivity of fenofibrate [53]. It should be noted in general that the PPAR agonists available do not act
with 100% selectivity on specific PPAR isoforms and therefore, action on multiple PPAR isoforms is a
possibility that should be kept in mind while interpreting the research results. Thus, different dosing
paradigms, or perhaps more potent and selective PPAR agonists, may be needed to elicit clinically
meaningful outcomes.

Similarly, species differences in the distribution and signaling of PPARs could also play in a role in
the negative human findings. For example, significant differences in the expression [54] and activity [55]
of hepatic PPAR-α has been demonstrated in human and rat, in part due to differences in the PPREs of
target genes [55]. In addition, species differences have been demonstrated in PPAR-α binding of and
response to specific ligands (including clofibrate) [56]. While one recent study did suggest a similar
brain distribution of PPARs in adult mice and humans [57], it is still possible that species differences in
PPAR-ligand dynamics and in PPAR distribution and signaling could limit the translation of findings
from animal models to human studies. The fact that there is poor inter-species comparability in
the activity of PPAR agonists is not something unique for PPAR ligands. There have been multiple
cases of drugs that appear to be effective in preclinical studies that have not been effective in clinical
trials. For example, despite an extensive preclinical literature showing that corticotropin-releasing
hormone (CRH) acting via its CRH1 receptor can affect alcohol-seeking behavior, the drug pexacerfont,
a CRH1 brain-penetrant antagonist, had no clinical efficacy in a clinical trial in subjects with alcohol
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dependence [58]. Although it is yet too early to determine if PPAR agonists would similarly fail in
humans, this remains a possibility.

Another possibility is simply that the published human studies were underpowered and too few
in number to draw conclusions. Jones and colleagues note in two of their pioglitazone studies that
they did not reach their recruitment goals [47,49]. Schroeder et al. (2018) noted significant difficulty
in recruiting for their study of pioglitazone effects on opioid withdrawal during buprenorphine
taper, reaching less than half of their target recruitment [48]. Schmitz et al. (2017), despite finding a
potentially meaningful effect of pioglitazone on cocaine craving, note that their study was a pilot trial
not specifically powered to detect a difference between drug conditions [50]. Appropriately powered
randomized clinical trials are required to clarify the human evidence.

Finally, one possibility that has yet to be considered is the role of sex-related factors in the
behavioral pharmacology of PPAR agonists. As seen in Table 1, the overwhelming majority of
preclinical studies reviewed included only male animals in their experiments. In the two papers
that did report sex differences, the PPAR-α agonist fenofibrate was shown to have more consistent
and robust effects on ethanol-related outcomes (voluntary consumption and withdrawal severity)
in male mice compared to female mice [30,33]. Furthermore, emerging evidence has found higher
expression of PPAR-α mRNA and protein in immune cells of male rodents [59,60]; a role of PPAR-α in
neuroprotection [61] and hippocampal synaptic plasticity [62] in male, but not female, rodents; and sex
differences in the adverse effects and pharmacokinetics of PPAR-γ agonists such as pioglitazone in
humans [63]. Given that all human studies reviewed included female participants (though consistently
a small minority), sex differences in the effects of PPAR agonists on drug-related outcomes could have
obscured overall drug effects.

5. Future Directions

Given the robust preclinical evidence for an effect of PPAR-α agonists in particular on
ethanol-related outcomes, an important first step in moving forward with translating the animal
evidence will be conducting human laboratory studies to determine if PPAR agonists (such as
gemfibrozil or fenofibrate) modulate the subjective and reinforcing effects of alcohol. Subsequent to
this, or in parallel, pilot RCTs to evaluate the efficacy and feasibility of administering PPAR agonists in
alcohol use disorder will be necessary.

PPAR-α agonists showed promise for targeting nicotine-related behaviors in animal models,
yet two adequately powered human trials found no benefit of fenofibrate or gemfibrozil on smoking
cessation or other nicotine-related outcomes. It is possible that these agonists do not have sufficient
pharmacological activity at PPAR-α to elicit clinically meaningful outcomes. Indeed, preclinical
evidence has shown that more potent compounds like WY14643 confer benefit in attenuating
nicotine-related behaviors over fibrates [40]. Selective PPAR modulators (SPPARMS), such as the
highly potent and selective PPAR-α agonist K-877, have already shown some promise in treating
dyslipidemias and insulin resistance with favorable adverse effect profiles compared to approved
drugs such as fenofibrate [53]. If these compounds continue to show efficacy with limited adverse
effects, it may be worth testing SPPARMS as smoking cessation drugs in RCTs.

It is possible that targeting PPAR isoforms alone may not be sufficient to treat addictions.
For example, as discussed previously, pioglitazone was more effective in reducing reinstatement to
ethanol-seeking when it was co-administered with naltrexone [37], an opioid receptor antagonist,
suggesting some degree of synergy between PPAR activation and opioid receptor inhibition.
Similarly, it has been proposed that simultaneous inhibition of FAAH and activation of PPARs
may have an additive or even synergistic effect in treating cancers [64], and this approach may similarly
hold promise in the context of addiction pharmacotherapy [65]. Future studies should consider possible
synergistic effects that could be achieved by modulation of multiple signaling systems.

It will also be important to validate that the PPAR ligands that are used for SUD treatment are
able to occupy/activate brain PPARs. Use of brain imaging approaches such as positron emission
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tomography could be useful for such target engagement validation. This is critical as some of
the previous drug indications for PPAR ligands were likely mediated through PPAR action at the
periphery [66].

The PPAR-β/δ isoform was not discussed in this review due to the lack of evidence implicating
PPAR-β/δ agonists in addiction-related behaviors. However, it is important to note that PPAR-β/δ is
present in the rodent brain at higher levels than the other two isoforms [67] and may play a role in
regulating the expression and activity of PPAR-α and PPAR-γ [68]. Furthermore, limited evidence
has suggested a role of PPAR-β/δ in neurodevelopmental and neurodegenerative disorders, possibly
related to its anti-inflammatory properties [13]. Thus, future studies should investigate the role of
PPAR-β/δ agonists in behavioral models of addiction.

A robust body of literature has demonstrated sex-related variability in the effects of common drugs
of abuse and in addiction-related processes across animal and human studies [69–71], and emerging
evidence suggests similar sex-related variability in the pharmacology of PPAR ligands and in PPAR
signaling and function [59,61–63]. Considering sex as a biological variable in future animal studies of
PPAR agonists and addiction-related behaviors will be another important next step.

Taken together, this review highlights the robust findings obtained in preclinical studies with
agonists at both the PPAR-α and PPAR-γ isoforms that appear effective to reduce both positive and
negative reinforcing properties of various drugs of abuse. However, the clinical findings are so far
mixed and seem to indicate that the potential is much lower in human subjects. At this point, it is still
important to perform small-scale appropriately powered proof of principle studies with PPAR drugs
engaging brain PPARs to validate these findings in humans. Positive signals should then be followed
by larger RCTs for further validation.
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Abstract: Peroxisome proliferator-activated receptors (PPARs), members of the nuclear hormone
receptor family, attract wide attention as promising therapeutic targets for the treatment of multiple
diseases, and their target selective ligands were also intensively developed for pharmacological
agents such as the approved drugs fibrates and thiazolidinediones (TZDs). Despite their potent
pharmacological activities, PPARs are reported to be involved in agent- and pollutant-induced multiple
organ toxicity or protective effects against toxicity. A better understanding of the protective and the
detrimental role of PPARs will help to preserve efficacy of the PPAR modulators but diminish adverse
effects. The present review summarizes and critiques current findings related to PPAR-mediated
types of toxicity and protective effects against toxicity for a systematic understanding of PPARs in
toxicology and applied pharmacology.

Keywords: PPARs; toxicology; pharmacology; ligand

1. Introduction

Peroxisome proliferator-activated receptors (PPARs), a group of nuclear hormone receptors,
are composed of three isoforms which were identified as PPARα, PPARγ, and PPARβ. Each is
encoded by distinct genes and has different targeting ligands, tissue distribution, and biological
activities. PPAR family proteins, like other nuclear receptors, have three main functional segments,
activation function 1 (AF1) and the conserved DNA-binding domain (DBD), the hinge region, and
the ligand-binding domain (LBD) and AF2. The variable N-terminal regulatory AF1 domain binds
co-regulators and the conserved DBD, which can bind to the peroxisome proliferator response elements
(PPREs). The mobile hinge region links DBD and the conserved LBD in the middle. LBD and the
variable C-terminal AF2 domain form a large ligand binding pocket [1,2]. Due to the large LBD pocket,
PPARs have the capacity to bind various compounds, including endogenous or synthetic ligands and
xenobiotic chemicals. In pharmacology, the ligands of PPARs are classified into full agonists, partial
agonists, neutral antagonists, and inverse agonists. Recently, we summarized the 84 types of PPAR
synthetic ligands for the treatment of various diseases in current clinical drug applications [3]. The LBD
contains a C-terminal AF2 motif that is a ligand-dependent activation region [4]. Under physiological
conditions, PPARs bind with co-repressors and form heterodimers with retinoid X receptor (RXR) [5].
In response to ligand activation, the protein conformation is changed and stabilized, which leads
to dissociation of co-repressors and the recruitment of transcription co-activators and DNA-binding
cofactors. This complex regulates transcription of target genes by binding specific DNA sequences,
called peroxisome proliferator response elements (PPREs), on promoter regions of target genes [6,7].
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PPAR activated genes play critical roles in fatty acid transportation and catabolism,
glucose metabolism, adipogenesis, thermogenesis, cholesterol transportation and biosynthesis,
and anti-inflammatory response [4,8]. Because of their broad-spectrum biological activities, PPARs
arouse much attention, and they are studied intensively. Accumulated studies show that activation
of PPARs has unique pharmacological effects on cardiovascular function, neurodegeneration,
inflammation, cancer, fertility, and reproduction, and it is well established for managing dyslipidemia,
diabetes, insulin resistance, and metabolic syndrome, which stimulates researchers to persistently
develop more new drugs targeting PPARs [9,10]. Some PPAR agonists are approved as clinical
agents such as thiazolidinediones, fibrates, and glitazars, for the treatment of diabetes, dyslipidemia,
and diabetes-associated complications, respectively.

Despite the multiple biological activities of PPARs, several studies and clinical cases indicated that
PPARs mediate various adverse effects of drugs, especially PPAR ligands or xenobiotic chemical-induced
toxicity in different systems. Thiazolidinediones (TZDs), one class of PPARγ agonists, can cause fluid
retention, heart failure, and hepatotoxicity [11,12]. Glitazones, another form of PPARγ ligand, were
reported to cause peripheral edema, congestive heart failure, and body weight gain. Gemfibrozil, as a
valuable agent to coronary heart disease, was shown to induce tumorigenesis, muscle weakness, and
liver hypertrophy [13]. The detailed information and adverse reactions or toxicity of the 18 approved
clinical agents that target PPARs are summarized in Table 1. Because of the high prevalence of
tumorigenesis in PPAR activation by synthetic compounds, the Food and Drug Administration (FDA)
requires that any PPAR agonists undergo a two-year rodent carcinogenicity study before being tested
in clinical trials [13]. Moreover, PPARs were shown to be involved in pollutant-induced toxicity in the
cardiovascular system, liver, reproductive and developmental system, gastrointestinal tract, muscle,
and nervous system.

Based on the above information, this review is focused on the reports of PPAR activation-mediated
toxicity and protective effects to date, aiming to provide an overview of studies evaluating the toxic
role of PPARs in various systems and the molecular mechanisms of PPAR-elicited toxicity.
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Table 1. The information and adverse reactions or toxicity of peroxisome proliferator-activated receptor (PPAR) targets related to 18 approved clinical drugs.

Generic Name
(Brand Name)

Type of PPAR Agonist
Molecular Weight and

Molecular Formula
Structure Company Indications Adverse Reaction or Toxicity

Rosiglitazone maleate
(Avandia) PPARγ agonist 473.5

C22H23N3O7S

Generic Name
(Brand Name)

Type of PPAR 
Agonist

Molecular Weight and 
Molecular Formula Structure Company Indications Adverse Reaction or Toxicity

Rosiglitazone maleate
(Avandia)

PPARγ agonist
473.5

C22H23N3O7S
 

GlaxoSmithKline Diabetes Headache, cough, cold symptoms, and back pain

Pioglitazone 
hydrochloride

(Actos)
PPARγ agonist

392.898
C19H21ClN2O3S

Takeda/Lilly Diabetes
Cold or flu-like symptoms, headache, gradual 

weight gain, muscle pain, back pain, tooth 
problems, and mouth pain

Lobeglitazone sulfate
(Duvie)

Dual PPARα/γ 
agonist

578.61
C24H26N4O9S2

Chong Kun 
Dang

Diabetes Edema and weight gain

Alogliptin 
benzoate/pioglitazone 
hydrochloride (Oseni)

Dipeptidyl 
peptidase IV 

inhibitor/PPAR
γ agonist

461.519(C25H27N5O4)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Upper respiratory tract infection, bone fracture, 

headache, nasopharyngitis, and pharyngitis

Glimepiride/pioglitazo
ne hydrochloride

(Duetact)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62(C24H34N4O5S)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Congestive heart failure, hypoglycemia, edema, 

fractures, and hemolytic anemia

Pioglitazone 
hydrochloride/metform

in hydrochloride 
(Actoplus Met)

PPARγ agonist/
adenosine 

monophosphat
e-activated 

protein kinase 
(AMPK) 
activator

392.898 
(C19H21ClN2O3S)/165.6(

C4H12ClN5)
Takeda Diabetes

Headache, nausea, vomiting, stomach upset, 
diarrhea, weakness, sore throat, muscle pain, 

weight gain, tooth problems, a metallic taste in the 
mouth, and sneezing, runny nose, cough, or other 

signs of a cold

GlaxoSmithKline Diabetes Headache, cough, cold symptoms, and back pain

Pioglitazone
hydrochloride

(Actos)
PPARγ agonist 392.898

C19H21ClN2O3S

Generic Name
(Brand Name)

Type of PPAR 
Agonist

Molecular Weight and 
Molecular Formula Structure Company Indications Adverse Reaction or Toxicity

Rosiglitazone maleate
(Avandia)

PPARγ agonist
473.5

C22H23N3O7S
GlaxoSmithKline Diabetes Headache, cough, cold symptoms, and back pain

Pioglitazone 
hydrochloride

(Actos)
PPARγ agonist

392.898
C19H21ClN2O3S

 

Takeda/Lilly Diabetes
Cold or flu-like symptoms, headache, gradual 

weight gain, muscle pain, back pain, tooth 
problems, and mouth pain

Lobeglitazone sulfate
(Duvie)

Dual PPARα/γ 
agonist

578.61
C24H26N4O9S2

Chong Kun 
Dang

Diabetes Edema and weight gain

Alogliptin 
benzoate/pioglitazone 
hydrochloride (Oseni)

Dipeptidyl 
peptidase IV 

inhibitor/PPAR
γ agonist

461.519(C25H27N5O4)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Upper respiratory tract infection, bone fracture, 

headache, nasopharyngitis, and pharyngitis

Glimepiride/pioglitazo
ne hydrochloride

(Duetact)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62(C24H34N4O5S)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Congestive heart failure, hypoglycemia, edema, 

fractures, and hemolytic anemia

Pioglitazone 
hydrochloride/metform

in hydrochloride 
(Actoplus Met)

PPARγ agonist/
adenosine 

monophosphat
e-activated 

protein kinase 
(AMPK) 
activator

392.898 
(C19H21ClN2O3S)/165.6(

C4H12ClN5)
Takeda Diabetes

Headache, nausea, vomiting, stomach upset, 
diarrhea, weakness, sore throat, muscle pain, 

weight gain, tooth problems, a metallic taste in the 
mouth, and sneezing, runny nose, cough, or other 

signs of a cold

Takeda/Lilly Diabetes
Cold or flu-like symptoms, headache, gradual

weight gain, muscle pain, back pain, tooth
problems, and mouth pain

Lobeglitazone sulfate
(Duvie) Dual PPARα/γ agonist 578.61

C24H26N4O9S2

Generic Name
(Brand Name)

Type of PPAR 
Agonist

Molecular Weight and 
Molecular Formula Structure Company Indications Adverse Reaction or Toxicity

Rosiglitazone maleate
(Avandia)

PPARγ agonist
473.5

C22H23N3O7S
GlaxoSmithKline Diabetes Headache, cough, cold symptoms, and back pain

Pioglitazone 
hydrochloride

(Actos)
PPARγ agonist

392.898
C19H21ClN2O3S

Takeda/Lilly Diabetes
Cold or flu-like symptoms, headache, gradual 

weight gain, muscle pain, back pain, tooth 
problems, and mouth pain

Lobeglitazone sulfate
(Duvie)

Dual PPARα/γ 
agonist

578.61
C24H26N4O9S2

 

Chong Kun 
Dang

Diabetes Edema and weight gain

Alogliptin 
benzoate/pioglitazone 
hydrochloride (Oseni)

Dipeptidyl 
peptidase IV 

inhibitor/PPAR
γ agonist

461.519(C25H27N5O4)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Upper respiratory tract infection, bone fracture, 

headache, nasopharyngitis, and pharyngitis

Glimepiride/pioglitazo
ne hydrochloride

(Duetact)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62(C24H34N4O5S)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Congestive heart failure, hypoglycemia, edema, 

fractures, and hemolytic anemia

Pioglitazone 
hydrochloride/metform

in hydrochloride 
(Actoplus Met)

PPARγ agonist/
adenosine 

monophosphat
e-activated 

protein kinase 
(AMPK) 
activator

392.898 
(C19H21ClN2O3S)/165.6(

C4H12ClN5)
Takeda Diabetes

Headache, nausea, vomiting, stomach upset, 
diarrhea, weakness, sore throat, muscle pain, 

weight gain, tooth problems, a metallic taste in the 
mouth, and sneezing, runny nose, cough, or other 

signs of a cold

Chong Kun Dang Diabetes Edema and weight gain

Alogliptin
benzoate/pioglitazone
hydrochloride (Oseni)

Dipeptidyl peptidase IV
inhibitor/PPARγ agonist

461.519 (C25H27N5O4)/
392.898 (C19H21ClN2O3S)

Generic Name
(Brand Name)

Type of PPAR 
Agonist

Molecular Weight and 
Molecular Formula Structure Company Indications Adverse Reaction or Toxicity

Rosiglitazone maleate
(Avandia)

PPARγ agonist
473.5

C22H23N3O7S
GlaxoSmithKline Diabetes Headache, cough, cold symptoms, and back pain

Pioglitazone 
hydrochloride

(Actos)
PPARγ agonist

392.898
C19H21ClN2O3S

Takeda/Lilly Diabetes
Cold or flu-like symptoms, headache, gradual 

weight gain, muscle pain, back pain, tooth 
problems, and mouth pain

Lobeglitazone sulfate
(Duvie)

Dual PPARα/γ 
agonist

578.61
C24H26N4O9S2

Chong Kun 
Dang

Diabetes Edema and weight gain

Alogliptin 
benzoate/pioglitazone 
hydrochloride (Oseni)

Dipeptidyl 
peptidase IV 

inhibitor/PPAR
γ agonist

461.519(C25H27N5O4)/39
2.898 (C19H21ClN2O3S)

 

Takeda Diabetes
Upper respiratory tract infection, bone fracture, 

headache, nasopharyngitis, and pharyngitis

Glimepiride/pioglitazo
ne hydrochloride

(Duetact)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62(C24H34N4O5S)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Congestive heart failure, hypoglycemia, edema, 

fractures, and hemolytic anemia

Pioglitazone 
hydrochloride/metform

in hydrochloride 
(Actoplus Met)

PPARγ agonist/
adenosine 

monophosphat
e-activated 

protein kinase 
(AMPK) 
activator

392.898 
(C19H21ClN2O3S)/165.6(

C4H12ClN5)
Takeda Diabetes

Headache, nausea, vomiting, stomach upset, 
diarrhea, weakness, sore throat, muscle pain, 

weight gain, tooth problems, a metallic taste in the 
mouth, and sneezing, runny nose, cough, or other 

signs of a cold

Takeda Diabetes Upper respiratory tract infection, bone fracture,
headache, nasopharyngitis, and pharyngitis

Glimepiride/pioglitazone
hydrochloride

(Duetact)

Sulfonylurea receptor
modulator/PPARγ agonist

490.62(C24H34N4O5S)/
392.898 (C19H21ClN2O3S)

Generic Name
(Brand Name)

Type of PPAR 
Agonist

Molecular Weight and 
Molecular Formula Structure Company Indications Adverse Reaction or Toxicity

Rosiglitazone maleate
(Avandia)

PPARγ agonist
473.5

C22H23N3O7S
GlaxoSmithKline Diabetes Headache, cough, cold symptoms, and back pain

Pioglitazone 
hydrochloride

(Actos)
PPARγ agonist

392.898
C19H21ClN2O3S

Takeda/Lilly Diabetes
Cold or flu-like symptoms, headache, gradual 

weight gain, muscle pain, back pain, tooth 
problems, and mouth pain

Lobeglitazone sulfate
(Duvie)

Dual PPARα/γ 
agonist

578.61
C24H26N4O9S2

Chong Kun 
Dang

Diabetes Edema and weight gain

Alogliptin 
benzoate/pioglitazone 
hydrochloride (Oseni)

Dipeptidyl 
peptidase IV 

inhibitor/PPAR
γ agonist

461.519(C25H27N5O4)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Upper respiratory tract infection, bone fracture, 

headache, nasopharyngitis, and pharyngitis

Glimepiride/pioglitazo
ne hydrochloride

(Duetact)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62(C24H34N4O5S)/39
2.898 (C19H21ClN2O3S)

 

Takeda Diabetes
Congestive heart failure, hypoglycemia, edema, 

fractures, and hemolytic anemia

Pioglitazone 
hydrochloride/metform

in hydrochloride 
(Actoplus Met)

PPARγ agonist/
adenosine 

monophosphat
e-activated 

protein kinase 
(AMPK) 
activator

392.898 
(C19H21ClN2O3S)/165.6(

C4H12ClN5)
Takeda Diabetes

Headache, nausea, vomiting, stomach upset, 
diarrhea, weakness, sore throat, muscle pain, 

weight gain, tooth problems, a metallic taste in the 
mouth, and sneezing, runny nose, cough, or other 

signs of a cold

Takeda Diabetes Congestive heart failure, hypoglycemia, edema,
fractures, and hemolytic anemia

Pioglitazone
hydrochloride/metformin

hydrochloride
(Actoplus Met)

PPARγ agonist/adenosine
monophosphate-activated

protein kinase (AMPK)
activator

392.898
(C19H21ClN2O3S)/
165.6(C4H12ClN5)

Generic Name
(Brand Name)

Type of PPAR 
Agonist

Molecular Weight and 
Molecular Formula Structure Company Indications Adverse Reaction or Toxicity

Rosiglitazone maleate
(Avandia)

PPARγ agonist
473.5

C22H23N3O7S
GlaxoSmithKline Diabetes Headache, cough, cold symptoms, and back pain

Pioglitazone 
hydrochloride

(Actos)
PPARγ agonist

392.898
C19H21ClN2O3S

Takeda/Lilly Diabetes
Cold or flu-like symptoms, headache, gradual 

weight gain, muscle pain, back pain, tooth 
problems, and mouth pain

Lobeglitazone sulfate
(Duvie)

Dual PPARα/γ 
agonist

578.61
C24H26N4O9S2

Chong Kun 
Dang

Diabetes Edema and weight gain

Alogliptin 
benzoate/pioglitazone 
hydrochloride (Oseni)

Dipeptidyl 
peptidase IV 

inhibitor/PPAR
γ agonist

461.519(C25H27N5O4)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Upper respiratory tract infection, bone fracture, 

headache, nasopharyngitis, and pharyngitis

Glimepiride/pioglitazo
ne hydrochloride

(Duetact)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62(C24H34N4O5S)/39
2.898 (C19H21ClN2O3S)

Takeda Diabetes
Congestive heart failure, hypoglycemia, edema, 

fractures, and hemolytic anemia

Pioglitazone 
hydrochloride/metform

in hydrochloride 
(Actoplus Met)

PPARγ agonist/
adenosine 

monophosphat
e-activated 

protein kinase 
(AMPK) 
activator

392.898 
(C19H21ClN2O3S)/165.6(

C4H12ClN5)
 

Takeda Diabetes

Headache, nausea, vomiting, stomach upset, 
diarrhea, weakness, sore throat, muscle pain, 

weight gain, tooth problems, a metallic taste in the 
mouth, and sneezing, runny nose, cough, or other 

signs of a cold

Takeda Diabetes

Headache, nausea, vomiting, stomach upset,
diarrhea, weakness, sore throat, muscle pain,

weight gain, tooth problems, a metallic taste in
the mouth, and sneezing, runny nose, cough, or

other signs of a cold

Rosiglitazone
maleate/metformin

hydrochloride
(Avandamet)

PPARγ agonist; AMPK
activator

473.5(C22H23N3O7S)/
165.6(C4H12ClN5)

Rosiglitazone 
maleate/metformin 

hydrochloride
(Avandamet)

PPARγ agonist; 
AMPK activator

473.5(C22H23N3O7S)/165.
6(C4H12ClN5)

 

GlaxoSmithKline Diabetes

Lactic acidosis, cardiac failure, adverse 
cardiovascular events, edema, weight gain, hepatic 

effects, macular edema, fractures, hematologic 
effects, and ovulation

Glimepiride/rosiglitazo
ne maleate (Avandaryl)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62 
(C24H34N4O5S)/473.5(C22

H23N3O7S)
GlaxoSmithKline Diabetes

Cardiac failure with rosiglitazone, major adverse 
cardiovascular events, hypoglycemia, edema, 
weight gain, hepatic effects, macular edema, 

fractures, hypersensitivity reactions, hematologic 
effects, hemolytic anemia, and increased risk of 
cardiovascular mortality for sulfonylurea drugs

Clofibrate
(Atromid-S)

PPARα agonist
242.699

C12H15ClO3
Pfizer

Hyperlipidemia 
Hypertriglyceride

mia 
Hypercholesterol

emia

Common: diarrhea, nausea 
Rare: abnormal heart rhythm, acute inflammation 
of the pancreas, anemia, angina, gallstones, kidney 

failure, and low levels of white blood cells

Fenofibrate
(Antara)

PPARα agonist
360.834

C20H21ClO4
Abbvie

Hypercholesterol
emia 

Hypertriglyceride
mia

Common: abnormal liver tests including aspartate 
aminotransferase (AST) and alanine 

aminotransferase (ALT), and headache 
Rare: high blood pressure, dizziness, itching, 

nausea, upset stomach, constipation, diarrhea, 
urinary tract infections, muscle pain, kidney 

problems, and respiratory tract infections

Choline fenofibrate
(Fenofibric Acid)

PPARα agonist
421.918

C22H28ClNO5
Abbvie Hyperlipidemia

Diarrhea, dyspepsia, nasopharyngitis, sinusitis, 
upper respiratory tract infection, arthralgia, 

myalgia, pain in extremities, dizziness

Bezafibrate
(Bezalip)

PPARα agonist
361.822

C19H20ClNO4

Roche 
Diagnostics

Hypertriglyceride
mia 

hypercholesterole
mia mixed 

hyperlipidemia

Stomach upset, stomach pain, gas, or nausea may 
occur in the first several days; itchy skin, redness, 

headache, and dizziness

GlaxoSmithKline Diabetes

Lactic acidosis, cardiac failure, adverse
cardiovascular events, edema, weight gain,
hepatic effects, macular edema, fractures,

hematologic effects, and ovulation

Glimepiride/rosiglitazone
maleate (Avandaryl)

Sulfonylurea receptor
modulator/PPARγ agonist

490.62 (C24H34N4O5S)/
473.5(C22H23N3O7S)

Rosiglitazone 
maleate/metformin 

hydrochloride
(Avandamet)

PPARγ agonist; 
AMPK activator

473.5(C22H23N3O7S)/165.
6(C4H12ClN5)

GlaxoSmithKline Diabetes

Lactic acidosis, cardiac failure, adverse 
cardiovascular events, edema, weight gain, hepatic 

effects, macular edema, fractures, hematologic 
effects, and ovulation

Glimepiride/rosiglitazo
ne maleate (Avandaryl)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62 
(C24H34N4O5S)/473.5(C22

H23N3O7S)

 

GlaxoSmithKline Diabetes

Cardiac failure with rosiglitazone, major adverse 
cardiovascular events, hypoglycemia, edema, 
weight gain, hepatic effects, macular edema, 

fractures, hypersensitivity reactions, hematologic 
effects, hemolytic anemia, and increased risk of 
cardiovascular mortality for sulfonylurea drugs

Clofibrate
(Atromid-S)

PPARα agonist
242.699

C12H15ClO3
Pfizer

Hyperlipidemia 
Hypertriglyceride

mia 
Hypercholesterol

emia

Common: diarrhea, nausea 
Rare: abnormal heart rhythm, acute inflammation 
of the pancreas, anemia, angina, gallstones, kidney 

failure, and low levels of white blood cells

Fenofibrate
(Antara)

PPARα agonist
360.834

C20H21ClO4
Abbvie

Hypercholesterol
emia 

Hypertriglyceride
mia

Common: abnormal liver tests including aspartate 
aminotransferase (AST) and alanine 

aminotransferase (ALT), and headache 
Rare: high blood pressure, dizziness, itching, 

nausea, upset stomach, constipation, diarrhea, 
urinary tract infections, muscle pain, kidney 

problems, and respiratory tract infections

Choline fenofibrate
(Fenofibric Acid)

PPARα agonist
421.918

C22H28ClNO5
Abbvie Hyperlipidemia

Diarrhea, dyspepsia, nasopharyngitis, sinusitis, 
upper respiratory tract infection, arthralgia, 

myalgia, pain in extremities, dizziness

Bezafibrate
(Bezalip)

PPARα agonist
361.822

C19H20ClNO4

Roche 
Diagnostics

Hypertriglyceride
mia 

hypercholesterole
mia mixed 

hyperlipidemia

Stomach upset, stomach pain, gas, or nausea may 
occur in the first several days; itchy skin, redness, 

headache, and dizziness

GlaxoSmithKline Diabetes

Cardiac failure with rosiglitazone, major adverse
cardiovascular events, hypoglycemia, edema,
weight gain, hepatic effects, macular edema,

fractures, hypersensitivity reactions, hematologic
effects, hemolytic anemia, and increased risk of
cardiovascular mortality for sulfonylurea drugs

Clofibrate
(Atromid-S) PPARα agonist 242.699

C12H15ClO3

Rosiglitazone 
maleate/metformin 

hydrochloride
(Avandamet)

PPARγ agonist; 
AMPK activator

473.5(C22H23N3O7S)/165.
6(C4H12ClN5)

GlaxoSmithKline Diabetes

Lactic acidosis, cardiac failure, adverse 
cardiovascular events, edema, weight gain, hepatic 

effects, macular edema, fractures, hematologic 
effects, and ovulation

Glimepiride/rosiglitazo
ne maleate (Avandaryl)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62 
(C24H34N4O5S)/473.5(C22

H23N3O7S)
GlaxoSmithKline Diabetes

Cardiac failure with rosiglitazone, major adverse 
cardiovascular events, hypoglycemia, edema, 
weight gain, hepatic effects, macular edema, 

fractures, hypersensitivity reactions, hematologic 
effects, hemolytic anemia, and increased risk of 
cardiovascular mortality for sulfonylurea drugs

Clofibrate
(Atromid-S)

PPARα agonist
242.699

C12H15ClO3
 

Pfizer

Hyperlipidemia 
Hypertriglyceride

mia 
Hypercholesterol

emia

Common: diarrhea, nausea 
Rare: abnormal heart rhythm, acute inflammation 
of the pancreas, anemia, angina, gallstones, kidney 

failure, and low levels of white blood cells

Fenofibrate
(Antara)

PPARα agonist
360.834

C20H21ClO4
Abbvie

Hypercholesterol
emia 

Hypertriglyceride
mia

Common: abnormal liver tests including aspartate 
aminotransferase (AST) and alanine 

aminotransferase (ALT), and headache 
Rare: high blood pressure, dizziness, itching, 

nausea, upset stomach, constipation, diarrhea, 
urinary tract infections, muscle pain, kidney 

problems, and respiratory tract infections

Choline fenofibrate
(Fenofibric Acid)

PPARα agonist
421.918

C22H28ClNO5
Abbvie Hyperlipidemia

Diarrhea, dyspepsia, nasopharyngitis, sinusitis, 
upper respiratory tract infection, arthralgia, 

myalgia, pain in extremities, dizziness

Bezafibrate
(Bezalip)

PPARα agonist
361.822

C19H20ClNO4

Roche 
Diagnostics

Hypertriglyceride
mia 

hypercholesterole
mia mixed 

hyperlipidemia

Stomach upset, stomach pain, gas, or nausea may 
occur in the first several days; itchy skin, redness, 

headache, and dizziness

Pfizer
Hyperlipidemia

Hypertriglyceridemia
Hypercholesterolemia

Common: diarrhea, nausea
Rare: abnormal heart rhythm, acute inflammation

of the pancreas, anemia, angina, gallstones,
kidney failure, and low levels of white blood cells
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Table 1. Cont.

Generic Name
(Brand Name)

Type of PPAR Agonist
Molecular Weight and

Molecular Formula
Structure Company Indications Adverse Reaction or Toxicity

Fenofibrate
(Antara) PPARα agonist 360.834

C20H21ClO4

Rosiglitazone 
maleate/metformin 

hydrochloride
(Avandamet)

PPARγ agonist; 
AMPK activator

473.5(C22H23N3O7S)/165.
6(C4H12ClN5)

GlaxoSmithKline Diabetes

Lactic acidosis, cardiac failure, adverse 
cardiovascular events, edema, weight gain, hepatic 

effects, macular edema, fractures, hematologic 
effects, and ovulation

Glimepiride/rosiglitazo
ne maleate (Avandaryl)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62 
(C24H34N4O5S)/473.5(C22

H23N3O7S)
GlaxoSmithKline Diabetes

Cardiac failure with rosiglitazone, major adverse 
cardiovascular events, hypoglycemia, edema, 
weight gain, hepatic effects, macular edema, 

fractures, hypersensitivity reactions, hematologic 
effects, hemolytic anemia, and increased risk of 
cardiovascular mortality for sulfonylurea drugs

Clofibrate
(Atromid-S)

PPARα agonist
242.699

C12H15ClO3
Pfizer

Hyperlipidemia 
Hypertriglyceride

mia 
Hypercholesterol

emia

Common: diarrhea, nausea 
Rare: abnormal heart rhythm, acute inflammation 
of the pancreas, anemia, angina, gallstones, kidney 

failure, and low levels of white blood cells

Fenofibrate
(Antara)

PPARα agonist
360.834

C20H21ClO4
 

Abbvie

Hypercholesterol
emia 

Hypertriglyceride
mia

Common: abnormal liver tests including aspartate 
aminotransferase (AST) and alanine 

aminotransferase (ALT), and headache 
Rare: high blood pressure, dizziness, itching, 

nausea, upset stomach, constipation, diarrhea, 
urinary tract infections, muscle pain, kidney 

problems, and respiratory tract infections

Choline fenofibrate
(Fenofibric Acid)

PPARα agonist
421.918

C22H28ClNO5
Abbvie Hyperlipidemia

Diarrhea, dyspepsia, nasopharyngitis, sinusitis, 
upper respiratory tract infection, arthralgia, 

myalgia, pain in extremities, dizziness

Bezafibrate
(Bezalip)

PPARα agonist
361.822

C19H20ClNO4

Roche 
Diagnostics

Hypertriglyceride
mia 

hypercholesterole
mia mixed 

hyperlipidemia

Stomach upset, stomach pain, gas, or nausea may 
occur in the first several days; itchy skin, redness, 

headache, and dizziness

Abbvie Hypercholesterolemia
Hypertriglyceridemia

Common: abnormal liver tests including
aspartate aminotransferase (AST) and alanine

aminotransferase (ALT), and headache
Rare: high blood pressure, dizziness, itching,

nausea, upset stomach, constipation, diarrhea,
urinary tract infections, muscle pain, kidney

problems, and respiratory tract infections

Choline fenofibrate
(Fenofibric Acid) PPARα agonist 421.918

C22H28ClNO5

Rosiglitazone 
maleate/metformin 

hydrochloride
(Avandamet)

PPARγ agonist; 
AMPK activator

473.5(C22H23N3O7S)/165.
6(C4H12ClN5)

GlaxoSmithKline Diabetes

Lactic acidosis, cardiac failure, adverse 
cardiovascular events, edema, weight gain, hepatic 

effects, macular edema, fractures, hematologic 
effects, and ovulation

Glimepiride/rosiglitazo
ne maleate (Avandaryl)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62 
(C24H34N4O5S)/473.5(C22

H23N3O7S)
GlaxoSmithKline Diabetes

Cardiac failure with rosiglitazone, major adverse 
cardiovascular events, hypoglycemia, edema, 
weight gain, hepatic effects, macular edema, 

fractures, hypersensitivity reactions, hematologic 
effects, hemolytic anemia, and increased risk of 
cardiovascular mortality for sulfonylurea drugs

Clofibrate
(Atromid-S)

PPARα agonist
242.699

C12H15ClO3
Pfizer

Hyperlipidemia 
Hypertriglyceride

mia 
Hypercholesterol

emia

Common: diarrhea, nausea 
Rare: abnormal heart rhythm, acute inflammation 
of the pancreas, anemia, angina, gallstones, kidney 

failure, and low levels of white blood cells

Fenofibrate
(Antara)

PPARα agonist
360.834

C20H21ClO4
Abbvie

Hypercholesterol
emia 

Hypertriglyceride
mia

Common: abnormal liver tests including aspartate 
aminotransferase (AST) and alanine 

aminotransferase (ALT), and headache 
Rare: high blood pressure, dizziness, itching, 

nausea, upset stomach, constipation, diarrhea, 
urinary tract infections, muscle pain, kidney 

problems, and respiratory tract infections

Choline fenofibrate
(Fenofibric Acid)

PPARα agonist
421.918

C22H28ClNO5

 

Abbvie Hyperlipidemia
Diarrhea, dyspepsia, nasopharyngitis, sinusitis, 

upper respiratory tract infection, arthralgia, 
myalgia, pain in extremities, dizziness

Bezafibrate
(Bezalip)

PPARα agonist
361.822

C19H20ClNO4

Roche 
Diagnostics

Hypertriglyceride
mia 

hypercholesterole
mia mixed 

hyperlipidemia

Stomach upset, stomach pain, gas, or nausea may 
occur in the first several days; itchy skin, redness, 

headache, and dizziness

Abbvie Hyperlipidemia
Diarrhea, dyspepsia, nasopharyngitis, sinusitis,

upper respiratory tract infection, arthralgia,
myalgia, pain in extremities, dizziness

Bezafibrate
(Bezalip) PPARα agonist 361.822

C19H20ClNO4

Rosiglitazone 
maleate/metformin 

hydrochloride
(Avandamet)

PPARγ agonist; 
AMPK activator

473.5(C22H23N3O7S)/165.
6(C4H12ClN5)

GlaxoSmithKline Diabetes

Lactic acidosis, cardiac failure, adverse 
cardiovascular events, edema, weight gain, hepatic 

effects, macular edema, fractures, hematologic 
effects, and ovulation

Glimepiride/rosiglitazo
ne maleate (Avandaryl)

Sulfonylurea 
receptor 

modulator/PPA
Rγ agonist

490.62 
(C24H34N4O5S)/473.5(C22

H23N3O7S)
GlaxoSmithKline Diabetes

Cardiac failure with rosiglitazone, major adverse 
cardiovascular events, hypoglycemia, edema, 
weight gain, hepatic effects, macular edema, 

fractures, hypersensitivity reactions, hematologic 
effects, hemolytic anemia, and increased risk of 
cardiovascular mortality for sulfonylurea drugs

Clofibrate
(Atromid-S)

PPARα agonist
242.699

C12H15ClO3
Pfizer

Hyperlipidemia 
Hypertriglyceride

mia 
Hypercholesterol

emia

Common: diarrhea, nausea 
Rare: abnormal heart rhythm, acute inflammation 
of the pancreas, anemia, angina, gallstones, kidney 

failure, and low levels of white blood cells

Fenofibrate
(Antara)

PPARα agonist
360.834

C20H21ClO4
Abbvie

Hypercholesterol
emia 

Hypertriglyceride
mia

Common: abnormal liver tests including aspartate 
aminotransferase (AST) and alanine 

aminotransferase (ALT), and headache 
Rare: high blood pressure, dizziness, itching, 

nausea, upset stomach, constipation, diarrhea, 
urinary tract infections, muscle pain, kidney 

problems, and respiratory tract infections

Choline fenofibrate
(Fenofibric Acid)

PPARα agonist
421.918

C22H28ClNO5
Abbvie Hyperlipidemia

Diarrhea, dyspepsia, nasopharyngitis, sinusitis, 
upper respiratory tract infection, arthralgia, 

myalgia, pain in extremities, dizziness

Bezafibrate
(Bezalip)

PPARα agonist
361.822

C19H20ClNO4

 

Roche 
Diagnostics

Hypertriglyceride
mia 

hypercholesterole
mia mixed 

hyperlipidemia

Stomach upset, stomach pain, gas, or nausea may 
occur in the first several days; itchy skin, redness, 

headache, and dizziness
Roche Diagnostics

Hypertriglyceridemia
hypercholesterolemia

mixed
hyperlipidemia

Stomach upset, stomach pain, gas, or nausea may
occur in the first several days; itchy skin, redness,

headache, and dizziness

Gemfibrozil
(Lopid) PPARα agonist 250.338

C15H22O3

Gemfibrozil
(Lopid)

PPARα agonist
250.338

C15H22O3
 

Pfizer
Hyperlipidemia 
Ischemic heart 

disorder

Stomach upset, stomach/abdominal pain, nausea, 
vomiting, diarrhea, constipation, rash, dizziness, 

headache, changes in the way things taste, muscle 
pain

Ciprofibrate
(Lipanor)

PPARα agonist
289.152

C13H14Cl2O3
Sanofi-Aventis Hyperlipidemia

Hair loss, balding, headache, balance problems, 
feeling dizzy, drowsiness or fatigue, feeling sick 

(nausea) or being sick (vomiting), diarrhea, 
indigestion or stomach pains, muscle pains

Pemafibrate
(Parmodia)

PPARα agonist
490.556

C28H30N2O6
Kowa Dyslipidemia

Cholelithiasis (upper abdominal pain, fever) and 
diabetes mellitus (dry mouth, excess intake of 

fluid, excessive urination, fatigue)

Pravastatin 
sodium/fenofibrate

(Pravafenix)

3-hydroxy-3-
methylglutaryl-
CoA reductase 

(HMGCR) 
inhibitor/PPAR

α agonist

446.5(C23H35NaO7)/360.
83(C20H21ClO4)

Laboratoires 
SMB

Mixed 
hyperlipidemia 
Coronary heart 

disease

Abdominal distension (bloating), abdominal pain 
(stomach ache), constipation, diarrhea, dry mouth, 

dyspepsia (heartburn), eructation (belching), 
flatulence (gas), nausea (feeling sick), abdominal 
discomfort, vomiting, and raised blood levels of 

liver enzymes

Fenofibrate/simvastatin
(Cholib)

PPARα agonist/
HMGCR 
inhibitor

360.834 
(C20H21ClO4)/418.57(C25

H38O5)
Mylan

Mixed 
hyperlipidemia

Raised blood creatinine levels, upper-respiratory-
tract infection (colds), increased blood platelet 
counts, gastroenteritis (diarrhea and vomiting) 

and increased levels of alanine aminotransferase

Saroglitazar
(Lipaglyn)

PPARα/γ 
agonist

439.57
C25H29NO4S

Zydus Cadila
Diabetic 

dyslipidemia
Asthenia, gastritis, chest discomfort, peripheral 

edema, dizziness, and tremors

Pfizer
Hyperlipidemia
Ischemic heart

disorder

Stomach upset, stomach/abdominal pain, nausea,
vomiting, diarrhea, constipation, rash, dizziness,

headache, changes in the way things taste,
muscle pain

Ciprofibrate
(Lipanor) PPARα agonist 289.152

C13H14Cl2O3

Gemfibrozil
(Lopid)

PPARα agonist
250.338

C15H22O3
Pfizer

Hyperlipidemia 
Ischemic heart 

disorder

Stomach upset, stomach/abdominal pain, nausea, 
vomiting, diarrhea, constipation, rash, dizziness, 

headache, changes in the way things taste, muscle 
pain

Ciprofibrate
(Lipanor)

PPARα agonist
289.152

C13H14Cl2O3

 

Sanofi-Aventis Hyperlipidemia

Hair loss, balding, headache, balance problems, 
feeling dizzy, drowsiness or fatigue, feeling sick 

(nausea) or being sick (vomiting), diarrhea, 
indigestion or stomach pains, muscle pains

Pemafibrate
(Parmodia)

PPARα agonist
490.556

C28H30N2O6
Kowa Dyslipidemia

Cholelithiasis (upper abdominal pain, fever) and 
diabetes mellitus (dry mouth, excess intake of 

fluid, excessive urination, fatigue)

Pravastatin 
sodium/fenofibrate

(Pravafenix)

3-hydroxy-3-
methylglutaryl-
CoA reductase 

(HMGCR) 
inhibitor/PPAR

α agonist

446.5(C23H35NaO7)/360.
83(C20H21ClO4)

Laboratoires 
SMB

Mixed 
hyperlipidemia 
Coronary heart 

disease

Abdominal distension (bloating), abdominal pain 
(stomach ache), constipation, diarrhea, dry mouth, 

dyspepsia (heartburn), eructation (belching), 
flatulence (gas), nausea (feeling sick), abdominal 
discomfort, vomiting, and raised blood levels of 

liver enzymes

Fenofibrate/simvastatin
(Cholib)

PPARα agonist/
HMGCR 
inhibitor

360.834 
(C20H21ClO4)/418.57(C25

H38O5)
Mylan

Mixed 
hyperlipidemia

Raised blood creatinine levels, upper-respiratory-
tract infection (colds), increased blood platelet 
counts, gastroenteritis (diarrhea and vomiting) 

and increased levels of alanine aminotransferase

Saroglitazar
(Lipaglyn)

PPARα/γ 
agonist

439.57
C25H29NO4S

Zydus Cadila
Diabetic 

dyslipidemia
Asthenia, gastritis, chest discomfort, peripheral 

edema, dizziness, and tremors

Sanofi-Aventis Hyperlipidemia

Hair loss, balding, headache, balance problems,
feeling dizzy, drowsiness or fatigue, feeling sick

(nausea) or being sick (vomiting), diarrhea,
indigestion or stomach pains, muscle pains

Pemafibrate
(Parmodia) PPARα agonist 490.556

C28H30N2O6

Gemfibrozil
(Lopid)

PPARα agonist
250.338

C15H22O3
Pfizer

Hyperlipidemia 
Ischemic heart 

disorder

Stomach upset, stomach/abdominal pain, nausea, 
vomiting, diarrhea, constipation, rash, dizziness, 

headache, changes in the way things taste, muscle 
pain

Ciprofibrate
(Lipanor)

PPARα agonist
289.152

C13H14Cl2O3
Sanofi-Aventis Hyperlipidemia

Hair loss, balding, headache, balance problems, 
feeling dizzy, drowsiness or fatigue, feeling sick 

(nausea) or being sick (vomiting), diarrhea, 
indigestion or stomach pains, muscle pains

Pemafibrate
(Parmodia)

PPARα agonist
490.556

C28H30N2O6

 

Kowa Dyslipidemia
Cholelithiasis (upper abdominal pain, fever) and 

diabetes mellitus (dry mouth, excess intake of 
fluid, excessive urination, fatigue)

Pravastatin 
sodium/fenofibrate

(Pravafenix)

3-hydroxy-3-
methylglutaryl-
CoA reductase 

(HMGCR) 
inhibitor/PPAR

α agonist

446.5(C23H35NaO7)/360.
83(C20H21ClO4)

Laboratoires 
SMB

Mixed 
hyperlipidemia 
Coronary heart 

disease

Abdominal distension (bloating), abdominal pain 
(stomach ache), constipation, diarrhea, dry mouth, 

dyspepsia (heartburn), eructation (belching), 
flatulence (gas), nausea (feeling sick), abdominal 
discomfort, vomiting, and raised blood levels of 

liver enzymes

Fenofibrate/simvastatin
(Cholib)

PPARα agonist/
HMGCR 
inhibitor

360.834 
(C20H21ClO4)/418.57(C25

H38O5)
Mylan

Mixed 
hyperlipidemia

Raised blood creatinine levels, upper-respiratory-
tract infection (colds), increased blood platelet 
counts, gastroenteritis (diarrhea and vomiting) 

and increased levels of alanine aminotransferase

Saroglitazar
(Lipaglyn)

PPARα/γ 
agonist

439.57
C25H29NO4S

Zydus Cadila
Diabetic 

dyslipidemia
Asthenia, gastritis, chest discomfort, peripheral 

edema, dizziness, and tremors

Kowa Dyslipidemia
Cholelithiasis (upper abdominal pain, fever) and

diabetes mellitus (dry mouth, excess intake of
fluid, excessive urination, fatigue)

Pravastatin
sodium/fenofibrate

(Pravafenix)

3-hydroxy-3-
methylglutaryl-CoA
reductase (HMGCR)

inhibitor/PPARα agonist

446.5(C23H35NaO7)/
360.83(C20H21ClO4)

Gemfibrozil
(Lopid)

PPARα agonist
250.338

C15H22O3
Pfizer

Hyperlipidemia 
Ischemic heart 

disorder

Stomach upset, stomach/abdominal pain, nausea, 
vomiting, diarrhea, constipation, rash, dizziness, 

headache, changes in the way things taste, muscle 
pain

Ciprofibrate
(Lipanor)

PPARα agonist
289.152

C13H14Cl2O3
Sanofi-Aventis Hyperlipidemia

Hair loss, balding, headache, balance problems, 
feeling dizzy, drowsiness or fatigue, feeling sick 

(nausea) or being sick (vomiting), diarrhea, 
indigestion or stomach pains, muscle pains

Pemafibrate
(Parmodia)

PPARα agonist
490.556

C28H30N2O6
Kowa Dyslipidemia

Cholelithiasis (upper abdominal pain, fever) and 
diabetes mellitus (dry mouth, excess intake of 

fluid, excessive urination, fatigue)

Pravastatin 
sodium/fenofibrate

(Pravafenix)

3-hydroxy-3-
methylglutaryl-
CoA reductase 

(HMGCR) 
inhibitor/PPAR

α agonist

446.5(C23H35NaO7)/360.
83(C20H21ClO4)

 

Laboratoires 
SMB

Mixed 
hyperlipidemia 
Coronary heart 

disease

Abdominal distension (bloating), abdominal pain 
(stomach ache), constipation, diarrhea, dry mouth, 

dyspepsia (heartburn), eructation (belching), 
flatulence (gas), nausea (feeling sick), abdominal 
discomfort, vomiting, and raised blood levels of 

liver enzymes

Fenofibrate/simvastatin
(Cholib)

PPARα agonist/
HMGCR 
inhibitor

360.834 
(C20H21ClO4)/418.57(C25

H38O5)
Mylan

Mixed 
hyperlipidemia

Raised blood creatinine levels, upper-respiratory-
tract infection (colds), increased blood platelet 
counts, gastroenteritis (diarrhea and vomiting) 

and increased levels of alanine aminotransferase

Saroglitazar
(Lipaglyn)

PPARα/γ 
agonist

439.57
C25H29NO4S

Zydus Cadila
Diabetic 

dyslipidemia
Asthenia, gastritis, chest discomfort, peripheral 

edema, dizziness, and tremors

Laboratoires SMB

Mixed
hyperlipidemia
Coronary heart

disease

Abdominal distension (bloating), abdominal pain
(stomach ache), constipation, diarrhea, dry mouth,

dyspepsia (heartburn), eructation (belching),
flatulence (gas), nausea (feeling sick), abdominal
discomfort, vomiting, and raised blood levels of

liver enzymes
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Table 1. Cont.

Generic Name
(Brand Name)

Type of PPAR Agonist
Molecular Weight and

Molecular Formula
Structure Company Indications Adverse Reaction or Toxicity

Fenofibrate/simvastatin
(Cholib)

PPARα agonist/
HMGCR inhibitor

360.834 (C20H21ClO4)/
418.57(C25H38O5)

Gemfibrozil
(Lopid)

PPARα agonist
250.338

C15H22O3
Pfizer

Hyperlipidemia 
Ischemic heart 

disorder

Stomach upset, stomach/abdominal pain, nausea, 
vomiting, diarrhea, constipation, rash, dizziness, 

headache, changes in the way things taste, muscle 
pain

Ciprofibrate
(Lipanor)

PPARα agonist
289.152

C13H14Cl2O3
Sanofi-Aventis Hyperlipidemia

Hair loss, balding, headache, balance problems, 
feeling dizzy, drowsiness or fatigue, feeling sick 

(nausea) or being sick (vomiting), diarrhea, 
indigestion or stomach pains, muscle pains

Pemafibrate
(Parmodia)

PPARα agonist
490.556

C28H30N2O6
Kowa Dyslipidemia

Cholelithiasis (upper abdominal pain, fever) and 
diabetes mellitus (dry mouth, excess intake of 

fluid, excessive urination, fatigue)

Pravastatin 
sodium/fenofibrate

(Pravafenix)

3-hydroxy-3-
methylglutaryl-
CoA reductase 

(HMGCR) 
inhibitor/PPAR

α agonist

446.5(C23H35NaO7)/360.
83(C20H21ClO4)

Laboratoires 
SMB

Mixed 
hyperlipidemia 
Coronary heart 

disease

Abdominal distension (bloating), abdominal pain 
(stomach ache), constipation, diarrhea, dry mouth, 

dyspepsia (heartburn), eructation (belching), 
flatulence (gas), nausea (feeling sick), abdominal 
discomfort, vomiting, and raised blood levels of 

liver enzymes

Fenofibrate/simvastatin
(Cholib)

PPARα agonist/
HMGCR 
inhibitor

360.834 
(C20H21ClO4)/418.57(C25

H38O5)

 

Mylan
Mixed 

hyperlipidemia

Raised blood creatinine levels, upper-respiratory-
tract infection (colds), increased blood platelet 
counts, gastroenteritis (diarrhea and vomiting) 

and increased levels of alanine aminotransferase

Saroglitazar
(Lipaglyn)

PPARα/γ 
agonist

439.57
C25H29NO4S

Zydus Cadila
Diabetic 

dyslipidemia
Asthenia, gastritis, chest discomfort, peripheral 

edema, dizziness, and tremors

Mylan Mixed
hyperlipidemia

Raised blood creatinine levels,
upper-respiratory-tract infection (colds),

increased blood platelet counts, gastroenteritis
(diarrhea and vomiting) and increased levels of

alanine aminotransferase

Saroglitazar
(Lipaglyn) PPARα/γ agonist 439.57

C25H29NO4S

Gemfibrozil
(Lopid)

PPARα agonist
250.338

C15H22O3
Pfizer

Hyperlipidemia 
Ischemic heart 

disorder

Stomach upset, stomach/abdominal pain, nausea, 
vomiting, diarrhea, constipation, rash, dizziness, 

headache, changes in the way things taste, muscle 
pain

Ciprofibrate
(Lipanor)

PPARα agonist
289.152

C13H14Cl2O3
Sanofi-Aventis Hyperlipidemia

Hair loss, balding, headache, balance problems, 
feeling dizzy, drowsiness or fatigue, feeling sick 

(nausea) or being sick (vomiting), diarrhea, 
indigestion or stomach pains, muscle pains

Pemafibrate
(Parmodia)

PPARα agonist
490.556

C28H30N2O6
Kowa Dyslipidemia

Cholelithiasis (upper abdominal pain, fever) and 
diabetes mellitus (dry mouth, excess intake of 

fluid, excessive urination, fatigue)

Pravastatin 
sodium/fenofibrate

(Pravafenix)

3-hydroxy-3-
methylglutaryl-
CoA reductase 

(HMGCR) 
inhibitor/PPAR

α agonist

446.5(C23H35NaO7)/360.
83(C20H21ClO4)

Laboratoires 
SMB

Mixed 
hyperlipidemia 
Coronary heart 

disease

Abdominal distension (bloating), abdominal pain 
(stomach ache), constipation, diarrhea, dry mouth, 

dyspepsia (heartburn), eructation (belching), 
flatulence (gas), nausea (feeling sick), abdominal 
discomfort, vomiting, and raised blood levels of 

liver enzymes

Fenofibrate/simvastatin
(Cholib)

PPARα agonist/
HMGCR 
inhibitor

360.834 
(C20H21ClO4)/418.57(C25

H38O5)
Mylan

Mixed 
hyperlipidemia

Raised blood creatinine levels, upper-respiratory-
tract infection (colds), increased blood platelet 
counts, gastroenteritis (diarrhea and vomiting) 

and increased levels of alanine aminotransferase

Saroglitazar
(Lipaglyn)

PPARα/γ 
agonist

439.57
C25H29NO4S

 

Zydus Cadila
Diabetic 

dyslipidemia
Asthenia, gastritis, chest discomfort, peripheral 

edema, dizziness, and tremorsZydus Cadila Diabetic dyslipidemia Asthenia, gastritis, chest discomfort, peripheral
edema, dizziness, and tremors
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2. PPARs in Cardiotoxicity

Considering the high expression level of PPARs in cardiac muscles and their strong implication in
metabolic disorders and endocrine disruption, interference with PPARs can affect metabolic homeostasis
and development of the cardiovascular system.

Cardiac edemas and the impairment of cardiac development were observed in marine medaka
larvae fish exposed to perfluorooctane sulfonate (PFOS) by interfering PPARα and PPARβ [14,
15]. Perfluorooctanoic acid (PFOA) exposure-induced right-ventricular wall thinning elevation in
chicken embryos is also likely due to PPARα [16]. After exposure to di-ethyl-hexylphthalate (DEHP),
changes in the metabolic profile via the PPARα pathway can be detected in rat cardiomyocytes [17].
Triclocarban (TCC) is a high-performance broad-spectrum fungicide, which can induce cardiac
metabolic alterations in mice by suppression of PPARα messenger RNA (mRNA) expression and other
enzymes involved in energy and lipid metabolism. A further study found TCC directly interacted with
the active site of PPARα in both mice and human tissues [18]. Exposure to airborne particulate matter is
positively correlated with cardiorespiratory mortality [19]. Some studies showed that heart abnormal
energy metabolism caused by seasonal ambient fine particles (PM2.5) was related to PPARα-regulated
fatty-acid and glucose transporters. Unmanaged heart abnormal energy metabolism eventually leads
to cardiac damage and heart failure [20]. Considerable research suggested that PPARs play pivotal
roles in myocardial energy dysfunction. Energy substrate utilization showed a marked shift from
fatty acid to glucose and lactate and cardiac hypertrophy in PPARα−/− hearts [21]. PPARα-null hearts
with decreased contractile and metabolic remodeling were rescued by enhancing myocardial glucose
transportation and utilization [21].

Furthermore, PPARγ inhibits cardiac growth and embryonic gene expression and decreases
nuclear factor kappa B (NF-κB) activity in mice [22]. Cardiomyocyte-specific PPARγ knockout mice
were more susceptible to cardiac hypertrophy with systolic cardiac function [22]. CKD-501, a new
selective PPARγ agonist, induced heart toxicity in db/db mice by PPARγ-dependent mechanism [23].
Rosiglitazone leads to cardiac hypertrophy partially independent of cardiomyocyte PPARγ [22].
Another study indicated that rosiglitazone caused oxidative stress-induced mitochondrial dysfunction
via PPARγ-independent pathways in mouse hearts [24]. Anna et al. reported that atorvastatin
ameliorated cardiac hypertrophy by improving the protein expression of PPARα and PPARβ, which
regulated the gene expression involved in fatty acid metabolism and avoided NF-κB activation by
reducing the protein–protein interaction between PPARs and p65 [25]. Moreover, atorvastatin reduced
the paraquat-induced cardiotoxicity via the PPARγ pathway [26]. Hesperidin, a flavanone glycoside
and a known PPARγ ligand, improved cardiac hypertrophy by improving cardiac hemodynamics,
as well as inhibiting oxidative stress and apoptosis through increasing PPARγ expression [27]. Piperine,
a phenolic component of black pepper, attenuated cardiac fibrosis via PPARγ activation and the
inhibition of protein kinase B (AKT)/glycogen synthase kinase 3 β (GSK3β) [28]. Interestingly,
the regulation of PPARγ by pioglitazone suppressed cardiac hypertrophy as indicated by decreased
heart/body weight ratio, wall thickness, and myocyte diameter [29], but the effect of pioglitazone on
limiting myocardial infarct size was a PPARγ-independent event [30]. Epoxyeicosatrienoic acids (EET),
a primary arachidonic acid metabolite, blocked tumor necrosis factor α (TNFα)-induced cardiotoxicity
by reducing inflammation via upregulation of PPARγ expression [31].

Some dual PPARα/γ agonists such as tesaglitazar display an increased risk of cardiovascular events.
Treatment with tesaglitazar in mice caused cardiac dysfunction associated with low mitochondrial
abundance [32]. In addition, tesaglitazar increased acetylation of proliferator-activated receptor gamma
coactivator 1α (PGC1α) and decreased the expression of sirtuin 1 (SIRT1), which was associated with
competition between PPARα and PPARγ. LY510929, another dual PPARα/γ agonist, was shown to
cause left-ventricular hypertrophy in rats [33]. However, aleglitazar inhibited hyperglycemia-induced
cardiomyocyte apoptosis by activation of both PPARα and PPARγ [34,35]. Activation of PPARβ
signaling mediated docosahexaenoic acid (DHA), and its metabolites elicited cytotoxicity in H9c2
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cells via the de novo formation of ceramide [36]. Doxorubicin (DOX) caused a remarkable decrease in
cardiac dP/dT and cardiac output by inhibition of PPARβ expression in rats [37].

PPARβ plays an important role in angiogenesis and cancers. Activation of PPARβ in blood
vessels promotes tumor vascularization and the progression of different cancer cell types through direct
activation of platelet-derived growth factor receptor beta (PDGFRβ), platelet-derived growth factor
subunit B (PDGFB), and the c-Kit [38]. Figure 1 summarizes regulation of PPARs in cardiotoxicity.

β

β β

β

 

α α

α

Figure 1. The regulation of PPARs in cardiotoxicity.

3. PPARs in Hepatotoxicity

In the liver, PPARs play indispensable roles in fatty-acid and glucose metabolism, and they supply
energy to peripheral tissues. Numerous studies reported that xenobiotic chemicals and environmental
contaminants disrupted the normal liver homeostasis by activating PPAR subtypes that are highly
expressed in hepatocytes, especially PPARα. Indeed, PPARα was recognized as a target for pollutants,
which could interact with the similar nuclear receptors and subsequently induce metabolic disorders.

Phthalates, common plasticizers in nearly all plastic consumer goods, are defined as PPAR
modulators [6]. Accumulative studies showed that phthalates activated PPARα and other
lipid-activated nuclear receptors in the liver, which induced metabolic disruption and endocrine
disorders. The exposure concentration of phthalate metabolites such as DEHP and mono (2-ethylhexyl)
phthalate (MEHP) positively correlated with insulin resistance and abdominal obesity in American
male adults [39–41]. Di-n-butyl-di-(4-chlorobenzohydroxamato) tin (DBDCT), an organotin with
high antitumor activity, was also demonstrated to induce notable toxicity in rat liver tissue via the
PPAR signaling pathway [42]. DBDCT treatment aroused acute and focal necrosis and Kupffer
cell hyperplasia in rat liver. The decreased expression levels of cluster of differentiation 36 (CD36),
fatty acid binding protein 4 (FABP4), enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase
(EHHADH), acetyl-CoA acyltransferase 1 (ACAA1), phosphoenolpyruvate carboxykinase (PEPCK),
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PPARα, and PPARγ in DBDCT-treated liver tissue were indicated by proteomics. Furthermore, the toxic
effect was alleviated by PPARγ blocking agent T0070907 [42,43]. Additionally, organotins, the major
components of agricultural fungicides and pesticides, were documented to exert similar functions
as PPARγ and PPARβ ligands, which promote weight gain and increase fat storage by target gene
induction in liver [44]. For example, tributyltin chloride (TBT) enhanced adipogenesis and adipocyte
differentiation by directly stimulating downstream transcription of PPARγ in liver and adipose tissues.
In mouse models, uterus exposure to TBT disrupted hepatic architecture and caused liver steatosis by
increasing lipid accumulation and adipocyte maturation [40,45]. Thus, PPARs play an important role
in contaminant-induced toxicity.

The hepatotoxicity of PPARα ligands was rarely documented. Few PPARα ligands are proven
to be hepatotoxicants. Fenofibrate exerts only a minimal increase of alanine aminotransferase and
aspartate aminotransferase [6,46]. In contrast to hepatotoxicity mediated by PPARs, PPAR ligands
also display some protective effect against hepatotoxicity. PPARα ligand activation was proven to
prevent acute liver toxicity induced by alcohol, carbon tetrachloride (CCl4), acetaminophen, chloroform,
thioacetamide, and bromobenzene due to the induction of fatty acid catabolism and anti-inflammatory
properties [47–49]. PPARα agonists showed a reversal of fatty liver in mice even with continued ethanol
consumption [50]. PPARγ agonist troglitazone and rosiglitazone are reported to induce mild liver
toxicity in patients that might be PPARγ-independent because of the low expression level of PPARγ in
the liver [12]. Despite the hepatotoxicity of PPARγ activation, PPARγ ligand treatment attenuated
fibrogenesis by inhibiting the activation of hepatic stellate cells (HSCs) [51,52]. PPARγ ligands exhibited
a suppressive effect on the expression of fibrogenic genes including collagen and α-smooth muscle
actin. PPARβ activation by L-165041 enhanced the HSC proliferation and fibrogenic gene expression,
and it exacerbated CCl4-induced liver fibrotic progression [53]. PPARα, PPARγ, and PPARβ display
different roles in hepatotoxicity. Activation of PPARα prevents acute liver toxicity. Activation of
PPARγ induces mild liver toxicity but attenuates liver fibrogenesis. Activation of PPARβ promotes the
progression of liver fibrosis.

Numerous studies reported that hepatocarcinogenesis was the major toxicity induced by PPARα
activation [54,55]. Unmanaged peroxisomal proliferation and hepatomegaly observed in fibrate-treated
livers can ultimately lead to hepatocellular carcinoma [56]. The hepatocarcinogenesis by PPARα
activation was fully investigated over 30 years. The main target of PPARα is the liver, which induces
pleiotropic impacts such as hypertrophy and hyperplasia [57,58]. These unmanaged responses cause
hepatocellular carcinomas in rodents. The mechanisms remain elucidated. Some studies propose
that PPARα-mediated DNA replication, proliferation, and suppressed apoptosis result in PPARα
agonist-induced hepatocarcinogenesis [59]. Actually, the effect of PPARα on hepatocarcinogenesis
varies among different species. In human, an increased risk of liver cancer of fibrates is not yet reported.
This might be due to no significant peroxisome proliferation induced by hypolipidemic agents [60] and
less expression of PPARα in patient livers compared to rodent liver. Although humans show resistance
to the adverse effect of PPARα-induced hepatocarcinogenesis, vigilance is still required to develop
new agents.

4. PPARs in Gastrointestinal Toxicity

As indicated by emerging evidence, PPARs and their ligands also play an important role in the
regulation of immune and inflammatory reactions in the gastrointestinal (GI) system.

In view of modulation of several target genes involved in metabolic processes and immune
response in the GI tract, PPARs and their ligands became a research hotspot in gastroenterology [61].
Accumulative evidence showed that inflammatory bowel diseases (IBDs) and colon cancer (CC), two
important GI diseases, are related to PPARs and their ligands [62,63]. PPAR agonists might serve as a
new effective pharmacotherapy for IBDs and CC. PPARα mediated the anti-inflammatory effect of
glucocorticoid (GC) in a chemical-induced colitis mouse model [64]. More recently, it was shown that
PPARα activation diminished the therapeutic effects of rSj16 in dextran sulfate sodium (DSS)-induced
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colitis mice, indicating that the PPARα signaling pathway plays a crucial role in DSS-induced colitis
progression [65].

With the high expression in GI tract mucosa, especially in the intestine and colon [66–68],
PPARγ is closely related to GI injury and inflammatory response. The inflammatory reaction is
the common pathological process of many GI diseases and trauma. Once the homeostasis of GI is
disrupted by exogenous factors or endogenous metabolites and shifts to the pro-inflammatory state, the
pro-inflammatory cytokines such as TNF-α, interleukin 1β (IL-1β), IL-6 are liberated by the hyperactive
immune cells. Transcription factor NF-κB is one of the most important regulatory mechanisms of
immune and inflammatory responses mediated by PPARs and their ligands in the GI tract. In colon,
PPARγ downregulated NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways,
which subsequently inhibited the mucosal production of inflammatory cytokines [69]. Furthermore,
in intestinal cells, activation of PPARγ resulted in decreased expression of intercellular adhesion
molecule 1 (ICAM-1) and TNF-α [70], which are downstream targets of NF-kB [71]. Treatment with
troglitazone attenuated colitis induced by intrarectal administration of 2,4,6-trinitrobenzene sulfonic
acid (TNBS) [69]. PPARγ could function as an endogenous anti-inflammatory pathway in a murine
model of intestinal ischemia–reperfusion (I/R) injury. Activation of PPARγ by its agonist BRL-49653
had a protective effect on intestinal acute I/R injury [70]. However, the protective activity of BRL-49653
was abolished in PPARγ-deficient mice. In the investigation of the prevention and treatment of
radiation-induced intestinal damage, accumulating evidence supported that the administration of
PPARγ agonists alleviated radiation-induced intestinal toxicity. PPARγ agonists were shown to
reverse radiation-induced apoptosis and inflammation and to exert radio-protective effects on healthy
bowel upon irradiation [72,73]. Further research of acute intestinal injury reported that PPARγ
agonist rosiglitazone reduced the expression of the fibrotic marker transforming growth factor β

(TGFβ) and phosphorylation of the p65 subunit of NF-kB triggered by pro-inflammatory cytokine
TNF-α [72]. In ulcerative colitis research, promoting the nuclear localization of PPARγ weakened
the activity of NF-κB signaling in both rectal tissues from dextran sulfate sodium (DSS)-induced
mice and lipopolysaccharide (LPS)-stimulated macrophages [74]. PPARs inhibited the expression
of macrophage-related inflammatory mediators and macrophage infiltration in the acute irradiation
intestinal damage [75]. Compared with wild-type mice, PPARγ-deficient mice showed significantly
severe damage after an I/R injury procedure, which indicated the anti-inflammatory and protective
role of PPARγ in GI damage [70]. These studies indicated the role of PPARγ in suppression of NF-kB
activation and inflammatory response in intestinal tissues.

Additionally, several reports indicated that PPARs and their ligands could lead to carcinogenesis
by affecting the metabolism of glucose and lipids. Intestinal PPARα exhibited a protective effect against
colon carcinogenesis by inhibiting methylation of P21 and P27 [76]. Human colorectal tumors also
show lower levels of PPARα compared to normal tissue [76]. PPARγ synthetic activator rosiglitazone
has a radio-sensitizing effect on human bowel cancer cells [72]. PPARγ was reported to be associated
with colorectal cancer via insulin and inflammatory mechanisms [77,78]. On the other hand, PPARγ
was shown to be expressed in human colonic mucosa and cancer. The ability of PPARγ activation
to decrease cyclooxygenase-2 (COX-2) expression and induce apoptosis suggests that the PPARγ
pathway might be a tumor suppressor in humans [79]. Another study reports that 8% of primary
colorectal tumors harbor function-dead mutations in one allele of the PPARγ gene and emphasizes the
potential role of this receptor as a therapeutic target for cancer or in designing a mouse colon cancer
model [80]. The treatment of colon cancer by suppressing the methylation of PPARγ promoter and
enhancing PPARγ expression is also underway, because the hyper-methylation of promoter regions can
induce PPARγ gene silence. Moreover, the risk of radiation-induced intestinal toxicity in methylated
patients was also increased compared with un-methylated patients [81]. Furthermore, PPARβ is
induced in intestinal stem cells and progenitor cells in high-fat diet-treated mice and enhances stemness
and tumorigenicity of intestine [82]. Arachidonic acid derivative prostaglandin E2 (PGE2), which
is a biologically active lipid, increases cell survival and improves intestinal adenoma formation by
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indirectly activating PPARβ via the phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway [83].
The activation of PPARβ also upregulates COX-2, which is a key activator for colon cancer cells [59].

We summarize the regulatory mechanism of PPARs in gastrointestinal toxicity in Figure 2. A better
understanding of the role of PPARs in the GI system will help to develop novel pharmacotherapy
against colon carcinogenesis and diminish intestinal toxicity.

α

Figure 2. The regulation by PPARs in gastrointestinal toxicity.

5. PPARs in Reproductive and Developmental Toxicity

Three isoforms of PPARs were found in the reproductive system including the hypothalamus,
pituitary, testis, ovary, uterus, adrenal, and mammary glands. Numerous studies showed that PPARs
play a role in the normal reproductive and developmental functions, and abnormal regulation of
PPARs by exposure to endogenous or exogenous compounds might lead to physiological dysfunction
in reproductive system [84–86]. Thus, the research on reproductive and developmental disorders
focuses on PPARs and their modulators.
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Triptolide is a major active compound in Chinese herb Tripterygium wilfordii multiglycoside, and
it is widely used for treatment of autoimmune diseases and nephrotic syndrome [87]. However,
we previously reported that triptolide causes mitochondrial damage and dysregulates fatty-acid
metabolism by upregulating expression and nuclear translocation of PPARα in mouse sertoli cells [88].
A metabolomics study revealed that triptolide caused impairment of spermatogenesis accompanied
by abnormal lipid and energy metabolism in male mice through downregulation of PPARs [89].
Different concentrations and times of triptolide exposure led to the different behaviors of PPARs.
These findings support that PPARs are key mediators in triptolide-induced reproduction toxicity.

Phthalates, which activate PPARs, have a remarkable effect on fertility rates, ovulation,
development of the male reproductive tract, spermatogenesis, and teratogenesis [6]. Early exposure to
phthalates influenced perinatal and postnatal cardiometabolic programming [90]. DEHP, a phthalate
ester, is commonly used in industry as a plasticizer, which activates PPARα to regulate the expression
of downstream target genes. DEHP treatment had no remarkable effect on body, liver, and ovary
weight in female dams (F0) and offspring (F1) in either wild-type or PPARα-knockout mice. However,
it suppressed the expression of ovarian estrogen receptor α, and the repression of ovarian estrogen
receptor α expression by DEHP was lost in PPARα-knockout mice [91]. PPARα transcription is
related to fertility impairment in female mice exposed to high doses of DEHP (500 mg/kg of body
weight per day) [92]. Moreover, it was reported that MEHP, a principle active metabolite of DEHP,
decreased the activity and production of aromatase, which converted testosterone to estradiol in
ovarian granulosa cells by activating PPARα and PPARγ [93]. Benzo [a]pyrene (B [a]P) is a ubiquitous
environmental contaminant, and the combination of B [a]P and DEHP induced ovotoxicity in female
rats and suppressed sex hormone secretion via the PPAR-mediated signaling pathway [94].

Dehydroepiandrosterone (3c-hydroxy-5-androsten-17-one, DHEA) is a ligand of PPARα, and it
also stimulates the production of PPARα. Some clinical studies showed that dietary supplementation of
DHEA reversed the oocyte quality in mice and aged women [95,96]. Additionally, reduced DHEA and
loss of function of PPARα result in the decreased follicle quality associated with the changes of fatty-acid
metabolism, transport, and mitochondrial function. Perfluorooctanoic acid (PFOA), a synthetic
perfluorinated compound (PFC) which is widely distributed, significantly inhibited mammary gland
growth in mice through activation of PPARα, and this effect was reversed by supplementation with
exogenous estrogen or progesterone [97]. Moreover, perfluorooctane sulfonate (PFOS) is a product of
metabolic degradation of PFCs and has an estrogenic activity and endocrine-disruptive properties in
the marine medaka embryos, partially through the regulation of PPARs.

Additionally, 15-deoxy-delta12,14-prostaglandin J2 (15dPGJ2), which is converted by arachidonic
acid via successive dehydration and isomerization, acts as an endogenous ligand of PPARγ via direct
covalent binding, and it plays a key role in lipid homeostasis [98,99]. Kurtz and colleagues found
that 15dPGJ2 partially restored the mRNA expression of oxidizing enzymes including acyl-CoA 1
(ACO) and carnitine palmitoyltransferase 1 (CPT1) in the lungs of male fetuses from diabetic rats,
but this effect was not observed in female fetuses [100]. Moreover, it was reported that 15dPGJ2
modulated lipid metabolism and nitric oxide production in diabetes-induced placental dysfunction
partially through the PPAR pathway [101]. Trichloroethylene (TCE) reduced fertilizability of oocyte
and its ability to bind sperm plasma membrane proteins in rats [102]. A systematic evaluation
of TCE showed that TCE could cause cardiac defects in humans when the exposure is during a
sensitive period of fetal development [103]. Tributyltin chloride (TBT) activates all three types
of PPARs. TBT has effects on reproductive function and induces abnormal mammary gland fat
accumulation by increasing PPARγ expression [104,105]. TZDs (e.g., pioglitazone, rosiglitazone,
and troglitazone) activate PPARγ to regulate the transcription of genes responsible for glucose and
lipid metabolism. TZDs clinically sensitize peripheral insulin in patients with type 2 diabetes by
regulating glucose and lipid metabolism [106,107]. Oral administration of rosiglitazone 4 mg once a
day for three months improves hyperandrogenemia, insulin resistance, lipidemia, C-reactive protein
levels, ovarian volume, and follicle number in patients with polycystic ovary syndrome (PCOS) [108].
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Rosiglitazone exhibited significant protective effects on metabolic, hormonal, and morphological
features of PCOS. Significant changes were also observed in the isovaleryl carnitine levels and lipid
oxidation rates after pioglitazone treatment [109]. Rosiglitazone significantly improved oocyte quality
in diet-induced obesity (DIO) mice, indicating the positive effect of PPARγ on ovarian function [110].
Rosiglitazone affects steroidogenesis in porcine ovarian follicles by stimulating PPARγ [111,112].
In vivo experiments demonstrated that fenofibrate inhibited ovarian estrogen synthesis [113]. A review
concluded that clofibrate and gemfibrozil caused atypical changes in maternal and fetal liver during
pregnancy, but there was no direct evidence of developmental toxicity or teratogenicity of clofibrate
and gemfibrozil [6]. Irbesartan (IRB) is one of the most widely used angiotensin type 1 (AT1) receptor
blockers (ARBs) with PPARγ agonistic activity. Rats treated with IRB showed an increase in estradiol
and follicle-stimulating hormone levels, which subsequently ameliorated ovarian dysfunction [114].
These studies indicate that activation of PPARγ signaling protects ovarian function.

Genistein (49,5,7-trihydroxyisoflavone, GEN), a kind of isoflavones derived from soybeans,
was investigated for its antioxidant, anticancer, and anti-inflammatory activities [115]. It is a natural
ligand of PPARs, and it can improve the development and metabolism of chick embryos through the
activation of PPARs [116,117]. Prostacyclin (PGI2) activated its nuclear receptor PPARβ to accelerate
blastocyst hatching in mice [118]. These studies suggest that the activation of PPARs is involved in
toxicant-induced reproductive toxicity.

The anti-tumor effects of PPAR agonists were documented. Rosiglitazone and troglitazone, both
PPARγ activators, showed inhibitory effects on pituitary adenoma cells in mice and human, and they
were considered to be a new oral drug for the treatment of pituitary tumors [119]. Moreover, troglitazone
treatment stabilized the prostate-specific antigen levels in patients with advanced prostate cancer
clinically by upregulating E-cadherin and glutathione peroxidase 3 [120]. Rosiglitazone showed an
inhibitory effect on proliferation of primary human prostate cancer cells [121]. However, the activation
of PPARβ by selective agonist GW501516 was reported to stimulate proliferation of human breast and
prostate cancer cells which are responsive to sexual hormones [122]. PPARβ activation by GW501516
increased cyclin-dependent kinase 2 (CDK2) and vascular endothelial growth factor α (VEGFα)
expression, indicating the improved cell proliferation and angiogenesis. This study suggested the
possibility of PPARβ antagonists in treating breast and prostate cancer.

6. Other Systemic Toxicity and Protective Effects Mediated by PPARs

Fibrates, PPARα synthetic ligands, were developed for treatment of hyperlipidemia in the clinic,
such as fenofibrate, bezafibrate, ciprofibrate, and so on [123–125]. However, muscle weakness, muscle
pain, and even rhabdomyolysis were observed during their application [6]. Different fibrates lead to
different degrees of myopathy, and that might be due to different mechanisms. The underlying
mechanism is still unclear. Some studies reported that PPARα activation in skeletal muscle
transactivated the genes encoding muscle proteases, and the increased expression of skeletal muscle
proteases led to severe myopathy [126,127]. The muscle toxicity might result from the blood
concentration of the drug, because remarkably higher incidence occurs in patients with kidney
failure or hypoalbuminemia [128]. Moreover, Motojma et al. proposed that the increase in pyruvate
dehydrokinase isoenzyme4 (PDK4) and the decrease in serum triglyceride (TG) level mediated by
PPARα in skeletal muscle caused the degradation of protein in muscle, ultimately resulting in myopathy
and even rhabdomyolysis [129]. Due to the low incidence of rhabdomyolysis, no drug was withdrawn
from the market because of the muscular toxicity.

In contrast to the adverse effect mediated by PPARs, PPARs also exert protective effects against
nephrotoxicity and neuron injury.

Diabetic kidney disease is one complication of type 2 diabetes. PPARα and PPARγ are famous
targets for treating diabetes, especially PPARγ. Increasing studies indicated that PPARs play important
roles in kidney physiology and pathology. In most cases, PPARγ serves as a therapeutic target for
treating nephrotoxicity. PPARγ-null mice showed spontaneous diabetic nephropathy. PPARγ knockout
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mice exhibited kidney hypertrophy accompanied by increased glucosuria, albuminuria, renal fibrosis,
and mesangial expansion [130,131].

PPARs also play key roles in regulating brain self-repair. Central nervous system diseases, neuron
injury, and cell death are closely related to neuroinflammation [132,133]. Lovastatin (LOV) can protect
vulnerable oligodendrocytes in a mouse model of multiple sclerosis (MS) by inhibiting guanosine
triphosphate (GTP)-binding proteins, small Rho GTPases, via a PPARα-dependent mechanism [134].
Healthy oligodendrocytes are essential for the synaptic survival of MS neurons. PPARα activation
increases the seizure threshold and controls the seizure frequency [134]. The high expression of
PPARα in the brain region also prevents nicotine-induced neuronal damage by regulating tyrosine
kinases and phosphokinases in neuronal current. It decreases the frequency of seizures caused by
the activation of nicotine receptors in vertebral neurons [135]. Animal model studies showed that
fenofibrate prevented convulsions caused by dysregulation of neurotransmitters [136]. Substantia
nigra has high-density microglia which show two polarization states, M1 and M2, which have
pro-inflammatory or anti-inflammatory effects, respectively [132,137]. Therefore, inhibiting the
activation of M1 microglia and promoting the activation of M2 microglia are beneficial to central system
diseases. In the condition of inflammation, M1 microglia are activated and release pro-inflammatory
factors and neurotoxic substances, such as cytokines, reactive oxygen species, prostaglandins, and
complements, which aggravate inflammatory injury [138]. Recent studies showed that PPARs
(mainly PPARγ) regulate microglia-mediated inflammation in Parkinson’s disease (PD) and other
neurodegenerative diseases [138–140]. Pioglitazone, a PPARγ ligand, was shown to inhibit the
activation and secretion of glial cells by activating PPARγ [141]. Pioglitazone also inhibits the
degeneration of dopamine neurons, which induces inflammation and promotes neuron death [141].
Rosiglitazone has a protective effect on neurotoxin 1-methy-4-phenyl-1,2,3,4,6-tetrahydropyidine
(MPTP)-induced PD mouse model via upregulation of M2 phenotypic-related anti-inflammatory
factors and the downregulation of M1 phenotypic-related pro-inflammatory factors [142]. A recent
study found that PPARα/γ dual agonist MHY908 protects dopamine neurons from MPTP-induced
loss in PD mice by reducing neuroinflammation and microglia activation [141]. Moreover, L-165041,
a PPARβ agonist, can inhibit the radiation-induced inflammation in microglia by inhibition of the NF-kB
signaling pathway [143]. At present, Alzheimer’s disease is also considered to be a neuroinflammatory
disease and is characterized by abnormal accumulation of β-amyloid (Aβ). Under the condition of Aβ

accumulation, M1 microglia were activated, resulting in neuronal injury and apoptosis [144]. It was
shown that adiponectin can activate M2 microglia and enhance the clearance of Aβ by activating the
PPARγ signaling pathway.

7. Conclusions

Better understanding of the role of PPARs in toxicology and pharmacology and the underlying
molecular basis is necessary for PPARs-related clinical drug discovery and development. Unfortunately,
there are limited studies reviewing the integrated network of relationships in these aspects. Lots of
PPAR ligands have beneficial effects on applied pharmacology, but they are also accompanied by
various toxicities. Here, we mainly summarized the regulation of PPARs in toxicology and protection
against toxicity in various systems, such as cardiotoxicity, hepatotoxicity, gastrointestinal toxicity, and
reproductive and developmental toxicity (Figure 3). We hope that a comprehensive understanding of
PPAR-mediated toxicology and applied pharmacology will contribute to the safety of PPAR-targeted
therapies in the future.
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Figure 3. Concept map of the PPARs in various systemic toxicities.
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Abstract: Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear hormone receptor
family. Three different isoforms, PPAR alpha, PPAR beta/delta and PPAR gamma have been identified.
They all form heterodimers with retinoic X receptors to activate or repress downstream target genes
dependent on the presence/absence of ligands and coactivators or corepressors. PPARs differ in their
tissue expression profile, ligands and specific agonists and antagonists. PPARs attract attention as
potential therapeutic targets for a variety of diseases. PPAR alpha and gamma agonists are in clinical
use for the treatment of dyslipidemias and diabetes. For both receptors, several clinical trials as
potential therapeutic targets for cancer are ongoing. In contrast, PPAR beta/delta has been suggested
as a therapeutic target for metabolic syndrome. However, potential risks in the settings of cancer are
less clear. A variety of studies have investigated PPAR beta/delta expression or activation/inhibition
in different cancer cell models in vitro, but the relevance for cancer growth in vivo is less well
documented and controversial. In this review, we summarize critically the knowledge of PPAR
beta/delta functions for the different hallmarks of cancer biological capabilities, which interplay to
determine cancer growth.

Keywords: peroxisome proliferator-activated receptor; angiogenesis; proliferation; metastasis;
immortality; resistance to cell death; growth suppressors; immune system; cellular metabolism

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) belong to the group of nuclear receptors.
They exist in three different isoforms: PPARα (NR1C1), PPARβ/δ (NR1C2) and PPARγ (NR1C3).
They heterodimerize with RXR; and upon ligand binding act mainly as transcriptional regulators of
specific target genes. Dependent on the tissue distribution, cofactors and availability of ligands, PPARs
exert multiple functions (reviewed in [1]). PPARα is mainly expressed in liver, heart, brown adipose
tissue, kidney and intestine and regulates energy homeostasis by activation of fatty acid catabolism
and stimulation of gluconeogenesis [2]. PPARβ/δ is more or less ubiquitously expressed with some
species differences, while PPARγ is expressed in white and brown adipose tissue, the gut and immune
cells [1]. Endogenous ligands for PPARs are fatty acids, triglycerides, prostacyclins, prostaglandins
and probably retinoic acid. Although varies different binding sites for PPARs in target genes have been
reported, they share in general as a response element a direct repeat of the sequence AGGTCA, spaced
by a single nucleotide, which was originally identified for PPARα (reviewed in [1]). Thus, in case
more than one of the receptors is expressed in a certain cell-type, one could expect cross talk in
response to endogenous or pan-PPAR pharmacological agonists. Specific agonists for PPARα are used
classically for the treatment of dyslipidemia and agonists for PPARγ are insulin sensitizers to treat
patients with type 2 diabetes. Currently, no PPARβ/δ activators or antagonists are in official clinical
use. A recent review summarized novel developments regarding patents for PPAR modulators and
possible novel clinical indications [3]. Clinical evidence for the use of PPAR agonists and antagonists
is reviewed in [4]. Toxicological aspects and side effects of PPAR modulators have been reviewed
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recently [5]. Increasing interest focuses on potential implications of PPARs in cancer. The major clinical
trials database (https://clinicaltrials.gov) lists one clinical trial for a PPARα antagonist for treatment of
multiple kinds of cancer, 24 trials for modulators of PPARγ for cancer treatment, but none for PPARβ/δ.
The human protein atlas (https://www.proteinatlas.org/ENSG00000112033-PPARD/pathology) lists low
cancer type specificity, but detection of PPARβ/δ in all cancer types. A current major limitation for
the investigation of PPARβ/δ expression in human cancer samples compared to healthy tissues is the
quality of commercially available antibodies. In agreement with this, large differences for PPARβ/δ
RNA and protein levels in tumors are noted in the human protein atlas. The protein expression is
globally described, but not annotated to certain cell types in the different tumors. Correlations of
tumor PPARβ/δ expression with patients outcome have been reviewed recently [6].

Earlier experimental results concerning the role of PPARβ/δ activation for cancer growth were
completely controversial with one study showing that pharmacological activation with GW501516
enhanced tumor growth in Apc(min) mice [7], while another study in the same year in the same
journal showed enhanced tumor growth in Apc(min) mice crossed with PPARβ/δ knockout mice [8].
Many studies using different cell models have been published afterwards. Several aspects of PPARβ/δ
function with relevance for cancer growth have been reviewed recently [1,5,6,9–11].

On a global view, tumor progression is determined by the interplay of cancer cell proliferation,
angiogenesis, resisting cell death, evading growth suppressors, activating invasion and metastasis,
enabling replicative immortality, deregulating cellular metabolism and avoiding immune destruction,
which was defined by Hanahan and Weinberg as the didactic concept of the “hallmarks of cancer” [12,13].
We will follow here this concept and review the knowledge of PPARβ/δ function for the different
hallmarks of cancer capabilities.

2. PPARβ/δ and Cell Proliferation

Most published papers focused on tumor growth-promoting or tumor-inhibiting actions of
PPARβ/δ. Unfortunately, only few manuscripts distinguished between direct effects on cell proliferation
and secondary effects, which might affect tumor growth. Thus, for simplification, we will summarize
in this chapter the published results on cell proliferation as well as on general tumor growth. Table 1
summarizes published effects of PPARβ/δ on cell proliferation and tumor growth.

Table 1. Effects of PPARβ/δ on cell proliferation and tumor growth.

Model Intervention Outcome Reference

Wild-type mice GW0742 agonist LLC1 tumor growth ↑, Metastasis ↑ [14]
Endothelial-specific PPARβ/δ overexpression LLC1 tumor induction Tumor growth ↑, Metastasis ↑ [14]

Nude Mice, SW480 cells GW501560
GW501516 +Metformin

Tumor growth ↑
Tumor growth ↓ [15]

Apc(Min/+) mice
PPARδ−/−/ApcMin/+ mice

GW501560
GW501560

Tumor growth ↑
Tumor growth ↓ [8,16]

Apc∆580 mice
Apc∆580 mice

GW501560
GSK3787

Tumor growth ↑
Tumor growth ↓ [7,17]

Wild-type mice colitis model GW501560 Epithelial cell proliferation ↑,
Tumor growth ↑ [18]

Colitis-associated colon cancer mice PPARβ/δ overexpression Tumor growth ↑ [19,20]

Several mouse models High Fat diet,
GW501516

Intestinal stem and progenitor cell
proliferation ↑,

Tumor growth ↑
[21]

Azoxymethane-induced colon tumors Colon-specific PPARβ/δ knockout Tumor growth ↓ [22]
Azoxymethane-induced colon tumors GW0742 Tumor growth ↓ [23]

Nude mice with KM12C colon cells PPARβ/δ silencing Tumor growth ↑ [24]
PPARβ/δ- floxed mice Prostate-specific knockout Cellularity ↑ [25]

Nude mice with DU145 prostate cancer cells PPARβ/δ silencing Cell number ↓,
Tumor growth ↓ [26]

PC3M prostate cancer cells GW0742
PPARβ/δ silencing

Cell number ↑,
Cell number ↓ [27]

Daudi CLL cells PPARβ/δ overexpression Cell number ↑ [28]

Neuroblastoma cell lines PPARβ/δ overexpression Cell number ↓ in NGP, Cell number ≈
SK-N-BE(2) and IMR-32 [29]

Transgenic hepatitis B virus (HBV) mice GW0742 Hepatic tumor foci ↓ [30]

Hepatocellular carcinoma cell lines GW501560,
PPARβ/δ RNAi

Proliferation ↑,
Proliferation ↓ [31]

Melanoma cell lines GW0742, GW501560 Proliferation ↓ [32]
UACC903 melanoma cells GW0742, GW501560 Proliferation ↓ [33]

MCF-7, MDA-MB-231 breast cancer cell lines GW501560 Proliferation ↓, Proliferation ≈ [34]
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Table 1. Cont.

Model Intervention Outcome Reference

NOD-SCID mice with MCF-7 breast cancer cells PPARβ/δ overexpression Tumor growth ↑,
Lung metastasis ↑ [35]

MCF-7 cells with PPARβ/δ overexpression DG172, NXT1511 antagonists Cell number ↓ [35]

PPARβ/δ overexpression in the mammary gland GW501516
Spontaneous mammary carcinomas

after of 12 months, after 5 months with
agonist treatment

[36]

Cox2 overexpressing mice PPARβ/δ knockout Proliferation ↓,
Tumor growth ↓ [37]

PDK1 overexpression in the mammary gland GW501516 Tumor growth ↑ [38]
MMTV-ErbB2/HER2 onco-mice FABP5 knockout Tumor growth ↓ [39]

Mouse mammary tumorigenesis GW501516 Tumor growth ↑ [40]

Testicular embryonal carcinoma cell lines PPARβ/δ overexpression,
GW0742

Tumor growth ↓,
Proliferation ↓ [41]

PPARβ/δ-null mice Chronic UV exposure Tumor growth ↓ [42]

Non-small cell lung cancer cell lines PPARβ/δ agonists
PPARβ/δ silencing

Proliferation ↑
Proliferation ↓ [43]

Lung cancer cell lines PPARβ/δ agonists Proliferation ≈ [44]
RAF-induced lung adenoma PPARβ/δ knockout Tumor growth ↑ [45]

Liposarcoma cell lines PPARβ/δ agonists
PPARβ/δ silencing

Proliferation ↑
Proliferation ↓ [46]

Primary human thyroid cells PPARβ/δ overexpression, GW501516 Proliferation ↑ [47]
Epithelial ovarian cancer cell lines Dominant negative PPARβ/δ Proliferation ↓ [48]

↑ Increase; ↓ decrease; ≈ not significantly different; CLL: chronic lymphocytic leukemia; Apc: Familial
Adenomatous Polyposis gene mutated; GW501516, GW0742—specific PPARβ/δ agonists; DG172, NXT1511,
GSK3787— PPARβ/δ antagonists.

It has been shown that the PPARβ/δ agonist GW501560 increased VEGF expression in tumor
cell lines [16] and promoted tumorigenesis in Apc(Min/+) mice [7,16] linking tumor cell growth
and angiogenesis in the gut. Genetical disruption of PPARβ/δ in colon epithelial cells resulted
in a lower incidence of azoxymethane-induced colon tumors and reduced VEGF expression [22].
Unfortunately, vessel formation has not been analyzed in detail in these models [16]. In the same
azoxymethane-induced colon tumor model, also reduced tumor growth in response to GW0742, which
was abolished by PPARβ/δ knockout [23] and a general reduced colon tumor growth in PPARβ/δ
knockout mice [8] have been reported. This discrepancy remains unexplained. PPARγ and PPARβ/δ
activation of VEGF and cyclooxygenase-2 (COX2) was confirmed in in the colorectal tumor cell lines
SW480 and HT29 [49]. Curiously, that opposite regarding cancer growth and VEGF regulation was
described using the KM12C colon cancer cell line with silencing of PPARβ/δ in mouse xenograft
models [24]. Whether this reflects an unusual behavior of this specialized cell line remains to be
determined. The tumor promoting action of GW501516 in Apc mice was confirmed recently and
extended by the findings that the PPARβ/δ antagonist GSK3787 suppressed tumorigenesis. PPARβ/δ
expression was significantly higher in human colorectal cancers compared to adenomatous polyps
and normal mucosa [50] and also in the malignant cells—invasive front versus their paired tumor
centers and adenomas—and proinvasive pathways (connexin 43, PDGFRb, AKT1, EIF4G1 and CDK1)
were upregulated in response to PPARβ/δ stimulation [17]. Again, the opposite result has also
been published for human and mouse tumor samples [51], while another important report using
human colorectal cancer samples confirmed high expression of PPARβ/δ and COX2, which was
correlated with the incidence of liver metastasis and identified as significant independent prognostic
factor [52]. In colitis-associated colon cancer mouse models, PPARβ/δ overexpression promoted
tumorigenesis in mice [20] and increased IL-6 expression and STAT3 phosphorylation, whereas
concomitant 15-Lipoxygenase-1 expression in colonic epithelial cells suppressed these effects [19].
In an elegant study using different mouse lines, Beyaz et al. showed that high fat diet (HFD) via
activation of PPARβ/δ augments the numbers and function of intestinal stem and progenitor cells.
Pharmacological activation of PPARβ/δ using GW501516 recapitulated the effects of HFD on these
cells. PPARβ/δ activation in the setting of a loss of the APC tumor suppressor gene allowed stem and
progenitor cells to initiate tumorigenesis [21], which is in agreement with the studies mentioned above.

Regarding mammary neoplasia, Yuan et al. [36] showed in transgenic animals that activation of
PPARβ/δ in the mammary epithelium resulted in progressive histopathologic changes that culminated
in the appearance of estrogen receptor- and progesterone receptor-positive and ErbB2-negative
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infiltrating ductal carcinomas after 12 months in transgenic animals, while treatment with GW501516
shortened the interval until tumor appearance to 5 months. Histologically, Ki-67 expression was
increased demonstrating enhanced proliferation of the epithelial cells, and several metabolic changes
were observed (see below). Additionally, in animals with 3-phosphoinositide-dependent kinase-1
(PDK1) overexpression in mammary epithelium, GW501516 accelerated tumorigenesis, which was
more pronounced in mice with PDK1 overexpression [38]. This is in agreement with many other
reports as PDK1 overexpression resulted in an increase in PPARβ/δ expression and profound metabolic
changes. Furthermore, GW501516 increased PPARβ/δ and PDK1 expression in mammary tumors [40].
In MMTV-ErbB2/HER2 onco-mice, knockout of FABP5, which shuttles ligands from the cytosol to
nuclear PPARβ/δ was sufficient to reduce mammary tumorigenesis highlighting the importance of this
molecule and endogenous PPARβ/δ ligands for cancer growth [39]. On the molecular level, epidermal
growth factor receptor ligands signal through the ERK and the phophatidylinositol-3-kinase cascades to
activate the transcription factor NF-kappaB. NF-kappaB increases via direct transcriptional activation
the expression of FABP5 in MCF-7 breast cancer cells, which stimulates proliferation [53]. In Cox-2
overexpressing mice, mammary tumorigenesis was increased, which could be reverted by crossing
them with PPARβ/δ knockout mice [37]. In severely immunocompromised mice, MCF-7 breast cancer
cells with overexpression of PPARβ/δ produced bigger tumors and more metastasis compared to
wild-type cells. Treatment of MCF-7 cells with PPARβ/δ antagonists in culture reduced significantly
the number of these cells [35,54].

Martín-Martín et al. showed an opposite result for prostate carcinoma. PPARβ/δ mRNA was
downregulated in prostate cancer specimens compared to benign prostate hyperplasia samples; and
prostate epithelium-specific knockout of PPARβ/δ increased cellularity. Additional supporting evidence
was obtained by the generation of different overexpression or silencing clones from different human
prostate cancer cell lines. Mechanistically, PPARβ/δ exerted its activity in a DNA binding-dependent
and ligand-independent manner, which involved regulation of the secretory trefoil factor family
member 1 [25]. To which extend the stable cell clones and mice exposed during the entire lifespan to
the Cre corresponding to tumor development in humans in vivo remains to be determined. In contrast,
silencing of PPARβ/δ in prostate cancer cell lines inhibited tumor cell proliferation and tumor growth,
which was attributed to activation of the ABCA1 cholesterol transporter-Caveolin1-TGFβ receptor
signaling axis [26]. A similar observation in prostate cancer cells was published by Morgan et al.,
identifying fatty acid binding protein 5 (FABP5) as a direct target gene of PPARβ/δ [27].

Overexpression of PPARβ/δ decreased the cell number in neuroblastoma NGP, but not in
SK-N-BE(2) and IMR-32 cell clones. In xenograft models, PPARβ/δ overexpression reduced tumor
growth in NGP cell clones, but to a lesser extent in SK-N-BE(2) and IMR-32 cell clones [29]. As the
level of overexpression of PPARβ/δ was highest in NGP cells, it is difficult to judge whether the
different outcome is due to the different cell lines used or a response to the different levels of PPARβ/δ
overexpression. Whether the results correspond to neuroblastoma pathogenesis in vivo remained an
open question. A comparable observation was published by the same group when using testicular
embryonal carcinoma cell clones with PPARβ/δ overexpression and the agonist GW0742 [41].

In transgenic hepatitis B virus (HBV) mice, long term treatment with the PPARβ/δ agonist GW0742
reduced the number of hepatic tumor foci. Based on reduced expression of cyclin D1 and c-Myc,
a reduction in tumor cell proliferation has been proposed [30]. In human hepatocellular carcinoma
cell lines, GW501516 increased proliferation, while RNAi against PPARβ/δ inhibited cell growth.
PPARβ/δ activation up-regulates the expression of cyclooxygenase (COX)-2, a rate-limiting enzyme for
prostaglandin synthesis and tumor growth in hepatocellular cancer lines [31].

Chronic exposure to ultraviolet light (UV) induced PPARβ/δ activity in the skin of mice. Increased
PPARβ/δ activity directly stimulated Src expression, increased Src kinase activity and enhanced the
EGFR/Erk1/2 signaling pathway, resulting in increased epithelial-to-mesenchymal transition (EMT)
marker expression. PPARβ/δ-null mice developed fewer and smaller skin tumors. Furthermore, topical
application of the PPARβ/δ antagonist GSK0660 prevented UV-dependent Src stimulation; and the

172



Cells 2020, 9, 1133

expression of PPARβ/δ positively correlated with the expression of SRC and EMT markers in human
skin squamous cell carcinoma (SCC) highlighting the clinical relevance of these findings [42]. Another
report claimed that the agonist GW0742 delayed chemical induced skin carcinogenesis; combination of
GW0742 and the COX2 inhibitor nimesulide resulted in a further decrease of tumor multiplicity in
wild-type mice, but not in PPARβ/δ-null mice [55]. Given that the graphs in the different groups for
tumor incidence, multiplicity and size look comparable and no statistical information is provided, it is
difficult to follow this line of evidence, which is in sharp contrast to many other published papers.
Even more surprising, the same authors reported earlier for a comparable model no effect of GW0742
on chemical induced skin carcinogenesis [56], or no combined effects for GW0742 and the COX2
inhibitor nimesulide in induced colon cancers [57] or independence of the COX2 inhibitor effects on
PPARβ/δ [58].

High PPARβ/δ expression was detected in human melanoma compared to normal skin [32].
PPARβ/δ activation using GW0742 or GW501516 inhibited proliferation of different melanoma cell
lines [32,33], which was due to direct transcriptional repression of the Wilms’ tumor suppressor WT1
and its downstream target genes zyxin [59] and nestin [59–61].

In non-small cell lung cancer (NSCLC) cell lines, PPARβ/δ activation increased proliferation and
survival, while PPARβ/δ knock-down reduced viability and increased apoptosis. As reported for colon
cancer, PPARβ/δ agonists induced VEGF transcription in NSCLC cell lines. Furthermore, increased
expression of PPARβ/δ and VEGF in human non-small cell lung cancer samples compared to normal
lung tissues has been detected [43,62]. In contrast, a study using only two lung cancer cell lines in vitro,
did not find any effects on cell proliferation in response to PPARβ/δ activation [44]. In a transgenic
mouse model of RAF-induced lung adenoma, tumor growth in mice lacking one or both alleles of
PPARβ/δ was reported to be increased [45]. However, the histological analysis performed in this model
was superficial and statistical information lacking.

We showed in liposarcoma cell lines that PPARβ/δ activation increases proliferation, which is
abolished by a PPARβ/δ–siRNA or a specific PPARβ/δ antagonist. These effects were mediated via
direct transcriptional repression of leptin by PPARβ/δ. PPARβ/δ was highly expressed in liposarcoma
compared to lipoma and correlated with increased proliferation in human tumor samples [46].

PPARβ/δ was increased in benign and malignant human thyroid tumors and correlated with the
proliferation marker Ki67. Overexpression of PPARβ/δ in thyroid cells and treatment with GW501516
increased cell proliferation in a cyclin E1-dependent manner. Specificity of the findings was proven by
reduction of cyclin E1 expression and cell proliferation in response to RNAi against PPARβ/δ [47].

Epithelial ovarian cancer cell lines expressed high levels of PPARβ/δ. Inhibition of PPARβ/δ
reduced epithelial ovarian cancer cell proliferation and reduced tumor growth in vivo. Mechanistically,
aspirin, a nonsteroidal anti-inflammatory drug that preferentially inhibits COX-1, compromised
PPARβ/δ function and cell growth by inhibiting extracellular signal-regulated kinases 1/2 [48].

Although still some controversies exist, PPARβ/δ expression has been documented in a broad
variety of different tumor samples and cancer cell lines. In the majority of published reports, PPARβ/δ
activation or overexpression was associated with increased cancer cell and tumor growth, some
opposite results may be explained by use of different clonal cell lines or different genetic backgrounds
and models in mice.

3. PPARβ/δ and Angiogenesis

In contrast to PPARα and PPARγ, PPARβ/δ is a proangiogenic member of the PPAR family [63].
Vascular cell expression of PPARβ/δ has first been reported in the late 90s by Xin et al., 1999, using mRNA
analysis [64] and Bishop-Bailey and Hla, 1999, employing Northern blot techniques [65]. In addition,
PPARβ/δ expression in vascular smooth muscle cells had been observed by Bishop-Bailey in 2000 [66].

However, no specific functions of PPARβ/δ in the vasculature were discovered at that time, due to
the lack of specific ligands. The first synthetic PPARβ/δ and PPARγ non-thiazolidinedione agonist
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L-165041 was established in 1999 [67], followed later by the highly selective PPARβ/δ agonists GW0742
and GW501516 [68].

A first report shading light on the function of PPARβ/δ in vascular cells appeared in 2001. Hatae
and colleagues observed that prostacyclins induce apoptosis via PPARβ/δ activation in HEK293
cells whereas endothelial cells, which express cytoplasmic prostacyclin receptors are protected from
apoptosis. They concluded that prostacyclin-dependent receptor activation results in increased cAMP
levels in endothelial cells, which protects from apoptosis while direct prostacyclin activation of PPARβ/δ
in cells lacking cytoplasmic prostacyclin receptors is proapoptotic [69]. A second investigation focusing
on endothelial cell apoptosis demonstrated a protective action of L-165041 as well as of carbaprostacyclin
(cPGL2) upon H2O2 induced apoptosis. Both substances increased expression of PPARβ/δ; knockdown
of PPARβ/δ abrogated the apoptosis diminishing effects of both agents. As the molecular mechanism
of this apoptosis protective function of PPARβ/δ in endothelial cells, the authors proposed the direct
transcriptional activation of 14-3-3alpha protein, a cytosolic protein involved in apoptosis protection, by
PPARβ/δ [70]. A later study further added activation of endothelial 14-3-3epsilon protein by PPARβ/δ
agonists to the antiapoptotic role [71]. Non-steroidal anti-inflammatory drugs (NSAIDs) can induce
endothelial cell apoptosis by disconcerting these transcriptional pathways [72].

PPARβ/δ agonists became of particular interest in vascular biology as they were shown to potently
inhibit vascular inflammation and reduce atherosclerosis [73]. They inhibit tumor necrosis factor
alpha (TNFα) mediated endothelial inflammation, evidenced by decreased expression of vascular cell
adhesion molecule-1 (VCAM-1), monocyte chemotactic protein-1 (MCP-1) expression and inhibition of
monocyte binding of TNFα stimulated endothelial cells treated with the PPARβ/δ agonist L-165041 [74].
It has been proposed that PPARβ/δ further controls inflammation via a ligand-dependent interaction
with the transcriptional repressor BCL-6. In the absence of other ligands, PPARβ/δ binds BCL-6. When
activated with a PPARβ/δ ligand, BCL-6 is released and can suppress proinflammatory pathways [65,75].
Later reports confirmed the anti-inflammatory effect of PPARβ/δ in endothelium [76,77]. PPARβ/δ also
inhibits vascular smooth muscle inflammation by transcriptional activation of transforming growth
factor (TGF)β1. The decreased MCP-1 expression induced by PPARβ/δ was shown to be mediated by
the effector of TGF-β1, Smad3 [78].

Activation of PPARβ/δ has also been reported to prevent endothelial dysfunction by reducing
oxidative stress [79]. In diabetic mice, PPARβ/δ activation mediated through phosphatidylinositol
3-kinase (PI3K) and Akt an increase of endothelial nitric oxide synthase (eNOS) activity and nitric oxide
(NO) production and improved endothelium-dependent relaxation parameters [80]. In high glucose
induced impairment of insulin signaling, PPARβ/δ activation restores endothelial function in part
through pyruvate dehydrogenase kinase (PDK) 4 activation, thus preserving the insulin-Akt-eNOS
pathway impaired by high glucose [81].

Despite its anti-inflammatory and anti-atherosclerotic functions in the vasculature, PPARβ/δ is a
major factor for acute vascular hyperpermeability and vasodilatation, key features of allergic reactions,
which can lead to lethal systemic anaphylaxis. The group of Michalik recently demonstrated that
selective vessel-specific deletion of PPARβ/δ is sufficient to inhibit VEGF or IgE- induced acute vascular
hyperpermeability and vasodilatation, most likely due to activity modulation of kinase pathways
and destabilization of cell-to-cell adherens junctions. Inhibition of PPARβ/δ should be considered
as a therapeutic approach in acute allergic and inflammatory diseases with disturbed endothelial
integrity [82].

The first detailed report about the proangiogenic function of PPARβ/δ appeared in 2007.
The selective PPARβ/δ ligand GW501516 was tested at this time in phase II clinical trials for the
treatment of dyslipidemia. Using a variety of in vitro and ex vivo approaches, the authors clearly
demonstrated that PPARβ/δ induces endothelial cell migration, proliferation and tube formation. They
further described an increase of vascular endothelial growth factor (VEGF) expression upon activation
of PPARβ/δ and already cautioned against possible negative side effects of agonist treatment in patients

174



Cells 2020, 9, 1133

susceptible for “angiogenic diseases”, such as elderly persons prone to cancer incidence or diabetic
individuals with retinopathies [83].

In vivo studies further showed that pharmacological activation with GW0742 as well as muscle
specific transgenic overexpression of PPARβ/δ resulted in a rapid increase of capillary density and
oxidative fiber numbers in skeletal muscle, resembling the muscular phenotype induced by regular
physical training. It had been proposed that the observed effects were the calcineurin-nuclear factor
of activated T cells (NFAT) pathway dependent, as inhibition of calcineurin by cyclosporine A (CsA)
totally abolished the observed effects of pharmacological activation of PPARβ/δ [84]. Our group further
demonstrated the function of PPARβ/δ in physiological vascularization. Treatment of mice with the
agonist GW0742 resulted in rapid cardiac growth and vascularization without functional impairment
as reflected by normal echocardiographic parameters. The cardiac hypertrophy accompanied by
intensive vascularization resembled the cardiac phenotype obtained by long-term voluntary exercise.
As the underlying molecular mechanism of this PPARβ/δ action, we identified the calcineurin-nuclear
factor of activated T cells (NFAT) pathway [85]. However, it was unclear if the observed increased
vascularization was a secondary effect of the myocardial hypertrophy or if the induction of cardiac
growth was due to the increased angiogenesis. We therefore generated conditional mice with inducible
vessel specific overexpression of PPARβ/δ and observed that vascular overexpression of PPARβ/δ
was sufficient to induce a rapid cardiac hypertrophy. Nevertheless, the increased angiogenesis did
not ameliorate cardiac function after myocardial infarction [86]. Similar observations were made
using pharmacological activation of PPARβ/δ after myocardial infarction; also in this setting the
increase in angiogenesis did not ameliorate the clinical outcome [87]. The proangiogenic function
of PPARβ/δ was also exploited in other therapeutic approaches in ischemic cardiovascular diseases.
Bone marrow derived endothelial progenitor cells (EPCs) represent an interesting path in the therapy
of ischemic diseases, but due to their low number their clinical use is limited. Han and colleagues
investigated the effects of PPARβ/δ agonists GW501516 or L-165041 on EPCs and found an increase of
angiogenic EPC properties including increased migration, proliferation and tube formation in response
to activation of PPARβ/δ. These effects were phosphatidylinositol 3-kinase/Akt pathway dependent.
Systemic administration of PPARβ/δ agonists led to an increase of hematopoietic stem cells in bone
marrow and blood as well as to an enhanced vascularization in ischemic hindlimb models and corneal
neovascularization in vivo [88].

The therapeutic potential of PPARβ/δ modulation on aspects of ocular neovascularization,
a common feature of premature or diabetic retinopathy, as well as age-related macular degeneration,
the leading causes of irreversible blindness, was studied using human retinal microvascular endothelial
cells (HRMEC) and in vivo models of oxygen-induced retinopathy (OIR). The authors demonstrated
a stimulation of ocular vascularization with PPARβ/δ activation. Furthermore, using the selective
PPARβ/δ antagonist GSK0660 [89], the potential therapeutic utility of PPARβ/δ inhibition was proven.
GSK0660 decreased HRMEC migration, proliferation, and tube formation and neovascularization in
OIR [90].

The effects of PPARβ/δ on tumor angiogenesis were first investigated in 2007. Employing
B16 melanoma and LLC1 (Lewis lung carcinoma) tumor cell inoculated in PPARβ/δ−/− mice,
Müller-Brüsselbach and colleagues demonstrated cancer vascularization defects and diminished
tumor blood flow, resulting in reduced tumor growth in animals lacking PPARβ/δ. In contrast to the
report from Piqueras and colleagues [83], the authors observed a hyperproliferative state of endothelial
cells, leading to the formation of immature and dysfunctional microvessels upon deletion of PPARβ/δ.
On a molecular level, decreased expression of the antiproliferative cyclin-dependent kinase inhibitor
1C (Cdkn1c) was observed in PPARβ/δ−/− cells isolated from Matrigel plugs, which might explain the
proliferative immature state of PPARβ/δ−/− endothelium [91].

However, in a second study from this group, diminished expression of chloride intracellular
channel protein 4 (Clic4) and increased expression of cellular retinol binding protein 1 (Crbp1) were
observed in PPARβ/δ−/− fibroblasts and endothelial cells as compared to wildtype cells [92]. Clic4
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promotes endothelial cell proliferation, capillary network and lumen formation [93], whereas Crbp1
binding retinoids in contrast favors growth arrest and differentiation [94]. This is in discrepancy
to the observed hyperproliferative state of PPARβ/δ−/− endothelial cells observed by the group of
Müller-Brüsselbach [91] and fits to the conclusions made by Piqueras and colleagues that PPARβ/δ
stimulates endothelial cell proliferation [83].

An important study further confirmed the strong implication of PPARβ/δ in proangiogenic
stimulation favoring tumor progression. Abdollahi and coworkers aimed to identify genes involved
in the “angiogenic switch”, the shift of an angiogenic balance to a proangiogenic state, one hallmark
of cancer progression. Human microvascular cells were submitted to proangiogenic stimuli and
subsequent cDNA arrays performed to identify differentially expressed genes upon proangiogenic
stimulation. Further selection of genes based on their involvement in the angiogenic network identified
PPARβ/δ as a “hubnode” in the “angiogenic switch”. The authors confirmed their findings in vivo
using B16 melanoma and LLC1 Lewis lung carcinoma inoculated in PPARβ/δ−/− mice, in which they
observed dramatically reduced tumor angiogenesis and growth. PPARβ/δ expression levels in human
cancer samples further correlated with advanced stages of tumor progression and metastasis [95,96].

Recently, PPARβ/δ activators (L165041 and GW501516) were shown to induce interleukin 8 (Il-8)
expression in endothelial cells by transcriptional and posttranscriptional mechanisms [97], and enhanced
production of IL-8 due to PPARβ/δ activation caused not only elevated tumor angiogenesis, but also
metastasis formation in vivo [98].

Our group further confirmed the general tumor-angiogenesis and cancer growth promoting effect
of PPARβ/δ [14]. Although we observed a decrease of LLC1 cancer cell proliferation in vitro upon
treatment with GW0742, tumor growth and metastases formation in LLC1 cancer bearing animals was
enhanced upon administration of the PPARβ/δ agonist. Tumor vascularization was strongly increased,
which supports the hypothesis that enhancement of angiogenesis by PPARβ/δ dominates the eventually
growth-inhibiting function on cancer cells. To further determine the functional relevance of PPARβ/δ
for tumor vascularization and identify angiogenic signaling pathways, we made use of mice with
conditional inducible vascular overexpression of PPARβ/δ subcutaneously implanted with LLC1 cells.
Vessel-specific overexpression of PPARβ/δ was sufficient to increase cancer growth, progression and
metastases formation. Tumor-sorted endothelial cells were submitted to RNA-sequencing; 283 genes
were found to be differentially expressed and cluster analysis revealed mostly up-regulation of genes
upon overexpression of PPARβ/δ in endothelial cells. This argues for an angiogenesis boosting effect of
PPARβ/δ rather than a repression of antiangiogenic molecules to enhance angiogenesis. We identified
six potential target genes of PPARβ/δ, all of them known to be involved in tumor angiogenesis,
by combining the top ten network analysis with a search for PPAR responsive elements: Vegf receptors
1 (Flt1), 2 (Kdr) and 3 (Flt4), [99,100], and platelet-derived growth factor receptor beta (Pdgfrβ) [101],
platelet-derived growth factor subunit B (Pdgfb) [102] and the tyrosinkinase KIT c-kit [103,104]. Finally,
we confirmed that PPARβ/δ directly transcriptional activates Pdgfrβ, Pdgfb, and c-Kit. PPARβ/δ
tumor-angiogenesis promoting effects are mediated via activation of the PDGF/PDGFR pathway, c-Kit
and probably the VEGF/VEGFR pathway [14].

Despite their beneficial effects on vascular inflammation and atherosclerosis, the therapeutic use of
PPARβ/δ agonists could be critical in cancer patients and should therefore in general not be considered
as a therapeutic option.

4. PPARβ/δ and Cell Death

The first study demonstrating an inhibitory function of PPARβ/δ in cancer cell death appeared in
1999. He and colleagues revealed that the adenomatous polyposis coli (APC) tumor suppressor represses
PPARβ/δ expression through inhibition of β-catenin/Tcf-4 regulated transcription (CRT). APC/β-catenin
mutations can therefore lead to increased PPARβ/δ activity. Nonsteroidal anti-inflammatory drugs
(NSAIDs) Sulindac and Indomethacin promoted apoptosis of colorectal cancer cells, which could be
inhibited by overexpression of PPARβ/δ. The authors demonstrated that NSAIDs suppressed activity
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of PPARβ/δ through the direct inhibition of DNA binding activity. As fatty acids and eicosanoids are
ligands and modifiers of PPAR activity, NSAID-dependent changes in eicosanoid metabolism could
also contribute to inhibition of PPARβ/δ activity. NSAIDs were therefore considered as an important
therapeutic approach in colorectal carcinoma as they inhibited apoptosis-preventing PPARβ/δ activity
also in the context of frequently occurring APC/β-catenin mutations [105]. Other groups demonstrated
that cyclooxygenase-derived prostaglandin E2 (PGE2) inhibits colon cancer cell apoptosis through
the indirect transactivation of PPARβ/δ. Of note, the authors showed that PGE2 specifically regulates
PPARβ/δ, not the other PPARs. The apoptosis inhibiting effects of PGE2 are mediated through indirect
mediation of PPARβ/δ by activation of the PI3K/Akt signaling pathway [106]. Gupta et al. confirmed
the antiapoptotic effect of PPARβ/δ activation in wildtype and PPARβ/δ-deficient HCT116 colon
carcinoma cells. Pretreatment of wildtype HCT116 cells with GW501516 reduced serum withdrawal
induced apoptosis, which was not the case in PPARβ/δ-deficient HCT116 cells, suggesting a specific
effect of PPARβ/δ activation [7]. Nonsteroidal anti-inflammatory drugs (NSAIDs) were also shown
to induce colorectal cancer cell apoptosis through other PPARβ/δ mediated mechanisms. NSAIDs
inhibited 14-3-3ε protein expression, leading to apoptosis, accompanied by a decrease of cytosolic and
an increase of mitochondrial Bad [107]. The authors had already shown that PPARβ/δ transcriptionally
activates 14-3-3ε [70], and further confirmed their hypothesis in this study by overexpression of
PPARβ/δ, which rescued colorectal cancer cells from NSAID induced apoptosis and upregulated
14-3-3ε protein levels. This additionally implicates the PPARβ/δ 14-3-3ε pathway in colon cancer
cell survival [107]. Again, in the setting of colorectal cancer, it has been shown that PPARβ/δ
overexpression or activation antagonizes PPARγ-induced apoptosis of cancer cells. PPARγ agonists
induce apoptosis in these cancer cells through reduction of survivin, which in turn leads to apoptosis
through increased caspase-3 activity. PPARβ/δ agonists inhibit induction of this apoptotic pathway by
increasing survivin expression levels [108]. The apoptosis inducing effects of NSAIDs in colon cancer
were also linked to 15-lipoxygenase-1 (15-LOX-1) upregulation. 13-S-hydroxyoctadecadienoic acid
(13-S-HODE), the primary product of 15-LOX-1 metabolism of linoleic acid, was found to decrease
activity and downregulate expression of PPARβ/δ in colon cancer cells, thereby inducing apoptosis [109].
An interesting study of Cutler and colleagues showed that fibroblasts isolated from the mucosa of
hereditary non polyposis colorectal cancer (HNPCC) patients produced 50-fold more PGE2 than
normal fibroblasts [110]. PGE2 inhibits apoptosis of colonic carcinoma cells through the activation
of PPARβ/δ [106]. As HNPCC patients are more susceptible to develop colorectal cancer (CRC), the
authors hypothesized that the overproduction of PGI2 from the stroma of HNPCC patients prevents
apoptosis of neoplastic lesions through activation of PPARβ/δ and therefore facilitates progression into
a malignant state of CRC [110]. In contrast to all these studies, indicating an antiapoptotic function
of PPARβ/δ in colon cancer cells, one report suggested a proapoptotic function of PPARβ/δ in the
setting of colon carcinoma. In a model of chemically induced colon carcinogenesis using wildtype
and PPARβ/δ knockout mice, treatment of mice with the agonist GW0742 resulted in higher colonic
cell apoptosis in wildtype animals as assessed by TUNEL staining and subsequent quantification of
cell counts from colon sections, which does not really assure cancer cell specificity. No changes in
apoptotic cell counts were observed in colons from PPARβ/δ knockout mice upon agonistic activation
of PPARβ/δ [23].

Maggiora et al. investigated the effects of linoleic (LA) and conjugated-linoleic acids (CLA) on
the growth of several human tumor cell lines, comprising prostate, bladder, liver, glioblastoma and
breast cancer cells. In contrast to Las, CLAs had a strong growth inhibitory effect in the cancer cell
lines tested and were able to induce apoptosis in the more deviated cells. PPARβ/δ levels decreased
strongly in apoptotic cancer cells upon CLA treatment, but not in cell lines where only an inhibition of
cell proliferation without subsequent cell death could be observed [111].

Our group investigated the effects of PPARβ/δ activation on human and mouse melanoma cells.
Although we could observe a reduction of melanoma cell proliferation upon PPARβ/δ activation
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either with GW0742 or with GW501516 at nanomolar concentrations, we did not observe changes in
melanoma cell apoptosis [32].

In one lung cancer cell line, PPARβ/δ activation with the agonist L165041 or treatment with the
NSAID Indomethacin alone had no effect on apoptosis, however, a combination of these molecules
induced apoptosis in this cancer cell line [112]. In contrast, activation of PPARβ/δ with the more
specific agonist GW501516 has been demonstrated to inhibit cisplatin-induced apoptosis in different
lung cancer cell lines [62]. In line with this latter finding, Genini et al. reported enhanced apoptosis
in different human non-small cell lung cancer (NSCLC) lines upon knockdown of PPARβ/δ [43].
We investigated the effects of PPARβ/δ activation or antagonism on mouse Lewis lung carcinoma cells
and observed no differences in apoptosis for neither modulation of PPARβ/δ activity [14].

In contrast to the studies mentioned above, which mostly describe an antiapoptotic function of
PPARβ/δ in cancer cells, Foreman and colleagues postulated a proapoptotic action of PPARβ/δ in a
mouse mammary gland cell line. Treatment with very high concentrations of the PPARβ/δ agonist
GW501516 (10 µmolar) for 24 h increased early apoptosis in this cell line, as analyzed by annexin V
staining. However, prolonged treatment for 48 h at the same concentrations had no effect on apoptosis,
which could raise some doubts concerning the conclusions given in this study [113]. A study from
the same group could neither confirm the observation that NSAIDs decrease PPAR activation and
expression in colon cancer cells, nor that PPARβ/δ exerts an antiapoptotic function in the setting of
colon cancer. Using different human colon cancer cell lines treated with hydrogen peroxide to induce
apoptosis and NSAIDs and different concentrations of the PPARβ/δ agonist GW0742, the authors
did not observe a decrease of early (evidenced by annexin V labeling) or late (analyzed by PARP
cleavage) apoptosis upon PPARβ/δ activation [51]. Bell and colleagues demonstrated that inhibition of
PPARβ/δ using siRNA mediated knockdown or the antagonist GSK0660 sensitized neuroblastoma cells
to all-trans retinoic acid induced cell death [114]. In line with this proapoptotic function of PPARβ/δ,
Péchery and colleagues reported enhanced apoptosis in tumor cells derived from high-grade bladder
tumor upon activation with the PPARβ/δ agonist GW501516 [115]. Using only one prostate cancer
cell line it has been postulated that the inhibition of PPARβ/δ with the antagonist GSK0660 partially
inhibited ginsenoside Rh2 induced apoptosis [116]. In line with this study, another group recently
reported a proapoptotic role of PPARβ/δ in prostate cancer cells. Treatment of one prostate cancer cell
line with Telmisartan, an angiotensin receptor blocker, induced apoptosis, which could be partially
inhibited by pharmacological or genetic down-regulation of PPARβ/δ activity or expression [117].
Additionally, in a nasopharyngeal carcinoma cell line, proapoptotic functions of PPARβ/δ could be
demonstrated. Using in vitro and in vivo xenograft assays, high concentrations of GW501516 (10 or
30 µmolar) induced apoptosis of the nasopharyngeal cancer cells. The authors proposed as underlying
mechanisms the activation of adenosine monophosphate-activated protein kinase (AMPKα) and
downregulation of integrin-linked kinase (ILK), as the AMPK inhibitor compound C was able to inhibit
the reduction of ILK expression induced by GW501516 [118]. Employing the same cell line, the authors
further implicated the microRNA miR-206 in the apoptosis promoting effects of PPARβ/δ activation, as
they observed an induction of miR-206 upon GW501516 mediated PPARβ/δ activation, which could be
antagonized by the PPARβ/δ antagonist GSK3787 or the AMPK antagonist dorsomorphin [119].

In conclusion, it is not perfectly clear if PPARβ/δ prevents or stimulates cancer cell death. Although
the majority of studies suggest that PPARβ/δ has an antiapoptotic function in cancer cells, some reports
evoke the contrary and others do not observe implication of PPARβ/δ in apoptotic cancer cell death at
all. This might be due to cancer cell type specific differences, but also to discrepancies in experimental
set ups.

5. PPARβ/δ and Tumor Suppressors

In addition to positive regulation of growth-promoting signals, cancer development also requires
inhibition of negative growth regulators, i.e., escaping the action of tumor suppressor genes [12].
Although a large number of publications described the overall effects of PPARβ/δ modulation on tumor
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growth, knowledge on PPARβ/δ and tumor suppressor genes is relatively limited. Mice with mutations
in the adenomatous polyposis coli (APC) tumor suppressor are frequently used as a tool for PPAR
research in colon cancer, but also a direct function of the APC tumor suppressor on PPARβ/δ expression
has been described. APC represses PPARβ/δ expression through inhibition of β-catenin/Tcf-4 regulated
transcription in colon cancer cells [105]. Besides colon cancer cells, inactivating mutations in APC or
the Axin tumor suppressor proteins or activating mutations in β-catenin resulting in positive effects
on T-cell factor (TCF)-regulated transcription have been described in several cancer types. Zhai et al.
reported mutations leading to β-catenin deregulation in half of ovarian endometrioid adenocarcinomas.
They found elevated expression of the MMP-7, CCND1 (Cyclin D1), CX43 (Connexin 43), ITF2 and
also PPARβ/δ genes in ovarian endometrioid adenocarcinomas with deregulated β-catenin [120].
Transformation of intestinal epithelial cells with the K-Ras oncogene led to increased expression and
activity of PPARβ/δ. Mechanistically, PPARβ/δ up-regulation was due to increased mitogen-activated
protein kinase activity; and PPARβ/δ activation required the endogenous production of prostacyclins
via the cyclooxygenase-2 pathway [121]. An initial important report from mice with inactivation
of the APC tumor suppressor showed that treatment with the PPARβ/δ agonist GW501516 resulted
in a significant increase in the number and size of intestinal polyps [7]. In contrast to the reports
mentioned above, another study confirmed APC/beta-catenin-dependent expression of Cyclin D1,
while expression of PPARβ/δ was not different in colon or intestinal polyps from wild-type or Apc(min)
heterozygous mice or in human colon cancer cell lines with mutations in APC or beta-catenin [122].
This study based exclusively on the use of a polyclonal antibody in Western blots. The quality of the
available PPARβ/δ antibodies is still a matter of concern.

Regarding the Wilms’ tumor suppressor WT1, we showed that PPARβ/δ activation in melanoma
cells inhibits its expression via direct transcriptional repression [32]. WT1 was originally identified as a
tumor suppressor based on its mutational inactivation in nephroblastoma [123,124], but later studies
provided evidence that WT1 might act as an oncogene [60,101,104,125,126]. Wt1 was up-regulated
instead of downregulated in endothelial cells with PPARβ/δ overexpression [14], which suggests
cell-type dependent differential regulation of Wt1 by PPARβ/δ. Whether PPARβ/δ is a direct activator
of WT1 in endothelial cells and other cell-types remains to be determined.

Epidermal growth factor receptor (EGFR) signaling promotes breast cancer cell proliferation
and tumorigenesis. It has been shown that EGFR ligands signal through the ERK and the
phophatidylinositol-3-kinase cascades, resulting in activation of the transcription factor NF-kappaB.
The NF-kappaB transcription factor directly activates the promoter of fatty-acid binding protein 5
(FABP5) resulting in increased FABP5 protein expression, which in turn shuttles endogenous ligands to
PPARβ/δ [53]. In contrast, Krüppel-like factor KLF2 inhibits FABP5 protein expression and subsequent
PPARβ/δ activation and thus, might act as a tumor suppressor in breast cancer cells [53].

Transducer of ErbB-2.1 (Tob1) is another tumor suppressor protein, which is inactivated in
different cancer types including gastrointestinal cancers. Overexpression of Tob1 in gastric cancer
cell lines induced the expression of Smad4 and p15. Tob1 decreased the phosphorylation of Akt and
glycogen synthase kinase-3β (GSK3β), resulting in reduced expression and the transcriptional activity
of β-catenin, which in turn decreased the expression of PPARβ/δ, cyclin D1, cyclin-dependent kinase-4
(CDK4) and urokinase plasminogen activator receptor (uPAR) in gastric cancer cells [127]. These data
are in agreement with the general regulation of PPARβ/δ by β-catenin and provide an additional
complex signaling pathway for stimulation of PPARβ/δ activity in cancer progression.

In neuroblastoma cell lines, all-trans-retinoic acid reduced expression of the stem cell factor
Sox2 in cell lines with low expression of the tumor suppressor p53, while this was not the case in
cells with wild type p53. However, PPARβ/δ activation with GW0742 reduced SOX2 expression
independent on the p53 status of the cells. The authors concluded that activating PPARβ/δ induces
cell differentiation through p53- and SOX2-dependent signaling pathways in neuroblastoma cells and
tumors [29]. However, the exact interaction between retinoic acid and PPARβ/δ signaling on SOX2
expression and the possible role of p53 therein remains to be determined.
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In smooth muscle cells, the PPARβ/δ agonist L-165041 inhibited dose-dependently proliferation
by blocking G(1) to S phase progression and repressing the phosphorylation of retinoblastoma protein
(Rb). In a carotid artery injury model in vivo, L-165041 inhibited neointima formation [128]. To our
knowledge, this is the only report linking retinoblastoma protein and PPARβ/δ activation. Whether
these findings are relevant for cancer cell proliferation or tumor angiogenesis remains to be determined.

6. PPARβ/δ and Invasion and Metastasis

Abdollahi et al. were the first to correlate PPARβ/δ expression levels with advanced pathological
tumor stage and increased risk for distant metastasis. Statistical analyses of PPARβ/δ expression in
published large-scale microarray data from cancer patients with prostate, breast, and endometrial
adenocarcinoma revealed significantly increased PPARβ/δ expression levels in cases of higher malignant
grade and distant metastasis formation [95]. Similar observations were made by Yoshinaga and
colleagues who found an increased risk for colorectal cancer patients with high expression of PPARβ/δ
and cyclooxygenase (COX)2 in the primary tumor to develop distant liver metastasis, consequently
leading to a poor prognostic outcome [96]. In contrast to these studies, one group reported decreased
invasion capacity of pancreatic cancer cells in vitro upon PPARβ/δ activation with GW501516 as well
as downregulated prometastatic Matrix metalloproteinase-9 (MMP9) expression [129]. A similar study
implying in vitro approaches using breast cancer cell lines demonstrated decreased migration and
invasion upon PPARβ/δ activation with GW501516. PPARβ/δ mediated inhibition of breast cancer cell
migration and invasion was proposed to be regulated via thrombospondin-1 (TSP-1) and its degrading
protease, a disintegrin and metalloprotease domains with thrombospondin motifs 1 (ADAMTS1),
as knockdown of ADAMTS1 reduced the effects of PPARβ/δ activation; and ADAMTS1 promoter
activity was increased by GW501516 [130].

Interestingly, yeast-two hybrid screening identified the metastasis suppressor NDP Kinase
alpha (NM23-H2) as a binding protein of PPARβ/δ [131]. NM23 genes have been shown to
suppress metastasis development [132]. Overexpression of NM23-H2 in cholangiocarcinoma cells
downregulated PPARβ/δ expression, impedes PPARβ/δ promoter activity and diminishes GW501516
induced cholangiocarcinoma cell proliferation. Reactivation of NM23-H2 was suggested as a therapeutic
approach in cholangiocarcinoma metastasis [131].

Zuo and collaborators further demonstrated the importance of PPARβ/δ in metastatic cancer.
Using an experimental mouse model of metastasis formation by tail vein injection of syngenic tumor
cells (B16 melanoma and LLC1 Lewis lung carcinoma cells), the authors showed that PPARβ/δ
knockdown in the respective cancer cells inhibited metastasis formation. Additionally, the potential
of colon cancer cells (HCT116) to form metastasis in vivo was abolished completely upon genetic
deletion of PPARβ/δ. Treatment of mice with the PPARβ/δ agonist GW0742 enhanced metastasis
formation. The metastatic potential of PPARβ/δ in cancer cells was confirmed in orthotopic tumor
models, confirming that also spontaneous metastasis formation was dramatically reduced upon
knockdown of PPARβ/δ. Using heterozygous PPARβ/δ mice for syngenic tumor cell vein injection the
authors further demonstrated that high expression of PPARβ/δ in cancer cells is the most important
factor for metastasis formation as heterozygous PPARβ/δ mice developed fewer metastasis than their
wildtype littermates, but exhibited the most important reduction of metastasis formation when injected
with PPARβ/δ knockdown cancer cells. Transcriptome profiling of HCT116 wildtype and PPARβ/δ
knockout cells identified gap junction protein alpha 1 (GJA1), vimentin (VIM), secreted protein acidic
rich in cysteine (SPARC), neuregulin-1 (NRG1), CXCL8 (IL-8), stanniocalcin-1 (STC1), and synuclein
gamma (breast cancer-specific protein 1; SNCG) as pro-metastatic PPARβ/δ targets. Finally, the authors
further confirmed the correlation of high PPARβ/δ expression and significantly reduced metastasis-free
survival in various cancer patient (colorectal, lung, breast) cohorts, including the largest reported
cohort of 1609 breast cancer patients [98].

In profound contrast to the extensive in vivo study of Zuo, Lim and coworkers reported increased
melanoma cell migration and invasion upon treatment with the PPARβ/δ antagonist 10 h as well
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as increased metastasis formation in PPARβ/δ knockout mice [133]. This antagonist had so far not
been used in other studies and results were not confirmed employing well established antagonists as
GSK0660 or GSK3787. Conversely, Ham and colleagues demonstrated that activation of PPARβ/δ in
highly metastatic melanoma cell lines provoked an upregulation of Snail, a decrease of E-cadherin,
and a stimulation of migration and invasion, which could be reversed by knockdown of PPARβ/δ.
PPARβ/δ therefore seems to promote the high metastatic potential of aggressive melanoma [134].

Our group confirmed pro-metastatic effects of PPARβ/δ activation. Syngenic subcutaneous
LLC1 tumor cell implantation resulted in significantly increased lung and liver metastasis when
animals received the PPARβ/δ agonist GW0742. Interestingly, we also observed increased spontaneous
metastatic spreading in a model with inducible conditional vascular-specific overexpression of PPARβ/δ,
indicating that the proangiogenic function of PPARβ/δ importantly contributes to metastatic tumor
progression [14].

Recently, an elegant study demonstrated the implication of PPARβ/δ in the pro-metastatic effects
of dietary fats in colorectal cancer. Activation of PPARβ/δ with GW501516 induces cancer stem-like
cell (CSC) expansion and accelerates liver metastasis in vivo. Analysis of promoters of self-renewal
regulatory factors such as Oct4, Nanog, Sox2, and KLF4 identified a PPAR responsive element in the
Nanog promoter. Activation of PPARβ/δ with GW501516 increased whereas knockout of PPARβ/δ
decreased Nanog expression. Colonic CSC expansion was shown to be induced by PPARβ/δ through
direct induction of Nanog expression via binding to its promoter. Furthermore, knockdown of
Nanog abolished PPARβ/δ stimulation of hepatic metastasis formation. Similar to the exposure
to GW501516, a high fat diet induced expression of Nanog, accelerated tumor growth and liver
metastasis formation and knockout of PPARβ/δ completely inhibited these effects. This identifies a
novel PPARβ/δ-mediated mechanism responsible for the contribution of dietary fat to colorectal cancer
initiation and metastasis [135].

In conclusion, overwhelming evidence suggests that PPARβ/δ promotes metastasis.

7. PPARβ/δ and Replicative Immortality

Activation of PPARβ/δ with GW501516 was shown to inhibit angiotensin (Ang) II induced
premature senescence of human vascular smooth muscle cells (hVSMCs). Ang II treatment of hVSMCs
provoked an increase of senescence associated beta galactosidase activity (SA β-gal), which was
inhibited by GW501515, an effect that could be reversed by hVSMCs knockdown. A significant
reduction of SA β-gal activity was also observed upon pretreatment with N-acetyl-l-cysteine (NAC), a
thiol antioxidant, suggesting that reactive oxygen species (ROS) mediate Ang II-induced premature
senescence of hVSMCs. Activation of hVSMCs significantly reduced ROS accumulation as well as DNA
damage in hVSMCs treated with Ang II. PPARβ/δmediated transcriptional up-regulation of antioxidant
genes (glutathione peroxidase (GPx)-1, manganese superoxide dismutase (Mn-SOD), heme oxygenase
(HO)-1, and Thioredoxin (Trx)-1) had been identified as the major mechanism in the inhibition of
premature senescence of hVSMCs [136]. In a following study, the authors identified upregulation
of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), leading to suppression of
phosphatidylinositol 3-kinase (PI3K)/Akt pathway, by PPARβ/δ as a second mechanism of senescence
inhibition in hVSMCs [137]. Increase of PTEN and suppression of PI3K/Akt by PPARβ/δ activation
was also the main pathway identified for senescence inhibition of UV-induced keratinocytes by the
agonist GW501516 [138]. In human coronary artery endothelial cells, inhibition of Ang II induced
senescence by PPARβ/δ was found to be dependent of transcriptional activation of Sirtuin (SIRT)
1. Downregulation or inhibition of SIRT1 abolished the effects of PPARβ/δ on Ang II induced ROS
production and premature senescence, and resveratrol, a SIRT1 activator, mimicked PPARβ/δ agonist
effects [139]. PPARβ/δ activation has also been shown to prevent doxorubicin induced cardiomyocyte
senescence. The PPARβ/δ agonist L165041 prevented telomeric repeat factor (TRF) 2 downregulation,
partially rescued cell proliferation blockage, significantly attenuated cytoskeletal remodeling and
the early loss of plasma membrane integrity and significantly reduced SA-β-gal activity. Senescence
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inhibition was in this case shown to be dependent of B-cell lymphoma 6 protein (Bcl6) as a potent
inhibitor of senescence, rendering cells unresponsive to antiproliferative signals from the p19ARF–p53
pathway. L1650141 increased the expression of Bcl6, which upon ligand binding, was released from
PPARβ/δ and repressed its target genes, involved in DNA damage sensing and proliferation of
checkpoint control [140]. In this context, it might be interesting to mention that our group observed an
increase of TRF2, a protein that has a key role in the protective activity of telomeres [141], in tumor
sorted endothelial cells from mice with vascular specific overexpression of PPARβ/δ (Wagner et al.,
unpublished results).

In contrast to these studies reporting senescence inhibition upon PPARβ/δ activation, Zhu and
coworkers observed stimulation of Harvey sarcoma ras virus gene (Hras)-induced senescence by
PPARβ/δ. 7,12-dimethylbenz[a]anthracene (DMBA)-initiation led to a higher percentage of malignant
squamous cell carcinomas and a lower percentage of benign papillomas in PPARβ/δ knockout
compared to wildtype animals. In vitro, Hras expressing PPARβ/δ knockout keratinocytes displayed
less senescence as investigated by SA β-gal staining. The authors identified as the molecular
mechanisms of this senescence induction by PPARβ/δ a potentiation of the RAF/MEK/ERK pathway
and an inhibition of the PI3K/AKT pathway [142]. In a very similar study appearing in the same
year, the authors showed that increased endoplasmatic reticulum (ER) stress attenuated senescence
in part by up-regulating phosphorylated protein kinase B (p-AKT) and decreasing phosphorylated
extracellular signal-regulated kinase (p-ERK), which was repressed by PPARβ/δ [143].

Cellular senescence has been linked to the development of endothelial cell dysfunction in
atherosclerosis. Especially oxidative stress induced by ROS from lipid loaded macrophage foam
cells has been linked to premature senescence of the vasculature. Riahi and coworkers exposed
endothelial cells to the secretome of such foam cells and observed an increase of endothelial SA β-gal
activity, p16 and p21 expression as well as a decrease of phosphorylated retinoblastoma protein. They
found that senescence was induced by 4-hydroxnonenal (4-HNE) through stimulation of pro-oxidant
thioredoxin-interacting protein (TXNIP). The lipid peroxidation product 4-HNE activated PPARβ/δ
promoter activity. The PPARβ/δ agonist GW501516 enhanced TXNIP expression, whereas the antagonist
GSK0660 reduced TXNIP promoter activity and inhibited 4-HNE induced senescence [144].

In contrast to the prosenescent effects of PPARβ/δ in endothelial cells, Bernal and colleagues
reported that PPARβ/δ maintains the proliferative undifferentiated phenotype of adult neuronal
precursor cells, probably through activation of SOX2, one self-renewal regulatory factor [145]. This is
in line with the findings from Wang and colleagues showing that colonic cancer stem cell expansion
was induced by PPARβ/δ through direct transcriptional activation of Nanog [135].

It has been described that PPARβ/δ amplifies Wnt signaling activity through direct interaction
with β-catenin and direct transcriptional activation of the Wnt coreceptor low-density lipoprotein
receptor-related protein (LRP) 5 [146]. Senescence associated reprogramming has been shown to
upregulate an adult tissue stem-cell signature in lymphoma cells, activate Wnt signaling and distinct
stem-cell markers. Former senescent lymphoma cells had a higher in vivo tumor initiation potential
than their non-senescent counterparts [147]. Given these highly interesting findings, it will be extremely
exciting to further clarify the role of PPARβ/δ in cancer related senescence, replicative immortality and
cancer stemness.

8. PPARβ/δ and Metabolism

It is well established that the high tumor cell growth rate due to proliferation is connected to
profound metabolic changes [12]. As early as 1927, Otto Warburg described an anomaly in cancer
cell metabolism compared to normal cells—cancer cells largely depend on aerobic glycolysis for
energy production [148–150]. Cancer metabolism is not only linked to proliferation, but also to tumor
angiogenesis as rapidly growing tumor cells will turn on the “angiogenic switch” for increased oxygen
supply in the tissue. Lack of oxygen results in hypoxia in the tissue, which results in stabilization of
hypoxia- induced factors (Hif) [151–153] and subsequent activation/inhibition of downstream target
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genes, e.g., VEGF [154], erythropoietin [155], WT1 [156], PPARα [157], glucose transporters (Glut-1
and Glut-3) and many other target genes involved in cancer metabolism (for a recent review see [158]).
In contrast to PPARα, PPARβ/δ seems not to be directly regulated by Hif-1; but Hif-1 expression is
stimulated by calcineurin A [159] and PPARβ/δ activates calcineurin [85]. Consequently, we observed
an increase in calcineurin and Hif-1 expression in the hearts of mice treated with the PPARβ/δ agonists
GW0742 and GW501516 [85]. Whether this signaling cascade is relevant for PPARβ/δ-dependent
cancer progression remains to be established. Hypoxic stress has been shown to induce transcriptional
activation of PPARβ/δ in HCT116 colon cancer cells. PPARβ/δ associated with p300 upon hypoxic
stress in these cells. The p300 and the PI3K/Akt pathways seem to play a role in the regulation of
PPARβ/δ transactivation as PI3K inhibitors or siRNA knockdown of Akt suppressed the PPARβ/δ
transactivation in response to hypoxia [160]. Interestingly, hypoxia-induced IL-8 and VEGF expression
was significantly attenuated in PPARβ/δ-deficient colon cancer cells linking expression of PPARβ/δ in
cancer cells to tumor angiogenesis and immune response [160]. The in vivo relevance of these findings
for tumor growth remains to be determined. In addition, prostacyclin synthase, which catalyzes
the conversion of prostaglandin H2 (PGH2) to prostaglandin I2 (PGI2) is upregulated in fibroblasts
and cancer cells in response to hypoxia. PGI2 in turn stimulates PPARβ/δ and subsequent VEGF
expression [161], which provides an additional link between hypoxia, metabolism, PPARβ/δ in the
tumor stroma and angiogenesis. PPARβ/δ also protects chronic lymphocytic leukemia and breast
cancer cells from harsh environmental conditions, i.e., hypoxia and low glucose concentrations, which
was related to increased antioxidant expression, substrate utilization and mitochondrial performance
providing additional evidence for PPARβ/δ as a positive regulator of cancer growth [28,35].

Long chain fatty acids (LCFA) represent energy sources, components of cell membranes and are
further processed into signaling molecules. Dietary fatty acids are linked to cancer risk especially colon
cancer. Saturated fatty acids were positively associated with colon cancer risk, while polyunsaturated
fatty acids showed inverse associations [162]. Experimental studies, however suggested that saturated
long chain fatty acids (SLCFA) inhibit while unsaturated long chain fatty acids (ULCFA) might increase
proliferation of different cancer cell lines [163,164]. A recent report provided novel mechanistic insights
into this problem linking long chain fatty acid metabolism and cancer [165]. Saturated fatty acids
bind to fatty acid binding protein 5 (FABP5) and displace endogenous ligands and retinoic acid (RA)
from this transport protein. Thus, these ligands are not delivered to PPARβ/δ and its transcriptional
activity is reduced while RA is diverted to the retinoic acid receptor (RAR), which becomes activated.
In contrast, binding of unsaturated long-chain fatty acids to FABP5 has similar consequences for
the displacement of RA and its subsequent binding to RARs, but results in nuclear import of the
ULCFA/FABP5 complex and subsequent activation of PPARβ/δ, which in turn results in increased
cancer cell proliferation [165]. Although these results identify a central role for FABP5 for cancer
cell proliferation and might explain the differences observed regarding PPARβ/δ and cancer cell
proliferation dependent on the presence/absence of FABP5 and amounts of RA and endogenous PPAR
ligands, the situation for in vivo experimental and clinical studies might be even more complex due to
the interplay of the different hallmark capabilities.

PPARβ/δ is, however, not only activated by fatty acids presented by FABP5 in tumorigenesis.
In mammary epithelium, overexpression of PDK1 resulted in increased phosphorylation of Akt and
GSK3β and augmented expression of PPARβ/δ protein. Treatment with GW501516 increased the
number of mammary tumors and reduced survival, which was even more pronounced in animals
with PDK1 overexpression. This dramatic effect correlated with an increase in a specific metabolic
gene signature indicative of glycolysis and greater levels of fatty acid and phospholipid metabolites in
PDK1 overexpressing mice treated with GW501516 compared to treated wild-type control mice [38].
As these metabolic changes are common also in human tumors [166] and enable high tumor cell
proliferation [167], it is possible that this mechanism plays a common role in tumor types with PPARβ/δ
overexpression. In addition, GW501516 increases expression of glucose transporter 1 (Glut-1) and
solute carrier family 1 member 5 (SLC1A5), which results in an increased influx of glucose and
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glutamine in different cancer cell types and subsequently augments cancer cell proliferation [15].
Furthermore, animals with direct specific overexpression of PPARβ/δ in the mammary epithelium
were prone to the development of mammary tumors [36]. Infiltrating mammary ductal carcinomas
developed after a latency of 12 months; GW501516 reduced tumor latency to 5 months. Histologically,
PPARβ/δ overexpression was confirmed in the mammary epithelium. In agreement with the study
by Pollock et al. [38], increased Akt phosphorylation was detected, but also mTOR was activated.
Inhibition of mTOR by everolimus reduced cell proliferation and the malignant phenotype indicating
the importance of this signaling pathway for PPARβ/δ-dependent mammary tumorigenesis. Microarray
and metabolomic analyses revealed a marked increase in the levels of phosphatidylcholine metabolites,
lysophosphatidylcholine, lysophosphatidic acid and arachidonic acid metabolites, which correspond
to PPARβ/δ-dependent gene regulation involved in prostaglandin biosynthesis. Lysophosphatidic
acid stimulated mTOR activation through Akt, and phosphatidic acid directly mediates activation
of mTOR [36]. These results provided robust evidence for PPARβ/δ induced metabolic changes
resulting in mTOR activation in mammary tumorigenesis. Taken together, several metabolites
increase PPARβ/δ activity and PPARβ/δ stimulation induces complex metabolic alterations, which are
mostly protumorigenic.

9. PPARβ/δ and Immune Function

PPARβ/δ agonists have been reported to inhibit the tumor necrosis factor (TNF) α induced
up-regulation of monocyte chemoattractant protein (MCP)-1 and vascular cell adhesion protein
(VCAM)-1 in endothelial cells, to inhibit cytokine induced nuclear translocation of NF-kappaB and
to reduce monocyte binding to activated vascular cells [74]. They modulate acute inflammation by
targeting the neutrophil-endothelial cell interaction and reducing tumor necrosis factor alpha induced
endothelial chemokine ligand (CXCL) 1 release and VCAM-1, E-selectin and ICAM-1 expression [77].
Another study described potent inhibitory effects of the PPARβ/δ agonist GW0742 on lipopolysaccharide
target genes as cyclooxygenase (COX)-2 and inducible nitric oxide synthase (iNOS) in macrophages.
Lipopolysaccharide (LPS) is the most abundant component within the cell wall of Gram-negative
bacteria. It can stimulate the release of inflammatory cytokines in various cell types, leading to an
acute inflammatory response towards pathogens. It has been suggested that PPARβ/δ functions in
modulating the program of macrophages during inflammatory responses [168]. PPARβ/δ modulation
has been proposed to attenuate inflammation in atherosclerosis. A comparison between wildtype
and PPARβ/δ knockout macrophages revealed that proinflammatory genes such as MMP9, IL-1β and
MCP-1 were down-regulated in PPARβ/δ knockout macrophages. However, activation of PPARβ/δ
with GW501516 suppressed the expression of MCP-1 and IL-1β, indicating that activation of PPARβ/δ
is anti-inflammatory. As an explanation for this seemingly discrepancy of PPARβ/δ function in
inflammation, a ligand-dependent interaction of PPARβ/δ with the anti-inflammatory transcriptional
repressor BCL-6 had been suggested. Without ligand, PPARβ/δ binds BCL-6. When activated with a
PPARβ/δ ligand, BCL-6 is released and suppresses proinflammatory pathways [75]. Monocytes can be
differentiated in either a proinflammatory (M1 or classically activated macrophage, induced by TNFα,
bacterial LPS or interferon gamma) or an anti-inflammatory (M2 or alternatively activated macrophage,
induced by interleukins). PPARβ/δ has an important role in the development of the M2 phenotype,
as PPARβ/δ knockout cells were unable to acquire this alternatively activated macrophage phenotype
upon interleukin-4 or-10 stimulation [169]. In contrast, Thulin and colleagues demonstrated that
PPARβ/δ is regulated by the microRNA miR-9 in monocytes and that activation of PPARβ/δ might be
of importance in M1 proinflammatory, but not in M2 anti-inflammatory macrophages, as the PPARβ/δ
agonist GW501516 induced expression of PPARβ/δ target genes in proinflammatory M1, but not in
M2 macrophages [170]. Further studies confirmed the implication of PPARβ/δ in the modification of
macrophage functions and the reprogramming of their activation status. Treatment of macrophages
with modified low-density lipoproteins (LDLs) induced arginase I expression, which was abolished
by the PPARβ/δ antagonist GW9662. In contrast, the PPARβ/δ agonist GW0742 strongly induced
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arginase I expression. PPARβ/δ activity in macrophages therefore impacts the balance of Th1/Th2
responses through specific induction of arginase I expression and activity [171]. Myelin-derived
phosphatidylserine was found to mediate PPARβ/δ activation in macrophages after myelin uptake,
a pathway leading to suppression of the production of inflammatory mediators, ameliorating
experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis [172].
Mukundan et al. identified PPARβ/δ as a transcriptional sensor of apoptotic cells in macrophages.
Apoptotic cell feeding stimulated PPARβ/δ expression in macrophages, which then induced expression
of opsonins, enhanced apoptotic cell clearance by macrophages and increased anti-inflammatory
cytokine production [173]. As another mechanism of PPARβ/δ function in macrophages, induction
of the immunoreceptor CD300a has been postulated. The PPARβ/δ agonist GW501516 activated
CD300a expression in macrophages. Mice lacking CD300a showed chronic intestinal inflammation
upon high fat diet and an increase in proinflammatory cytokines, specific for the M1 macrophage
type. The PPARβ/δ/CD300a pathway could therefore contribute to the anti-inflammatory action in
macrophages [174]. Adhikary and colleagues investigated the global PPARβ/δ-regulated signaling
network in human monocyte-derived macrophages. They found a robust induction of PPARβ/δ
expression upon monocyte to macrophage differentiation. Using PPARβ/δ agonists and inverse
agonists, they identified two mechanisms by which PPARβ/δ regulates immune-modulatory genes:
1) canonical regulation through DNA binding at PPARβ/δ–RXR sites (PPREs), induced by agonists
and repressed by inverse agonists, and 2) repression by agonists in the absence of PPARβ/δ DNA
binding (inverse regulation). Inverse regulation concerned NF-kappaB and the signal transducer and
activator of transcription (STAT)1 target genes, resulting in the inhibition of multiple proinflammatory
mediators consistent with anti-inflammatory effects of PPARβ/δ activation. Interestingly, they could
also demonstrate specific immune stimulatory effects induced by PPARβ/δ agonists, a pro-survival
effect on macrophages and inhibition of CD32B surface expression and stimulation of T cell activation.
This confirms the strong anti-inflammatory function of PPARβ/δ, but also indicates context-dependent
specific immune-stimulatory actions of PPARβ/δ activation [175]. The same group aimed at elucidating
the role of PPARβ/δ in the pro-tumorigenic polarization of tumor associated macrophages (TAMs)
in ovarian cancer. In vitro, PPARβ/δ target genes such as pyruvate dehydrogenase kinase (PDK) 4
and angiopoietin-like protein (ANGPTL) 4 were robustly induced in monocyte derived macrophages,
but the ligand response in TAMs was impaired and most PPARβ/δ target genes were refractory to
synthetic agonists. Next, the authors compared freshly isolated ascites-associated TAMs from ovarian
cancer patients with monocyte-derived macrophages from healthy donors. Many PPARβ/δ target
genes as PDK4, ANGPTL4, and carnitine palmitoyl transferase (CPT) 1A were found to be up-regulated
in TAMs and were refractory to stimulation with the PPARβ/δ agonist L-165041. The deregulation and
unresponsiveness of target genes in TAMs was found to be due to the presence of endogenous activators
in malignancy associated ascites, as ascites caused an equal deregulation in normal macrophages.
Lipidomic analysis of ascites samples revealed high levels of polyunsaturated fatty acids (PUFA) [176],
known as PPARβ/δ activators [177]. The deregulation of PPARβ/δ target genes by PUFA ligands
stimulates the pro-tumorigenic conversion of host-derived monocytic cells and might contribute to
tumor progression [176]. Very little is known about the PPARβ/δ function in other key immune cell
types except macrophages. In 2008, protein expression of PPARβ/δ in activated human T-cells was
described. It has been shown that PPARβ/δ is a transcriptional target of human type I interferon (IFN),
stimulates T-cell proliferation and inhibits IFN induced apoptosis, which is partially mediated through
enhanced extracellular signal-regulated kinases (ERK) 1/2 signaling [178]. More recently, it has been
demonstrated that PPARβ/δ overexpression/activation in vivo inhibits thymic T-cell development by
decreasing proliferation of CD4-CD8- double-negative stage 4 (DN4) thymocytes [179]. PPARβ/δ has
further been reported to drive maturation of monocyte–derived dendritic cells towards an atypical
phenotype with reduced stimulatory effects on T-cells [180]. An interesting in vivo study using
murine models of septic shock induction confirmed general anti-inflammatory effects of PPARβ/δ
activation. PPARβ/δ deletion had detrimental effects on cardiac and renal function, liver injury, lung
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inflammation and survival, which could not be attenuated by administration of the specific agonist
PPARβ/δ GW0742. In wildtype animals, selective activation of PPARβ/δ attenuated the multiple
organ injury and dysfunction and improved survival when administered acutely in rodent models of
endotoxemia and polymicrobial sepsis. PPARβ/δ activation was proposed as an anti-inflammatory
therapeutic approach for the treatment of conditions involving local and systemic inflammation [181].
Using an experimental model for multiple sclerosis, it has been shown that PPARβ/δ limits the
expansion of pathogenic T helper cells and production of Interleukin 12 and Interferon gamma,
thereby limiting autoinflammation in the central nervous system [182]. Similar, in acute cerulein
and taurocholate induced pancreatitis mouse models, treatment with the PPARβ/δ agonist GW0742
reduced expression of proinflammatory enzymes and cytokines, neutrophil invasion and tissue
and inflammatory deterioration in the pancreas [183]. In contrast, PPARβ/δ has been shown to be
a negative regulator of mesenchymal stem cell (MSC) immunosuppressive function, as PPARβ/δ
inhibition or genetic deletion enhanced the immunosuppressive properties of MSCs, involving an
increased NF-kappaB, ICAM-1 and VCAM-1 activity [184]. Interestingly, also in natural killer (NK)
cells, inhibition of PPARβ/δ was beneficial to restore cytotoxic anti-tumor activity. Obesity induced
a PPAR driven lipid accumulation in NK cells causing inhibition of their cellular metabolism and
inhibiting their function. PPARβ/δ agonists mimicked obesity effects and inhibited trafficking of the
cytotoxic machinery to the NK cell-tumor junction, disenabling NK cells to reduce tumor growth
in obesity in vivo. Inhibition of PPARβ/δ restored NK cell cytotoxicity [185]. Finally, it may be
concluded that most studies identified PPARβ/δ function as anti-inflammatory, mainly in the setting
of atherosclerosis. However, only few cancer related investigations exist. In this context, PPARβ/δ
has pro-inflammatory and pro-tumorigenic functions by converting host monocytes in macrophages
favoring tumor progression [176,185] or impairing antitumor cytotoxicity of NK cells. Surely, more
cancer related studies addressing the question how PPARβ/δ acts in different immune regulatory cells,
tissues and conditions, are needed.

10. Conclusions and Outlook

PPARβ/δ functions have been studied extensively. We summarized here known PPARβ/δ
effects on cell proliferation, induction of angiogenesis, cell death, function of tumor suppressors,
replicative immortality and senescence, invasion and metastasis, tumor metabolism and immune
function and mentioned underlying molecular mechanisms. Although not all cited manuscripts were
directly related to cancer, one has to keep in mind that the different hallmark capabilities interplay
during tumor progression [12,13]. Some controversies regarding the effects of PPARβ/δ activation
for cancer progression still exist, which might relate to the different cellular or animal models used.
The majority of reports, however, suggest that activation of PPARβ/δ might result in modifications of
the hallmark capabilities in favor of a pro-tumorigenic profile. Thus, in contrast to the earlier notion
of the therapeutic potential of PPARβ/δ agonists as “exercise mimetics” and potential treatments for
metabolic syndrome [186–188], extreme caution should be applied when considering PPARβ/δ agonists
for therapeutic purposes given their pro-tumorigenic properties.

For future approaches using PPARβ/δ modulation for potential cancer therapy, collaborations
between different laboratories and pathologists are urgently needed to define exact expression patterns
of PPARβ/δ in different types, stages and grades of cancer. Currently, already the antibody validation
is a limiting factor. Reproducible immunostaining protocols established between different laboratories
and precise annotation of cell types would be required to define, which patients might benefit from
PPARβ/δ modulation according to expression pattern in cells of the different hallmark capabilities.
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Abstract: Reduced neo-adipogenesis and dysfunctional lipid-overloaded adipocytes are hallmarks
of hypertrophic obesity linked to insulin resistance. Identifying molecular features of hypertrophic
adipocytes requires appropriate in vitro models. We describe the generation of a model of human
hypertrophic-like adipocytes directly comparable to normal adipose cells and the pathologic
evolution toward hypertrophic state. We generate in vitro hypertrophic cells from mature
adipocytes, differentiated from human mesenchymal stem cells. Combining optical, confocal,
and transmission electron microscopy with mRNA/protein quantification, we characterize this
cellular model, confirming specific alterations also in subcutaneous adipose tissue. Specifically,
we report the generation and morphological/molecular characterization of human normal and
hypertrophic-like adipocytes. The latter displays altered morphology and unbalance between
canonical and dominant negative (PPARG∆5) transcripts of PPARG, paralleled by reduced expression
of PPARγ targets, including GLUT4. Furthermore, the unbalance of PPARγ isoforms associates with
GLUT4 down-regulation in subcutaneous adipose tissue of individuals with overweight/obesity
or impaired glucose tolerance/type 2 diabetes, but not with normal weight or glucose tolerance.
In conclusion, the hypertrophic-like cells described herein are an innovative tool for studying
molecular dysfunctions in hypertrophic obesity and the unbalance between PPARγ isoforms
associates with down-regulation of GLUT4 and other PPARγ targets, representing a new hallmark of
hypertrophic adipocytes.

Keywords: hypertrophic adipocytes; PPARG isoforms; PPARG splicing; dominant-negative isoform;
in vitro adipocytes; adipogenesis; hypertrophic obesity; insulin-resistance
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1. Introduction

The individual obesity-related risk for metabolic complications associates with storage capability
of adipose tissue (AT). Energy buffering in the AT can occur either by tissue hyperplasia (i.e., de novo
formation of new lipid-storing adipose cells) or hypertrophy of pre-existing adipocytes. According to
the “overflow hypothesis”, exceeding the storage capability of adipose tissue leads to ectopic lipid
accumulation, insulin resistance (IR), and type 2 diabetes (T2D) [1,2]. Consequently, similar metabolic
consequences occur in conditions of deficiency and the excess of body fat, i.e., in lipodystrophies
and obesity, respectively [3,4]. Particularly, hypertrophic obesity is associated with the reduced
capacity to recruit and differentiate precursor cells into mature adipocytes [5–8]. Therefore, limited AT
expandability, along with the balance between hyperplasia and hypertrophy, are key factors to clarify
why not all obese individuals develop metabolic complications.

However, identifying the determinants accounting for the pathologic shift toward AT hypertrophy
requires appropriate in vitro models able to recapitulate both the physiological processes governing
adipocyte differentiation and the pathological causes of cells’ hypertrophy. In this regard, murine
pre-adipocytes (i.e., 3T3-L1) have been widely used to study adipogenesis [9] as well as to generate
hypertrophic cells in vitro [10]. Nevertheless, obvious differences between human and murine
metabolism and physiology indicate the need to use more appropriate human models. Indeed, human
primary pre-adipocytes [11–13] and adult mesenchymal stem cells—isolated from bone marrow, AT,
umbilical cord and other tissues—represent the most reliable sources of cells able to differentiate
toward the adipogenic lineage. The former cell type displays a proliferation/differentiation capacity
that is strictly donor- and depot-related, showing unpredictable variability [11,14]. The latter displays
low variability and high expansion/propagation capacity—especially for AT-derived cells—and
are particularly useful for exploring early stages of differentiation, including the adipogenic
commitment [15].

In this regard, we recently used a commercially available hTERT-immortalized cell line, i.e.,
AT-derived human mesenchymal stem cells (hMSCs), as model of human adipogenesis, in which
we determined the negative impact of PPARγ∆5 isoform on PPARγ transcriptional activity and on
adipocyte differentiation [16]. Together with the finding that PPARγ∆5 positively correlates with BMI
and T2D [16], our results prompted us to evaluate whether the alteration of PPARG splicing is a feature
of hypertrophic obesity.

Corroborating this hypothesis, our work reveals significant correlations between the expression of
the different PPARG isoforms, subcutaneous adipocytes’ size and the inducible glucose transporter Glut4
(i.e., SLC2A4 gene) in human subcutaneous adipose tissue (SAT). However, the intrinsic inter-individual
variability and methodological issues related to adipocyte diameter calculation [17] represent sources
of bias threatening the reliability and reproducibility of the results. Indeed, according to our previous
study revealing highly variable PPARG∆5 expression in human SAT, and considering the presence
of complex feedback mechanisms regulating different PPARG isoforms [16,18,19], unpredictable
genetic/environmental factors may affect PPARG expression and splicing in vivo. Therefore, it is glaring
the need of a cellular model offering a direct comparison between normal and hypertrophic adipocytes
and able to avoid—or at least reduce—any masking effect due to multiple unpredictable factors.

Thus, to recapitulate in vitro in a unique and highly reproducible model all the main molecular
hallmarks of human hypertrophic AT, we setup a protocol for generating (for the first time, to the
best of our knowledge) human hypertrophic-like adipocytes (HAs) that can be directly compared
to mature cells (MAs) without confounding variables. Hence, in this work we report an accurate
morphological, ultrastructural and transcriptional analysis of hMSCs differentiating into mature
adipocytes, providing also evidence that the hypertrophic state associates with marked alterations in
cell morphology, gene expression and PPARG splicing. This cellular model represents a versatile tool
for studying structural remodeling and altered functionality of adipose cells during their pathologic
evolution toward the hypertrophic state, as well as to test short- and long-term pharmacological
treatments. Remarkably, analyzing this cellular model we confirmed that—similarly to large SAT
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adipocytes in vivo—hypertrophic-like cells display higher PPARG∆5/cPPARG ratio and that such
unbalance associates with marked deregulation in the network of PPARG-regulated genes, including
those responsible of glucose transport and metabolism, insulin signaling and lipid droplet remodeling.

2. Materials and Methods

2.1. Human Samples

RNAs from subcutaneous adipose tissue biopsies were available in our laboratory from a previous
study [16]. Samples were obtained from a clinically well-characterized German cohort of individuals
(n = 94; mean age = 55.5 ± 16.5 y.o.; mean BMI = 35.4 ± 11.8) [20,21] undergoing bariatric surgery.
The study was carried out in accordance with the Declaration of Helsinki, the Bioethics Convention
(Oviedo), and EU Directive on Clinical Trials (Directive 2001/20/ EC) and approved by the University
of Leipzig (approval numbers: 159-12-21052012 and 017-12-23012012). Random selection of samples,
as well as exclusion criteria and classifications of individuals were applied as described in Aprile et al.
(2018) [16]. Clinical and biochemical parameters were provided by Prof. Blüher’s unit, including
visceral and subcutaneous mean and maximum diameter analyzed by Multisizer (Table 1).

Table 1. Characteristics of the study participants.

Women Men

n 51 35
Age (years) 53.4 ± 16.6 58.4 ± 16.3

Body weight (kg) 99.5 ± 34.4 109 ± 44.9
BMI (kg/m2) 36.5 ± 12 34.1 ± 12.3
Body fat (%) 35 ± 11.7 30.7 ± 9.5

Visceral fat area (cm2) 165.5 ± 119.6 172.9 ± 134
Subcutaneous fat area (cm2) 471 ± 492.5 418.5 ± 333.3

Waist circumference (cm) 114 ± 33.1 120.3 ± 24
FPG (mmol/L) 5.9 ± 1.2 5.7 ± 0.9
FPI (pmol/L) 127.5 ± 133.1 81.4 ± 89.8
HbA1c (%) 5.9 ± 0.8 5.9 ± 0.62

Clamp GIR (µmol/kg/min) 79 ± 35 75.2 ± 32
Cholesterol (mmol/L) 5.1 ± 0.75 4.9 ± 1.02

HDL-Cholesterol (mmol/L) 1.2 ± 0.3 1.1 ± 0.3
LDL-Cholesterol (mmol/L) 3.6 ± 1.2 3.5 ± 1.2

Triglycerides (mmol/L) 1.42 ± 0.36 1.9 ± 1.6
Free fatty acids (mmol/L) 0.44 ± 0.38 0.47 ± 0.4

hsCRP (mg/L) 12.3 ± 14.8 11.5 ± 14.1
IL-6 (pg/mL) 4.2 ± 4.1 3.3 ± 4.4

ALAT (µkat/L) 0.8 ± 1.1 0.67 ± 0.7
ASAT (µkat/L) 0.7 ± 0.85 0.63 ± 0.5
GGT (µkat/L) 1.9 ± 3.5 1.5 ± 2.5

Adiponectin (µg/mL) 9.1 ± 6.6 5 ± 3**
Leptin (pg/mL) 40 ± 20 18.5 ± 11.5**

Mean subcutaneous adipocyte diameter (µm) 110.6 ± 11.6 107.6 ± 9.3
Mean visceral adipocyte diameter (µm) 100 ± 7.4 97.6 ± 5.7

Data are means ± SD. ** p < 0.01 for gender differences. Abbreviations: ALAT—Alanine-Aminotransferase;
ASAT—Aspartate-Aminotransferase; BMI—body mass index; FPG—fasting plasma glucose; FPI—fasting plasma
insulin; GGT—gamma- glutamyl transpeptidase; HbA1c—glycated haemoglobin; HDL—high density lipoproteins;
hsCRP—high sensitivity C-reactive protein; IL-6—Interleukin 6; LDL—low density lipoproteins.

2.2. Cell Lines and Cultures

hTERT-immortalized adipose derived mesenchymal stem cells (hMSCs) were purchased from
American Type Culture Collection (ATCC SCRC-4000; Virginia, USA). Cells were cultured in DMEM-F12
(1:1) supplemented with 10% South American Fetal Bovine Serum (FBS), 2 mM glutamine, 30 units/mL
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penicillin, 30 mg/mL streptomycin, and maintained in humidified atmosphere of 5% CO2 at 37 ◦C.
Media, sera, and antibiotics for cell culture were from Thermo Fisher Scientific (Waltham, MA, USA).

2.3. In Vitro Differentiation of Mature and Hypertrophic-Like Adipocytes

hMSCs were pulsed to differentiate in mature adipocytes as previously reported [16]. Briefly,
cells between 5 and 12 passages have been plated at density of 3–4 × 103/cm2 and induced toward
adipocyte differentiation after reaching maximum confluence (48–72 h after plating). Cells at
confluence were treated with Adipogenic Induction Mix (AIM; constituted by 850 nM insulin, 10
mM dexamethasone, 0.5 mM 3-isobutyl-1- methylXanthine, 33 mM biotin, 17 mM pantothenate, 1
mM rosiglitazone), and adipogenic maintaining mix (AMM; consisting of 850 nM insulin and 1 mM
rosiglitazone). AIM and AMM were alternatively used for three days until 19–21 day, considered the
terminal point of the process. Additionally, alternative differentiation protocols were tested adding the
Bone Morphogenic Protein 4 (BMP4) bioactive protein (10, 20, and 50 ng/mL) to the AIM, or by using
different FBS formulations (i.e., FBS qualified Australia and South American origin, Thermo Fisher
Scientific, Waltham, MA, USA). Afterward, hypertrophic-like cells were obtained by treating mature
adipocytes for 12 days with AMM mix supplemented with fatty acids i.e., palmitate, oleate, or both
(350 µM). Such concentration reflects the pathological levels of fatty acids (200–375 µM) adipose cells
of obese individuals are exposed to. Mixes were added to the cells every 3 days, and hypertrophic-like
adipocytes were obtained within 32 days from adipogenesis induction.

2.4. Immunofluorescence Microscopy

For immunofluorescence analysis, hMSCs at different time points of adipocyte differentiation,
grown on coverslips, were fixed with 4% formaldehyde for 15 min and washed in PBS. After washing, the
cells were incubated with WGA 632/647 (red; 5 µg/mL) as membrane marker following manufacturer’s
instructions. Afterward, cells were permeabilized with PBS/10% FBS/0.1% Triton X-100 for 5 min.
Lipid droplets were marked with Bodipy 493/503 (green; 5 µL/mL) and cell nuclei were counterstained
with DAPI (blue; 1 mg/mL). Reagents were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Cells on coverslips were mounted with fluorescent mounting medium, and fluorescent labeling
was examined using an A1 Resonance Plus confocal microscope (Nikon, Melville, NY, USA) and
inverted (Leica DMI6000B) microscopy. Z-Stack imaging was performed by confocal microscopy for
reconstruction of 3D images. Nikon Imaging Software (NIS) Elements Advanced Research software
(version 4.50.00) was used for images acquisition/elaboration. All images were captured using a 20×
Plan Apo lambda objective (1024 × 1024 pixels), numerical aperture 0.75, pinhole 1.2 AU, and exposure
6.2 s per pixel dwell. Detector sensitivity (gain) and laser power settings were kept the same for all
collected images to allow for comparisons between images.

2.5. Cell Count and Oil Red O Staining for Quantifying Adipocyte Differentiation

Confocal microscopy images were processed by Image J [22] and analyzed for determining the
percentage of differentiated cells. For each field, total cell number was determined by segmentation
of nuclei stained with DAPI. Differentiated cells were identified and counted basing on the presence
of lipid droplets stained with Bodipy 493/503. The percentage of cells that underwent adipogenic
differentiation was calculated as cells positively stained with Bodipy ÷ the total number of cells (nuclei)
× 100. Differentiation rate was calculated in five independent experiments and a total of ~6000 cells
were analyzed. Additionally, adipocyte differentiation was estimated measuring lipid accumulation
by Oil Red O staining [19,23]. Optical density determination at 510 nm was assessed by VICTOR
Multilabel Plate Reader (Perkin Elmer, Massachusetts, USA), and the corrected subtracting background
signal was determined by not specifically staining the undifferentiated cells.
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2.6. Analysis of Adipocyte Size and Lipid Droplets

Cellular size and lipid droplet were analyzed in mature and hypertrophic-like adipocytes. Confocal
Z-stack images were processed by open-source program Image J [22]. Adipocyte area was automatically
measured after manual definition of cell perimeters. Lipid droplet number and size were analyzed by
Image J macro “MRI_Lipid_Droplets_Tool.ijm,” which applies a Gaussian filter to the input images and an
automatic threshold (percentile method) to remove artifacts from the mask of the droplets image, finally
separating the touching droplets by a binary watershed transform. Therefore, starting from Z-stack
images at focal plane with higher number of maximum diameters, lipid droplets marked with Bodipy
were automatically selected and segmented by size threshold setting to 2 pixel/microns (expected size
of smaller droplets). Multiple Z-stack images were used for reconstructing 3D projections, and for
each cell/lipid droplet the focal plane with maximum size/diameter was considered. For lipid droplets
analysis, individual parameters for accurate 3D surface selection were manually adjusted, increasing
the accuracy of geometrical setting of touching droplets and background removal. Maximum diameter,
related area and optical density were measured for each lipid droplet. Similarly, nuclei segmentation
was applied for cell number counting, setting the size threshold to ≈50 pixel/microns. Such analysis
was performed on both mature and hypertrophic-like adipocytes, calculating the average of total lipid
area and the number of lipid droplets for cell and the mean area of a droplet.

2.7. Transmission Electron Microscopy

The hMSCs at different time points of adipocyte differentiation and upon the adipogenic induction
were fixed in 2% glutaraldehyde, post-fixed in 1% osmium tetraoxide, dehydrated by being passed
through a graded ethanol series, and embedded in Poly/Bed 812 resin (Polyscience, Warrington,
PA, USA). The embedded samples were cut using a Leica ultracut UCT ultramicrotome (Leica
Microsystems, Wetzlar, Germany) into ultrathin sections (50 nm thickness) and, to increase the contrast
of the samples, an additional staining with uranyl acetate was performed. Finally, the samples
attached to Formvar/carbon copper grids were observed under a model JEM-1011 (JEOL, Tokyo, Japan)
transmission electron microscope using an accelerating voltage of 100 kV. Low- and high-magnification
images were captured by iTEM software (Olympus Soft Imaging System, Münster, Germany). At
least 10 different microscopic fields on multiple thin sections from different independent samples were
observed and captured to obtain good confidence.

2.8. RNA Extraction, RT-PCR and qPCR

Total RNA was isolated using TRIzol Reagent (Life Technologies, Carlsband, CA, USA) according
to manufacturer’s instructions. Quantification and purity of RNA was evaluated by NanoDrop
spectrophotometer (Life Technologies, Carlsband, CA, USA). The synthesis of cDNA was performed
with a High Capacity cDNA Reverse Transcription kit (Invitrogen, Carlsband, CA, USA) according to
the manufacturer’s instructions. Expression analyses were performed by RT-PCR and qPCR techniques.
Gene specific primers were designed using Oligo 4.0 program and listed in Table S1. RT-PCR products
were amplified using MyTaq DNA Polymerase (Bioline, Memphis, Tennesse, USA) and analyzed by
electrophoresis on agarose gel. PowerUp Sybr Green Master Mix (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) was used for qPCR expression analysis on CFX Connect Detection System
(Bio-Rad, Hercules, CA, USA) according to manufacturer’s instructions. Relative mRNA expression
was measured by 2-∆∆Ct method. PPIA and RPS23 were selected as housekeeping genes in hMSCs and
SAT biopsies, respectively, evaluating the expression stability of at least three candidate housekeeping
genes among ACTB, HPRT, GAPDH, PPIA, and RPS23. All reactions were performed in duplicates in
at least three independent experiments.
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2.9. Western Blot

Whole-cell lysates were obtained using RIPA lysis buffer supplemented with Halt Protease
and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and
quantified by Bradford Assay Reagent (Bio-Rad, Hercules, CA, USA). For each sample, 40-60 mg
of proteins were used for western blot analysis. According to manufacturer’s instructions, primary
antibodies were used to different dilutions: anti-PPARγ (1:1000, Cell Signaling Technology, Danvers,
Massachusetts, USA), anti-Glut4, anti-Adiponectin, anti-aP2, anti-Irs2 (1:500, Elabscience, Houston,
Texas). Anti-Hsp90 (1:5000; Origene, Rockville, Maryland, USA) was used as a loading control antibody.
Secondary anti-IgG (goat, mouse, and rabbit) antibodies were used at dilution 1:5000 (Bio-Rad, Hercules,
CA, USA). Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) was used for detection of immunoreactive bands. Quantification of protein levels (pixel density)
was performed by GelQuant.NET software (www.biochemlabsolutions.com). Intensity values were
normalized on Hsp90 expression and reference sample (i.e., the first time point having detectable
levels).

2.10. Flow Cytometry Analysis

The expression of mesenchymal markers was analyzed by flow cytometry in hMSCs (T = 0 h),
hMSCs-derived adipocytes (T = 20 day), and hypertrophic-like adipocytes (T = 32 day). The cells were
incubated with PE-conjugated anti-CD73 antibody and FITC-conjugated anti-CD90 antibody, as well
as with dye/isotype-matched antibodies (all from BD Biosciences, USA). The incubation was carried
for 30 min at 4 ◦C in a dark environment. Afterward, unbound antibodies were washed out and the
samples were processed by a BD FACS canto II (BD Biosciences, San Jose, CA) and analyzed using BD
FACSDiva software. For each sample, 104 events were acquired. Cells were counted and compared
with the signals of the corresponding antibody isotype controls.

2.11. ELISA

Levels of the inflammatory cytokine IL-6 were determined by ELISA (R&D Systems, Minneapolis,
USA) in cell-free supernatants according to the manufacturer’s instructions. Absorbance of assay
wavelength was measured at 450 nm using a Cytation 3 imaging reader (BioTek, Winooski, VT, USA).

2.12. Quantification and Statistical Analysis

Student’s t test (one sample or two samples test; two tailed) was used for assessing statistical
significance of differences in lipid accumulation (Oil Red O staining), cellular and lipid droplet area
(3D analysis) between mature and hypertrophic-like adipocytes, as well as in gene expression assays
(qPCR) for hMSCs at different stages of adipocyte differentiation. All assays were performed at least in
triplicate. For each assay, the number of replicates, SD or SEM and statistical significance are reported
in figure legends. The Kolmogorv–Smirnov test was used to analyze gene expression differences
(qPCR) in SAT of patients. p value (p) ≤ 0.05 was considered significant. Statistical analysis of flow
cytometry data was performed by BD FACSDiva software according to manufacturer’s instructions.
Linear models were fit by lm function in R using the equation “result = lm(feature ~ cond, data,
na.action = na.omit). For each specific analysis, feature was the response variable, cond was the regressor,
and data was the dataframe containing expression data and clinical parameters. Missing fields (na)
were omitted from regression. Residuals, Coefficients, Residual standard errors, Multiple R-squared,
Adjusted R-squared, as well as F-statistic and p-values (ANOVA) were analyzed by the summary

function. Pairwise correlations between couple of variables were carried out by the cor function in R
language and Pearson’s (r) coefficient calculated as default parameter. Custom scripts in R language
(using ggplot2) were used to generate the correlation, scatter, violin, and box plots.

Detailed information about all reagents and resources are provided in Table S2.
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3. Results and Discussion

3.1. Unbalance of PPARG Isoforms in Patients with Hypertrophic Obesity

The subcutaneous adipose tissues of obese individuals and patients with T2D display reduced
PPARγ activity [24] and increased relative amount of canonical and dominant negative transcripts
(i.e., higher PPARG∆5/cPPARG ratio) [16]. PPARG∆5 mRNA levels positively correlate with BMI, and
high levels of this dominant negative isoform reduce PPARγ transactivation ability and the adipogenic
capacity of precursor cells [16]. Hence, considering that defective adipogenesis in adult AT and
functional impairment of PPARγ are hallmarks of hypertrophic obesity, we decided to explore whether
the pattern of PPARG splicing is modified in overweight and obese individuals, also considering the
presence of related metabolic complications—i.e., the presence of impaired glucose tolerance (IGT) or
T2D—and the adipocyte size.

In this regard, we previously reported that PPARG∆5 mRNA levels in the SAT are higher in
overweight/obese than in individuals with normal weight [16]. Here, we observe that cPPARG
and PPARG∆5 mRNA levels are positively correlated between them only in the SAT of normal
weight individuals (n = 20) and not in overweight/obese patients (n = 74, Figure 1A), suggesting
that physiological balance between PPARG isoforms occurs exclusively in “healthy” AT. Indeed, our
previous results indicated that PPARG splicing is modified in presence of metabolic disorders as
obesity and T2D [16]. To address whether the unbalance between canonical and dominant negative
PPARG isoforms associates with other relevant clinical parameters, we used PPARG∆5 and cPPARG
relative mRNA abundance from a previously analyzed German cohort [16] and compared their
expression with respect to the size of adipocytes in the SAT (n = 86). Interestingly, cPPARG expression
inversely correlates with the size of subcutaneous adipocytes (Figure 1B), whereas the ratio between
the transcripts has a positive trend (Figure 1C, Figure S1A), compatible with the impaired metabolic
profile of large adipocytes. Although it is not possible to define unhealthy hypertrophic adipose cells
by means of their size, we used the mean diameter of subcutaneous adipocytes (115µm) to stratify
patients in two groups—“Low Mean Diameter” (LMD; n = 63) and “High Mean Diameter” (HMD; n =

23)—in line with the work of Stenkula and Erlanson-Albertsson (2018) [17]. As shown in Figure 1D,
PPARG∆5/cPPARG ratio is higher in the SAT of HMD (vs. LMD), mostly because of a pronounced
drop in cPPARG expression in this group (Figure S1B). These data provide evidence of PPARG isoforms
unbalance in large adipocytes compared to small/medium-sized ones, suggesting a contribution of
both PPARG expression and alternative splicing in compromising the metabolic homeostasis of these
cells. Finally, extending the analysis to other clinical and biochemical parameters (Figure S1C), we
disclosed that PPARG∆5 negatively correlates with low-density lipoprotein (LDL) cholesterol levels,
whereas cPPARG does not (Figure 1E). Conversely, only cPPARG negatively correlates with leptin
serum levels (Figure 1E). Although these data support the unbalance of PPARG isoforms in the SAT
of individuals with enlarged adipocytes, inter-individual variability, adipocyte heterogeneity in AT,
or technical drawbacks (e.g., measurement of adipocyte size on histological specimen) could affect
results’ consistency.
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Figure 1. PPARG∆5/cPPARG ratio correlates with adipocyte size, leptin and low density lipoprotein
(LDL) cholesterol serum levels. Expression values of PPARG∆5 and cPPARG have been previously
measured in subcutaneous adipose tissue (SAT) of patients from a German cohort [16]. (A) Scatterplot
reporting the correlation (linear regression analysis) between PPARG∆5 and cPPARG expression levels
in normal weight (n = 20) and overweight/obese individuals (n = 74). Pearson correlation coefficient (r)
and p values (p) are shown. (B–C) Scatterplot resulting from regression analysis and indicating that
cPPARG (B) and PPARG∆5/cPPARG (C) levels oppositely correlate with mean diameter of subcutaneous
adipocyte size (n = 86). Pearson correlation coefficient (r) and p values (p) are shown. (D) Boxplot
showing PPARG∆5/cPPARG levels in two subgroups, defined according to the mean diameter of
subcutaneous adipocytes as “Low Mean Diameter” (LMD; mean diameter < 115µm, n = 63) and
“High Mean Diameter” (HMD; mean diameter >115µm, n = 23) group. *p < 0.05. (E) Correlation plot
indicating Pearson’s correlation coefficient and p value (* p < 0.05, *** p < 0.0001) among cPPARG,
PPARG∆5, PPARG∆5/cPPARG, leptin (n = 61), and LDL serum levels (n = 59).

3.2. From Human Mesenchymal Stem Cells to Mature Adipocytes

To study PPARG splicing alteration in large dysfunctional adipose cells, in a more controlled and
unbiased system, we set up a new model of human hypertrophic-like adipocytes, directly comparable
to starting mature cells. Hence, we first assessed different experimental conditions for optimizing
the differentiation protocols previously used [16,25]. In particular, after plating increased number
of cells (Figure S2A) we confirmed that high densities favor adipocyte differentiation [26], whereas
low cell densities, or high passage numbers, reduce the differentiation rate. As we previously
described [16], using a modified version of the protocol reported by Janderová et al. (2003) [25],
adipocyte differentiation of hMSCs is completely reached in 19–21 days, alternating two different mixes.
Additionally, we did not measure significant increase in the differentiation rate neither supplementing
cells with recombinant Bone Morphogenic Protein 4 (BMP4; Figure S2B) (capable of triggering
commitment of MSCs into pre-adipocytes [27]) nor using different FBS formulations (data not shown).
Up to day 2 after the adipogenic induction, hMSCs show the typical fibroblast-like shape (Figure 2A).
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Up to day 4 the cells maintain spindle-shape, even though cell circularity increases and immature
droplets begin to be visible in the cytosol (Figure 2A). Therefore, according to the lipid droplets (LDs)
formation model [28,29], this in vitro model requires about 4 days to complete triglyceride synthesis
and to form oil lens within the endoplasmic reticulum and budding of lipid droplets into the cytosol.
From day 4 to day 10, LDs number progressively increases and cells accentuate their characteristic
whirlpool-like morphology. Afterward, both LDs number and volume markedly increase (Figure 2A,B).
Particularly, on day 12, few clusters of “bunch of grapes”–like LDs became visible in a certain number
of cells. Circularity is slightly emphasized, although cells maintain an elongated shape, similarly to
mouse embryonic fibroblasts (MEFs) [30]. Around day 20, hMSCs appear evenly and appreciably
differentiated into mature adipocytes, with an increased number of larger LDs and a marked whirling
pattern with abundant clusters of “bunch of grapes”–like LDs (Figure 2A–C). In Figure 2B, hMSCs on
day 12 and day 20—observed in dark field microscopy—show an increasing number of LDs and a
typical swirled growth. Staining of neutral lipids combined to cell count by confocal microscopy (n >
6000) indicates that about 80% of hTERT-MSCs are terminally differentiated ~20 days upon induction
(Figure 2D). Then, FACS analysis revealed a significant decrease of hMSCs surface markers CD73
and CD90 in mature adipose cells compared to undifferentiated precursors (Figure S3). These results,
verified by several independent experiments, confirm the very low variability in the differentiation
rate for this in vitro model.

3.3. From Mature to Hypertrophic Adipocytes

Adipocyte hypertrophy is a feature of dysfunctional AT and tightly associates with IR and
T2D onset. Molecular mechanisms causing adipocytes’ dysfunctions in hypertrophic AT have not
been completely clarified, and the cons and limitations of currently available in vitro models largely
impede this task. Therefore, taking advantage of peculiar characteristics, such as the long propagation
capacity, the good expansion and high population homogeneity of hMSCs, we set up a new protocol
for generating in vitro human hypertrophic-like adipocytes—directly comparable to starting mature
cells—that is useful to study the effects of adipocyte hypertrophy without confounding variables.

To this aim, hMSC-derived mature adipocytes were cultured with media containing saturated
and/or monounsaturated fatty acids (MUFA) specifically selected for their high presence in human diet
(i.e., palmitic and/or oleic acids), insulin and rosiglitazone for additional 12 days. Then, on day 32 (upon
the adipogenic induction), cells supplemented with palmitate, oleate or their mixture were completely
full of large LDs but no significant variation in lipid accumulation was measured among the different
formulations of fatty acids (Figure 3A,B). Hence, to define which treatment induces the transcriptional
alterations recapitulating at best the characteristics of hypertrophic adipocytes, we measured the
expression of some selected genes. As shown in Figure 3C, HAs cultured in presence of palmitate (vs.
fully differentiated MAs) revealed the most pronounced down-regulation of key adipogenic markers
regulating AT homeostasis (PPARG, ADIPOQ and FABP4), LDs biogenesis (PLIN1 and PLIN2) and
insulin signaling (SLC2A4 and IRS2). Overall, these results indicate prolonged palmitate treatment
as the most reliable way to induce hypertrophic-like features in MAs differentiated from hMSCs.
Therefore, the above-mentioned protocol was chosen for in vitro generation of HAs. Additionally, FACS
analysis revealed, as expected, a marked decrease of CD73 and CD90 in hypertrophic-like cells (Figure
S3). As evident by confocal microscopy, treating hMSCs-derived MAs for additional 12 days (up to
day 32) with insulin, PPARγ agonist (rosiglitazone) and palmitic acid induces visible LDs enlargement
and the progressive formation of giant LDs (Figure 3D). Cell circularity substantially increases on day
32, and lipid-overburden leads to evident reduction of the cytoplasmic layer surrounding LDs with
compressive effects on cell nuclei (Figure 3D, Figure S6A). Both hMSC-derived MAs and HAs can be
further propagated and show a very weak susceptibility to dedifferentiate in vitro. Indeed, HAs (T =
32 day) cultured in standard growth medium show only a modest reduction of lipid content and mild
morphological variations even when cultured for additional 30 days (i.e., 62 days after adipogenesis’
induction; Figure S4).
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Figure 2. Human mesenchymal stem cells (hMSCs) are a reliable in vitro model of human adipocyte
differentiation. (A) Representative phase-contrast images showing morphological changes of hMSCs
along adipocyte differentiation, i.e., at starting point (T = 0 h), at different time points upon adipogenesis
induction (T = 2, 4, 6, 8, 10, 12, 14, 16, 18 days) and at terminal differentiation (T = 20 days). Red arrows
indicate some lipid droplets visible by optical microscopy during adipocyte differentiation (scale bar,
20 µm). (B) Representative images of hMSCs at 12 days and 20 days upon induction fixed with osmium
tetraoxide and observed in dark field microscopy. The LDs are showed as white dots (scale bar, 1 mm).
(C) Representative confocal microscopy images of hMSCs differentiated in mature adipocytes (T = 20 days):
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nuclei in blue (DAPI), lipid droplets in green (Bodipy 495/503) and cell membranes in red (WGA 632/647).
Clusters of “bunch of grapes”–like droplets are evident (scale bar, 100 µm left panel; scale bar, 20 µm
right panel). (D) Bar graph indicating the percentage of undifferentiated and differentiated cells in
five independent experiments measured analyzing confocal images of hMSCs at terminal adipogenic
differentiation (T = 20 days). Total number of cells was calculated counting nuclei stained with DAPI,
differentiated cells were identified by positive staining of lipid droplets (Bodipy 495/503), and the
number of undifferentiated hMSCs was calculated as the difference between total and differentiated
cells. A total of ~6000 cells were analyzed.

Figure 3. Hypertrophic-like cells generated from hMSCs-derived adipocytes. (A) Optical determination
of lipid accumulation (Oil Red O staining) in hypertrophic-like adipose cells (HAs) generated from
mature adipocytes (MAs)—differentiated in vitro by hMSCs—by supplementation of three different fatty
acids mixes. Data are shown as mean ±SEM compared to mature adipocytes from three independent
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experiments. ***p val ≤ 0.001. (B) Representative bright-field images of HAs—generated by three
different fatty acids mixes—after lipid droplets staining by Oil Red O (scale bar, 50 µm). (C) Relative
mRNA quantification (qPCR) of PPARG and key target genes in HAs generated by three different
treatments. PPIA was used as reference gene. Data are reported as mean ±SEM vs. mature adipocytes
(dotted line) from three independent experiments. * p val ≤ 0.05, ** p val ≤ 0.01 and *** p val ≤ 0.001.
(D) Representative confocal microscopy images of HAs (T = 32d) generated by palmitate-containing
mix. Nuclei were stained by DAPI (blue), lipid droplets, and cell membranes by Bodipy 495/503 (green)
and WGA 632/647 (red), respectively (scale bar, 100 µm left panel; scale bar, 50 µm right panel).

Therefore, the long propagation, culturing time, and durable cell attachment of MAs and HAs make
hMSCs an advantageous human cellular model for studying in vitro physiologic adipogenesis—from
very early to late differentiation stages—as well as pathologic conditions such as the hypertrophic state.
Our results also indicate the possibility to expose cells to different stimuli and experimental conditions
even for long time, without the risk of dedifferentiation and/or cell detachment. To the best of our
knowledge, we describe the first in vitro-generated model of human hypertrophic-like adipocytes,
directly comparable to control mature adipocytes. It is a suitable in vitro model for studying the
molecular mechanisms causing the functional defects observed in the adipocytes of hypertrophic
obese patients.

3.4. Stepwise Expression from hMSCs to Hypertrophic-Like Adipocytes

The transcription factor PPARγ—master regulator of adipogenesis—belongs to the “second wave”
of adipogenic factors, and therefore, it is expressed later than other factors in the adipogenic process [31].
Unexpectedly, undifferentiated cells show moderate basal expression of all PPARG transcripts, including
the dominant negative PPARG∆5 (Figure 4A, Figure S5A). Similar to our previous finding in human
primary adipocyte precursor cells [19], also hMSCs display higher PPARG1 than PPARG2 mRNA basal
levels (Figure S5A). However, PPARG expression progressively increases, reaching its highest levels 12
days after adipogenesis induction (Figure 4B), according to our previous analysis [16]. In line with
PPARγ levels, its direct targets FABP4, LPL, and ADIPOQ [32,33] have almost undetectable levels in
hMSCs (Figure 4A) and are markedly induced from day 6 up to terminal differentiation both at mRNA
and protein level (Figure 4B–D).

Genes encoding perilipins—proteins involved in lipid storage and droplet biogenesis—show
a peculiar expression pattern. As shown in Figure 4A and Figure S5B, PLIN1 mRNA cannot be
detected in undifferentiated hMSCs, whereas PLIN2 gene (encoding the adipose differentiation-related
protein, ADRP) is highly expressed, in line with the notion that ADRP locates on small LDs even
in early differentiating cells and in 3T3-L1 murine pre-adipocytes [34,35]. Moreover, in line with
previous analyses indicating that perilipin 1 is transcriptionally regulated by PPARγ and has AT-specific
expression [34–37], PLIN1 is strongly and rapidly induced upon stimulation with the adipogenic
mix and shows the same trend of expression of other PPARγ target genes (Figure 4B, Figure S5B–D).
PLIN2 mRNA is modestly induced along hMSCs adipogenic differentiation and, starting from day 6, a
progressive switch in the expression of perilipins occurs (Figure 4B, Figure S5B–D), as also reported
for mouse embryonic fibroblasts (MEFs) and stromal vascular cells [38]. This finding suggests that
perilipin 1 fully replaces ADRP on the surface of mature LDs, according to the hypothesized role of
PLIN1 in the formation of large LDs [39].

As previously described, adipocyte differentiation associates with profound changes of cell
morphology [40]. In mouse pre-adipocytes, the interaction of monomeric G-actin with the
transcriptional co-activator myocardin-related transcription factor A (MRTFA) prevents its nuclear
translocation, inducing Pparg expression [41]. Interestingly, we observed an opposite trend of MRTFA

gene expression compared to PPARG up to terminal differentiation (Figure S5E) suggesting that—also
in the context of human neo-adipogenesis—MRTFA and PPARγ act in a mutually antagonistic manner.
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Figure 4. Expression analysis along differentiation of hMSCs in mature and hypertrophic-like adipocytes.
(A) Gray-scale heatmap of normalized mRNA expression values (∆Ct = Ct gene – Ct PPIA) determined
by qPCR in hMSCs (T = 0 h). PPIA was used as reference gene. (B) Relative mRNA expression analysis
(qPCR) at different time points upon adipogenic induction (T = 0 h, T = 6 and T = 12 days) and in
mature and hypertrophic-like adipocytes (MAs and HAs, respectively). For each gene, the first time
point showing detectable levels was used as reference (dotted line; i.e., T = 0 h for PPARG, PLIN2,

MRTFA, SLC2A4, IRS2 genes; T = 6 days for FABP4, ADIPOQ, LPL and PLIN1 genes). PPIA was used as
reference gene in all assays. Data are reported as mean ±SEM from three independent experiments. *p

val ≤ 0.05, **p val ≤ 0.01 and ***p val ≤ 0.001. (C) Western blots on lysates of hMSCs at different time
points from adipogenic induction (T = 0 h, T = 6, and T = 12 days) and in MAs and HAs. Hsp90 was
used as loading control. Representative autoradiographs are shown. (D) Bar graph reporting protein
quantification (pixel density analysis of western blots). Values are normalized on Hsp90 (loading
control) and—for each analyzed protein—the first time point having detectable levels (by the specific
Ab) was used as reference (relative protein levels = 1).
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Insulin resistance is hallmark of hypertrophic obesity [42–44], and PPARγ activation in adipose
cells is sufficient to improve insulin sensitivity [45]. Among the genes involved in glucose uptake and
insulin signaling, we measured SLC2A4 (alias GLUT4) and IRS2 expression since they are validated
PPARγ targets [45,46]. As shown in Figure 4B, SLC2A4 levels are higher in terminally differentiated
adipocytes, whereas IRS2 expression peaks on day 12, as also corroborated by protein quantification
analysis performed along the entire adipogenic process (Figure 4C,D).

3.5. Hypertrophic-Like Adipocytes Display Morphological Features Resembling Adipose Tissue Hypertrophy

Our in vitro model of hypertrophic-like adipocytes allows a direct comparison with mature cells.
Hence, we used optical (Figure 5A) and electron (Figure 5B) microscopy for qualitative morphological
and ultrastructural comparison between the two conditions. Furthermore, using confocal microscopy
we evaluated cellular size as well as the number, size and distribution of LDs within adipose cells
(Figure 6A–D, Figure S6B,C).

As evident in Figure 5A, HAs show a massive and diffuse staining by Oil Red O corresponding to
a larger amount of neutral lipids stored in giant LDs compared with smaller LDs present in mature
adipocytes. The marked enlargement of LDs in hypertrophic cells induces a substantial reduction of
the cytoplasmic layer increasing the pressure on cell nucleus (Figure 3D, Figure S6A). Ultrastructure
analysis reveals a different electron density of LDs between MAs and HAs suggesting a shift in the
lipid content not measurable by Oil Red O staining (Figure 5B). In mature adipocytes, magnifications
show contacts between LDs and mitochondria, well-structured ER nearby LDs and LD–LD contacts
indicating fusion sites between coalescent LDs (Figure 5B, upper panels). In hypertrophic-like cells,
large LDs are surrounded by several mitochondria and an extensive network of intermediate filaments
(IFs; Figure 5B, lower panels). Particularly, in line with previous studies on differentiating 3T3-L1 [47]
and mouse macrophage foam cells [48], IFs form cage-like structures around LDs (Figure 5B, lower
panel). These structures may serve both to prevent contacts with other droplets or organelles [49] and
to regulate lipids influxes and effluxes [47,50], especially in hypertrophic cells with large LDs.

Estimation of cell size by confocal microscopy revealed a marked increase of cellular area (FC~1.7)
in hypertrophic-like cells compared to mature ones (Figure 6A, Figure S6B). A direct comparison of
lipid accumulation in mature and hypertrophic-like cells revealed a global increase (~35%) in lipid
accumulation in HAs vs. MAs (Figure 5A). Interestingly, LDs analysis by confocal microscopy revealed
a marked increase in the mean area (FC~5), and a doubling of lipid content, with a reduction (~41%) of
total LD number (Figure 6B–D, Figure S6C). Overall, this analysis supports the formation of giant LDs
by both increased lipid accumulation and coalescence of small droplets [51,52], suggesting that these
processes govern the transformation of LDs during the transition of human adipocytes to hypertrophic
state. Additionally, in line with the work of Skurk and colleagues (2007) [53], in vitro-generated HAs
secrete higher levels of IL-6 compared to mature adipocytes (Figure 6E). Among the well-characterized
cytokines released by hypertrophic adipocytes, IL-6 is the most studied due to its role in defective
adipogenesis and IR onset [54–57].
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Figure 5. Mature and hypertrophic-like adipocytes display morphological differences.
(A) Representative images (left panel) of mature and hypertrophic-like adipocytes (MAs and HAs,
respectively) stained with Oil Red O (scale bars, 100 µm). Measurement of lipid accumulation (optical
density) in hMSCs (T = 0 h used as control, CTR), in MAs and in HAs. Data are shown as mean ± SEM
vs. CTR (dotted line). *p val ≤ 0.05 and **p val ≤ 0.01. (B) Representative micrographs of MAs and HAs
by transmission electron microscopy (scale bars, 2 µm). Green and red squares in each left panel are
observed at higher magnification in right panels. n = nucleus; m =mitochondria, LD = lipid droplets,
ER = endoplasmic reticulum, IF = intermediate filaments.
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Figure 6. Differences between mature and hypertrophic-like adipocytes occur in cell size, lipid
droplets, IL-6 secretion, and gene expression. (A) Violin plot showing cell area of mature (MAs) and
hypertrophic-like (HAs) adipocytes (n = 60). *** p val ≤ 0.001. (B) Representative confocal microscopy
images of hMSCs differentiated in MAs and HAs stained with DAPI (nuclei, blue), Bodipy 495/503
(lipid droplets, green) and WGA 632/647 (cell membranes, red; scale bars, 200 µm). (C) Violin plot
showing lipid area/cell measured by 3D analysis on 2973 LDs (from 214 MAs) and on 1168 LDs (from
206 HAs). *** p val ≤ 0.001. (D) Schematic representation of 3D analysis results from LDs in MAs and
HAs (i.e., mean of number of LD/cell, LD area, and total LD area/cell), as described in B. (E) Bar graph
reporting IL-6 concentration (pg/mL) determined by ELISA on culture supernatant of MAs and HAs.
Data are reported as mean ±SEM from three independent experiments. *** p val ≤ 0.001. (F) Relative
PPARG∆5/cPPARG mRNA levels (qPCR) in MAs and HAs. MAs were used as reference sample and
PPIA as reference gene. Data are reported as mean ±SEM from three independent experiments. *** p val
≤ 0.001. (G) Relative mRNA quantifications (signed fold-changes) in HAs vs. MAs (dotted line). PPIA

was used as reference gene. Data are reported as mean ±SEM from three independent experiments. * p

val ≤ 0.05, ** p val ≤ 0.01 and *** p val ≤ 0.001.
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Noteworthy, mirroring what observed in the SAT of hypertrophic obese patients, HAs display
reduced levels of cPPARG mRNA and increased PPARG∆5/cPPARG ratio (Figure 6F). Despite cPPARG
expression being only modestly reduced in HAs (vs. MAs), PPARγ target genes are highly reduced,
compatibly with the impaired metabolic activity in hypertrophic AT (Figure 6G). Hence, in light of the
dominant negative activity of PPARG∆5 [16], we speculate that increased PPARG∆5/cPPARG ratio
in hypertrophic adipose cells may contribute—at least in part—to inhibit the transcription of direct
PPARγ target genes. Differently, despite LPL being a PPARγ target, its expression in HAs is increased
compared to mature cells. However, this is in line with high LPL levels in SAT of obese patients [58]
and the elevated enzymatic activity in hypertrophic AT [59,60]. Furthermore, insulin and rosiglitazone
(contained in the AMM) are likely to promote LPL increase during the in vitro transition from mature
to hypertrophic-like adipose cells [61]. Genes encoding proteins involved in insulin signaling and
associated with insulin sensitivity, such as IRS2 and SLC2A4, were among the most down-regulated
PPARγ targets in hypertrophic cells, in line with the notion that IR is a hallmark of hypertrophic obesity.
Since perlipin 1 can restrain the pro-inflammatory response—reducing futile lipolysis—and promote
insulin sensitivity [62], PLIN1 gene expression is strongly down-regulated in hypertrophic-like cells
compared to matureones. The pathologic transition of adipocytes toward the hypertrophic state also
induces a marked decrease of MRTFA expression (Figure 6G, Figure S5E), whereas cPPARG—albeit
reduced (Figure 6G)—is still highly expressed in these cells (Figure 4B, Figure S5E), in line with its
antagonist activity toward MRTFA in adipose cells.

3.6. GLUT4 Negatively Correlates with PPARG∆5/cPPARG Ratio Only in Pathologic Conditions

PPARγ∆5 has a proven dominant negative activity on canonical PPARγ and is highly expressed
in human SAT [16]. In light of this evidence, it is reasonable to consider that the global PPARγ
activity in this tissue is tightly dependent on the relative amount between its canonical and dominant
negative isoforms. As evidenced by the comparison between mature and hypertrophic-like adipose
cells, we observed the unbalance between PPARG isoforms (increased PPARG∆5/cPPARG ratio)
and a concomitant pronounced alteration—in terms both of mRNA and protein expression—of
PPARγ target genes involved in insulin signaling, and particularly of SLC2A4 encoding the inducible
glucose transporter 4 (Figure 4B–C). Accordingly, even in vivo large adipocytes display unbalanced
PPARG∆5/cPPARG ratio (Figures 1D and 6E), whose increase negatively impacts PPARγ transactivation
ability in vitro [16].

Hence, we tested the hypothesis of a correlation between PPARG∆5/cPPARG ratio and SLC2A4

expression in vivo, measuring mRNA levels in the SAT of a subset of individuals from our German
cohort (n = 56). As shown in Figure 7A, SLC2A4 negatively correlates with PPARG∆5/cPPARG ratio in
the entire cohort, whereas cPPARG expression shows an opposite trend (Figure S7A). Interestingly, we
disclosed significant correlation only in obese/overweight individuals (vs. individuals with normal
weight; Figure 7B and Figure S7B), as well as in patients with altered glucose metabolism, i.e., IGT
and T2D (vs. individuals with normal glucose tolerance, NGT; Figure 7C; Supplementary Figure
S7C). PPARγ-mediated induction of GLUT4 is a primary mechanism to establish insulin sensitivity of
adipose tissue, liver and skeletal muscle [45,46,63]. Therefore, these data suggest that the unbalance of
PPARG isoforms in the SAT—and particularly high PPARG∆5/cPPARG ratio—can further contribute
to IR onset in the adipose tissue of patients with hypertrophic obesity.
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Figure 7. PPARG∆5/cPPARG ratio correlates with SLC2A4 levels. PPARG∆5 and cPPARG expression
was previously measured in Aprile et al. (2018). (A–C) Scatterplot reporting the correlations by
linear regression analysis between SLC2A4 and PPARG∆5/cPPARG levels (qPCR) in the SAT of a
subset of individuals (n = 56), stratified in subgroups according to BMI in normal weight (n = 14) and
overweight/obese (n = 42), or to glucose-metabolizing capacity in NGT (n = 27), IGT and T2D (n = 29).
RPS23 was used as reference gene. Pearson’s correlation coefficient (r) and p values (p) are shown.

4. Conclusions

Inappropriate expansion of adipocytes in the SAT is a characteristic of hypertrophic obesity,
associated with a reduced adipogenesis and impaired insulin sensitivity. These primary events
contribute to establish local inflammation and reduced insulin sensitivity in the AT, leading to ectopic
fat deposition and systemic IR [5–8]. Hence, adipocyte size has been proposed as a predictor of IR
and T2D onset. Nevertheless, technical drawbacks, the dynamical distribution of adipose cells in AT,
and inter-individual variability make difficult accurately determining adipocyte size and establishing
a value (or a range) that is indicative of metabolically defective cells. Then, adequate cellular
models recapitulating the physiological aspects of neo-adipogenesis and the pathological features of
hypertrophic metabolically unhealthy adipocytes are needed for addressing factors responsible of the
AT shift toward the hypertrophic state.

Our recent work established PPARγ∆5 - a dominant negative isoform of PPARγ - as a potential
contributor to the functional PPARγ impairment in the SAT of obese patients [16]. Our previous
data suggest that the unbalanced ratio between dominant negative and canonical isoforms in the
SAT can contribute to the transcriptional repression of metabolic genes and to the impairment of
neo-adipogenesis. Both these pathologic features are hallmarks of hypertrophic obesity and are strictly
related to IR and T2D onset [1,42,44]. It prompted us exploring whether PPARG splicing is affected
in the context of hypertrophic obesity. Our in vivo finding that the ratio between PPARG∆5 and
canonical PPARG transcripts is significantly higher in SAT enriched of large adipocytes corroborates
the finding that PPARγ activity is impaired in adipose tissue when reduced insulin sensitivity and
defective neo-adipogenesis are in place. Of note, the observation that canonical and dominant negative
PPARG transcripts have opposite correlation‚ not only with BMI and body fat [16], but also with
LDL-cholesterol and leptin serum levels, further highlights the differential role of PPARG isoforms in
the SAT.

However, our interest in studying in a more controlled and unbiased system, whether PPARG

expression and splicing are affected in hypertrophic adipocytes guided us to set-up a new cellular model
of human adipocyte hypertrophy through the generation of hypertrophic-like cells directly comparable
to mature ones. Low variability in the differentiation rate, together with a weak susceptibility to
dedifferentiate and detach in culture, represent only some advantages of this model. Indeed, by a
detailed morphological, ultrastructural and transcriptional analysis, we provide a qualitative and
quantitative estimation of the differentiation process, ranging from hMSCs to mature adipocytes as
well as of the pathological shift toward the hypertrophic state. Indeed, the transition from terminally
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differentiated to hypertrophic-like cells mimics the dynamics of hypertrophic AT, showing the genesis
of giant LDs—surrounded by an extensive network of IFs and mitochondria - which induce progressive
cell engulfment, thickening of the cytoplasmic layer and increased pressure on cell nuclei. An accurate
analysis of lipid droplets provided a quantitative estimation of lipid accumulation in hypertrophic-like
cells, supporting the model in which giant LDs originate either by progressive lipid storage in single
LDs and by coalescence of smaller droplets. Beyond the morphological changes, we also observed
that hypertrophic-like adipocytes secrete high amount of IL-6, a pro-inflammatory cytokine typically
observed in the microenvironment of hypertrophic AT. Notably, higher IL-6 levels are secreted by
hypertrophic-like adipocytes compared to normal cells, further supporting the bona fide of this new
cellular model. Along with the progressive lipid accumulation and the following morphological
changes, we also systematically explored how these cells modulate gene/protein expression. The finding
that throughout the differentiation of hMSCs several PPARγ target genes involved in LDs formation,
insulin signaling and lipid metabolism display peculiar expression patterns compatible with PPARγ
levels, further supports the use of hMSCs as model of human adipogenesis. Additionally, the
progressive switch in the expression of perilipin genes—compatible with the replacement of ADRP
with perilipin 1 in LDs formation—and the opposite trend of expression for MRTFA and PPARG,
consistent with their supposed mutual antagonistic activity, are in line with previous studies in murine
cells [38,41]. Mimicking the pathologic state of human AT, hypertrophic-like cells display a marked
increase of PPARG∆5/cPPARG ratio and a substantial reduction of PPARγ target genes involved in
LDs biogenesis and insulin signaling, especially of Glut4. We found a significant negative correlation
between PPARG∆5/cPPARG ratio and SLC2A4 expression only in patients with overweight/obesity as
well as in those having altered glucose metabolism (i.e., with impaired glucose tolerance or T2D), but
not in individuals with normal BMI or with normal glucose tolerance. These in vitro and in vivo data
support the hypothesis that the unbalance between PPARG canonical and dominant negative isoforms
is a characteristic of hypertrophic adipocytes, and that it associates with a marked perturbation of the
PPARγ-dependent gene network, with a pronounced down-regulation of factors involved in glucose
and lipid metabolism, such as Glut4. Furthermore, beyond the in vivo investigation of PPARG isoforms
in hypertrophic AT, to the best of our knowledge, here we describe the first in vitro model of human
hypertrophic-like adipocytes. This cellular model can be instrumental for dissecting—in the absence of
confounding effects—the molecular mechanisms underlying the functional defects of the adipocytes in
hypertrophic AT. Indeed, the use of a unique in vitro model—able to recapitulate each differentiation
step from hMSCs to mature adipocyte and further toward hypertrophic state—is a powerful tool to
decipher in a stepwise manner the pathological determinants of AT dysfunction in obesity and in its
related comorbidities.
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Abstract: A number of oxylipins have been described as endogenous PPAR ligands. The very short
biological half-lives of oxylipins suggest roles as autocrine or paracrine signaling molecules. While
coronary arterial atherosclerosis is the root of myocardial infarction, aortic atherosclerotic plaque
formation is a common readout of in vivo atherosclerosis studies in mice. Improved understanding
of the compartmentalized sources of oxylipin PPAR ligands will increase our knowledge of the roles
of PPAR signaling in diverse vascular tissues. Here, we performed a targeted lipidomic analysis of ex
vivo-generated oxylipins from porcine aorta, coronary artery, pulmonary artery and perivascular
adipose. Cyclooxygenase (COX)-derived prostanoids were the most abundant detectable oxylipin
from all tissues. By contrast, the coronary artery produced significantly higher levels of oxylipins
from CYP450 pathways than other tissues. The TLR4 ligand LPS induced prostanoid formation in
all vascular tissue tested. The 11-HETE, 15-HETE, and 9-HODE were also induced by LPS from the
aorta and pulmonary artery but not coronary artery. Epoxy fatty acid (EpFA) formation was largely
unaffected by LPS. The pig CYP2J homologue CYP2J34 was expressed in porcine vascular tissue and
primary coronary artery smooth muscle cells (pCASMCs) in culture. Treatment of pCASMCs with
LPS induced a robust profile of pro-inflammatory target genes: TNFα, ICAM-1, VCAM-1, MCP-1 and
CD40L. The soluble epoxide hydrolase inhibitor TPPU, which prevents the breakdown of endogenous
CYP-derived EpFAs, significantly suppressed LPS-induced inflammatory target genes. In conclusion,
PPAR-activating oxylipins are produced and regulated in a vascular site-specific manner. The CYP450
pathway is highly active in the coronary artery and capable of providing anti-inflammatory oxylipins
that prevent processes of inflammatory vascular disease progression.

Keywords: PPARs; vascular; coronary artery; lipidomics; eicosanoids; inflammation; CYP450

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) can be activated by a diverse group of
endogenous fatty acid mediators including those produced from cyclooxygenase (COX), lipoxygenase
and CYP450 enzymatic pathways [1]. These COX, lipoxygenase and CYP450 enzymes metabolize
arachidonic acid and related polyunsaturated fatty acids, linoleic acid (LA), docosahexaenoic acid
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(DHA) and eicosapentaenoic acid (EPA) into series of biologically active oxylipin mediators [2–4].
Cyclooxygenases largely make prostanoids (and some hydroxyeicosatetraenoic acids (HETEs)) [5,6].
Lipoxygenases make hydroperoxy-eicostetraeoic acid HpETE, HETEs, hydroxyoctadecaenoic acids
(HODEs), hydroxy-DHAs, and hydroxy-EPAs—some of which are the precursors for leukotrienes [2].
The PUFA-utilizing CYP450s metabolize fatty acids into series of oxylipin mediators through a
combination of either epoxidation or lipoxygenase-like or ω- and ω-1-hydroxylation [2,3]. Using
arachidonic acid as an example, CYP2J2 can produce both epoxyeicosatrienoic acids (EETs) and
19-HETE by its epoxygenase- and hydroxylase-like activities, respectively [3,7]. The PGD2 metabolite 15
deoxy-D12,14-PGJ2, PGI2, 8-, 12-, and 15-HETE, 9- and 13-HODE [1], and 8-, 9-, 11-, 12-, and 14–15-EET [8]
have all been shown to activate PPARs. Soluble (sEH) and microsomal (mEH) epoxide hydrolases (EH;
encoded by the gene ephx2 and ephx1 respectively) combine to metabolize nearly all EpFAs in vivo [9].
sEH inhibitors (sEH-I) inhibit the breakdown of EpFAs to their more soluble but less biologically active
dihydroxy counterparts and potentiate EET signaling [10–12].

While several oxylipins can signal through known or yet-to-be-identified G-protein-coupled
receptors, transient increases in oxylipin ligands can also induce PPAR activation toward a variety of
downstream signals [1]. PPAR activation induces heterodimerization with other nuclear receptors
such as the retinoid X receptor (RXR), which enhances binding to a consensus sequence (direct repeats
of ‘AGGTCA’) referred to as PPAR response elements (PPREs). PPAR ligands have diverse roles in the
cardiovascular system, from repression of genes encoding pro-inflammatory cytokines to induction
(e.g., TNFα, IL1, IL6) of monocytes/macrophages toward foam cell morphology [13].

The roles of oxylipins are of long-standing interest in vascular biology [11,13–20].
COX products have both cardioprotective (prostacyclin; PGI2) and pro-thrombotic
(e.g., thromboxane; TXA2) activity [20,21]. CYP450-derived EpFAs are anti-atherosclerotic,
vasodilatory and anti-inflammatory [11,22–30], with the notable exception of LA-derived
dihydroxyoctadecamonoenoic acids (DHOMEs), which regulate cardiac function [31], vascular
development [32], and thermal hyperalgesia [33] at low levels, but are toxic at higher levels [34].
CYP450-derived EETs, in particular, were originally described in porcine coronary artery as an
endothelium-derived hyperpolarizing factor produced in response to stimulation and stretch
sEH-I-treated or sEH-knockout mice show protection to injury induced vascular neointima
formation [25], atherosclerosis and aneurysm formation [26], hypertension [35,36], type 2 diabetes [37],
and inflammatory cell recruitment [23,30]. Interestingly, in the pulmonary circulation, although
sEH inhibitors have been shown to augment hypoxia-induced vasoconstriction, sEH inhibition or
overexpression of EpFA-producing enzymes such as CYP2J2 is protective in various acute lung injury
models [38–40].

We previously showed that PPARs can be activated by CYP2J2 and its products in vitro and
in vivo [8]. A number of protective effects of CYP2J2 or EETs have now been shown to be mediated
by PPARs, including the protective effects of laminar flow on endothelial cells [24], mediating
coronary reactive hyperemia [41–44] and vascular response in soluble epoxide hydrolase-null mice [45],
cytoprotection of cardiomyocytes [46], inhibition of angiotensin II cardiac remodeling [47] and
abdominal aortic aneurysm formation [48], inhibition of renal interstitial fibrosis and inflammation [49],
improved vascular function and decreased renal injury in hypertensive obese rats [50], and promoting
angiogenesis and migration in human endothelial progenitor cells from acute myocardial infarction
patients [51].

Pigs have a similar heart and cardiovascular system to humans and undergo spontaneous and
diet-induced atherogenesis [52]. Here, we used a lipidomic approach to study endogenous oxylipin
PPAR ligand production by the large vessels of the pig: the thoracic aorta compared to the coronary and
pulmonary arteries. The vessel releasates were also compared to those of aortic perivascular adipose
tissue ex vivo. Perivascular adipose was investigated as it has been shown to release various cytokines
that act in an endocrine and paracrine manner to regulate vascular signaling and inflammation which
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have been implicated in the development of atherosclerosis, hypertension, neointimal formation,
aneurysm, arterial formation and vasculitis [53,54].

Using a targeted lipidomic approach, we found coronary artery releases significantly more
oxylipins of almost all classes than aorta and pulmonary artery. Perivascular adipose was a particularly
rich source of COX-derived PGE2. Coronary artery was the highest source of CYP450-derived EpFAs
PPAR ligands. The use of a sEH inhibitor TPPU on pig primary coronary artery vascular smooth
muscle cells in culture showed strong anti-inflammatory activity consistent with PPAR activation.

2. Materials and Methods

2.1. Materials

Authentic oxylipins (EETs, DHEQ, and HDPA) were from Cayman Chemical
Company (Cambridge Bioscience, Cambridge, UK). SYBR green was from Takara.
TPPU (N-[1-(1-oxopropyl)-4-piperidinyl]-N’-[4-(trifluoromethoxy)phenyl)-urea) was synthesized as
previously described [55]. Unless stated, all other reagents were from Sigma-Aldrich (Poole, Dorset, UK).

2.2. Vessel Organ Culture

Abattoir pig vessels largely from white X female pigs aged 8–10 weeks old were obtained from
the Royal Veterinary College. Fresh tissue was collected and used within 4 h. The 50–500 mg segments
of vessel or perivascular aortic adventitia were cultured in serum-free DMEM supplemented with
antibiotic/antimycotic mix (Sigma-Aldrich, St. Louis, MO., USA) at 37 ◦C, 5% CO2 and 95% air,
as previously described for rat and human vessels [56,57]. Serum-free media was used, as most
sera contain large amounts of oxylipins (unpublished observations). Organ culture was performed
for just the first 24 h after explant in order to minimize cell differentiation. In some experiments,
lipopolysaccharide (LPS; E. coli, 1 µg/mL) was given to induce an inflammatory response.

2.3. Cell and Tissue Culture

Primary coronary artery smooth muscle cells (pCASMCs) were obtained by explant and grown
as previously described for human vascular smooth muscle cells [58]. Briefly, extraneous tissue was
removed, coronary arteries were opened along the midline, gently denuded, and chopped into small
explants. SMCs were grown in DMEM supplemented with antibiotic/antimycotic mix, and 20% FBS,
at 37 ◦C, 5% CO2 and 95% air. SMCs were identified by a characteristic morphological “hill-and-valley”
growth pattern and by smooth muscle α-actin immunostaining. Since FBS interferes with lipid
substrate composition and the release and detection of eicosanoids, all experiments were performed
with DMEM supplemented with antibiotic/antimycotic mix and without FBS.

2.4. Real-Time qRT-PCR

Pig CYP2J34, sEH, TNFα, VCAM-1, ICAM-1, MCP-1 and CD40 were measured using the SYBR
Green ddCT method (see Table S1 for primer pairs). Targets were normalized to 18S expression. RNA
was extracted using the ThermoScientific RNA extraction kit and 1 µg of total RNA was used to
generate cDNA using Superscript II (Invitrogen) according to the manufacturer’s instructions. SYBR
green qPCR was performed using Premix Ex Taq II mastermix (Takara) using a Chromo-4 machine and
Opticon software. Genomic sequences were obtained from the UCSC Genome Browser website (http:
//genome.ucsc.edu/cgi-bin/hgGateway) and primers (see Table S1) were designed from NCBI’s Primer
Blast website (http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome).

2.5. Oxylipin Measurements

Explants were incubated in serum-free DMEM for 24 h, which allows for detection of both the
highly abundant prostaglandins and HETEs and less-abundant CYP-derived oxylipins. LC–MS/MS
analysis of oxylipin products in culture supernatants was as previously described [23,59]. LC–MS/MS
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analytes in samples were quantified against oxylipin standard curves (Cayman Chemical) using
TraceFinder v4.1 (Thermo Scientific, Waltham, MA, USA) software.

2.6. Statistical Analyses

Graphical representations, heat maps and statistical analyses between groups (t-tests and paired
t-tests) were performed using GraphPad Prism v8.1. When comparing multiple groups, ANOVA was
followed by Holm–Sidak correction for multiple comparisons. All distributions appeared and were
assumed to be normal.

3. Results

3.1. Oxylipin Lipidomic Profiling of the Large Vessels of the Pig

Young female pigs were selected to be devoid of atherosclerosis and represent non-diseased
vascular tissues. Fresh tissue explants were divided into various treatment groups and cultured in
serum-free media for 24 h. Serum-free media was used, as most sera contain large amounts of oxylipins
(unpublished observations). CYP-, LOX- and COX-derived oxylipins were detectable in organs culture
for 24 h after explant. The most abundant oxylipin species represented in 24 h organ culture in all
tissues were prostanoids derived from COX (Figure 1a). PGI2 was the major product from aorta
(190 pg/mg) and pulmonary artery (640 pg/mg), whereas PGE2 was the major product from coronary
artery (1135 pg/mg) and perivascular adipose (1390 pg/mg; Figure 1). The coronary artery generated
by far the largest total amounts of measurable oxylipins followed by pulmonary artery, with the aorta
producing approximately 1/8 of the prostanoids per unit weight as the coronary artery (Figure 1a).
The coronary artery produced significantly more EpFA and hydroxy fatty acids than the aorta or
perivascular adipose (Figure 1b; Figure S1), with the pulmonary artery production again intermediate
between the aorta and coronary artery (Figures 1 and 2). The perivascular adipose produced similar
amounts of PGE2 as the coronary artery, with much lower relative levels of lipoxygenase or CYP450
products formed than any of the vessels (data not shown).

 

Figure 1. Characterization of oxylipin production from aorta, coronary artery, and pulmonary artery.
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(a,b) Comparative and relative contribution of cyclooxygenase (COX), lipoxygenase-arachidonic
acid (LO-AA), lipoxygenase-linoleic acid (LO-LA), CYP-epoxygenase-arachidonic acid
(EPOX-AA), CYP-epoxygenase-linoleic acid (EPOX-LA), CYP-epoxygenase-DHA (EPOX-DHA),
CYP-epoxygenase-EPA (EPOX-EPA), and CYP-ω-hydroxylase (CYP-OH) products to the oxylipin
releasate of aorta, coronary artery (CA), and pulmonary artery (PA) in 24 h organ culture. (a) shows
all pathways, whereas (b) shows all pathways minus COX. Bars are based upon the single most
oxylipin abundant oxylipin product detected in each pathway which is used as a representative
index of oxylipin class. (c) Heatmap showing Log10 fold differences in the mean amount of each
oxylipin detected from coronary artery (CA) and pulmonary artery (PA) compared to aorta. The actual
fold range in the coronary artery was 0.5-fold for 6-keto PGF1α to 823-fold for 12,13-DHOME. Data
represents organ culture from n = 3–4 separate animals.

 

ω

α

Figure 2. Coronary arteries produce high levels of CYP-derived oxylipins. Figures show detectable
CYP epoxygenase (a) EPOX-AA, (b) EPOX-LA, (c) EPOX-DHA/EPA and (d) CYP-OH products released
by pig aorta (black bars) and coronary artery (grey bars). Oxylipins accumulated in 24 h serum-free
organ culture were measured by LC–MS/MS and expressed as pg/mg of wet tissue weight. Data
represents organ culture from n = 3–4 separate animals. Data represents organ culture from n = 3–4
separate animals. * indicates p < 0.05 between Aorta and CA.

Interestingly, the aorta and coronary artery produced similar levels of COX products, with the
notable exceptions of PGI2, which was significantly higher from aorta compared to coronary artery,
and PGE2, which was higher in coronary artery compared to aorta (p < 0.05 unpaired t-test; Figures 1
and 2). Lipoxygenase-derived HETEs and HODEs were also produced in significantly higher amounts
by coronary artery than the aorta (Figure 3). In particular, LA-derived oxylipin epoxygenase and
lipoxygenase products were produced at considerably higher levels (up to 90-fold) by coronary artery
than aorta (Figures 1–3).
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Figure 3. Comparison of aortic and coronary artery production of cyclooxygenase and ‘lipoxygenase’
oxylipin products. Figures show (a) cyclooxygenase, (b) ‘lipoxygenase’ products of arachidonic acid
(HETEs) and (c) linoleic acid (HODEs) products released by pig aorta (black bars) and coronary artery
(grey bars). Oxylipins accumulated in 24 h serum-free organ culture were measured by LC–MS/MS and
expressed as pg/mg of wet tissue weight. Data represents organ culture from n = 3–4 separate animals.
* indicates p < 0.05 between Aorta and CA.

3.2. Regulation of Oxylipin Generation in the Large Vessels of the Pig by Inflammatory Stimuli:
LPS/TLR4 Activation

Consistent with the well-established sensitivity of COX-2 induction, LPS elevated prostanoids in
aorta, coronary artery, and pulmonary artery. Interestingly, LPS did not induce prostanoids in aortic
perivascular adipose tissue (Figure 4a). In particular, the major vascular prostanoids PGI2 and PGE2

were significantly induced by LPS in vascular tissue (Figure 4). The 11-HETE, 15-HETE, 9-HODE and
13-HODE were significantly increased in the aorta and pulmonary artery, but not the coronary artery.
With some exceptions, notably 19,20-EpDPE in pulmonary artery and 19-HETE in aorta (Figure 4a;
Figure S2), LPS did not consistently alter lipoxygenase or CYP450 product levels (Figure 4a).
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Figure 4. Regulation of oxylipin production in large vessels by LPS/TLR4 activation. (a) Heatmap showing
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summary of fold differences in the mean oxylipin generation in aorta, coronary artery (CA), pulmonary
artery (PA) and perivascular adipose (PvA) untreated tissue (C) compared to tissue treated with LPS
(1 µg/mL) ex vivo. The range of fold differences was from 0.5- (19-HETE; Aorta) to 9-fold (PGB2;
PVA). (b) Comparison of major oxylipin production: 6-ketoPGF1α, PGE2, 11-HETE, 15-HETE, 9-HODE,
13-HODE, 14,15-DHET, 12,13-DHOME, 17,18-DHET and 19,20-DHDPA in aorta and coronary artery
treated in the absence (-) or presence regulation by LPS (1 µg/mL; +). * indicates p < 0.05 by unpaired
t-test between tissue treated in the presence of absence of LPS. Data represents organ culture from n =

3–4 separate animals.

3.3. The sEH Inhibitor TPPU Reduces TLR-4 Induced Inflammation in pCASMCs

LPS did not induce the pig CYP2J homologue CYP2J34 in organ culture tissue (pulmonary artery
and coronary artery) at 24 h or in primary pCASMCs (Figure 5a) at 4 h. By contrast, LPS strongly
induced TNFαmRNA in both organ culture tissue and pCASMCs (Figure 5a). Although not induced
by LPS, the endogenously produced EpFAs were anti-inflammatory in pCASMCs, as co-treatment of
pCASMCs with the sEH-I TPPU (1 uM) significantly reduced LPS-induced TNFα, ICAM-1, VCAM-1,
MCP-1 (CCL2), and CD40 mRNA (Figure 5b).

 

α
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α
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Figure 5. The sEH inhibitor TPPU is anti-inflammatory in coronary artery vascular smooth muscle
cells. Expression of TNFα and CYP2J34 mRNA in (a) combined pig coronary and pulmonary artery
vessels in organ culture at 24 h (n = 4), and (b) pig primary coronary artery cells at 4 h (CaSMCs) in the
presence or absence of LPS (1 µg/mL). mRNA was measured by qRT-PCR and fold levels normalized to
18S. (c) Inflammatory target gene expression of TNFα, VCAM-1, ICAM-1, MCP-1 (CCL2) and CD40 in
cultures of pCASMCs in the presence or absence LPS (1 µg/mL; 4 h), and/or sEH inhibitor TPPU (1 µM;
given as a 1 h pretreatment before addition of LPS). * indicates p < 0.05 by paired t-test between cells
treated with TPPU in the presence of absence of LPS. Data represents mean ± SE from n = 4 cultures
from two separate animals.

4. Discussion

We used a targeted lipidomic approach to identify the profile of oxylipins produced by pig coronary
artery, aorta, pulmonary artery and aortic perivascular adipose tissue. In particular, the coronary artery
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was a major source of epoxygenase-derived oxylipins. Bovine and porcine coronary artery was one of
the original sites for the discovery of vasoactive CYP450-derived EETs [60]. Here, we show that the
coronary artery also produces CYP450 EpFAs from linoleic acid, EPA and DHA in significantly greater
amounts than other large pig vessels. Outside of primates, the pig cardiovascular system is considered
the most relevant to human biology. The pig heart is a similar size to human heart, and pigs can
spontaneously undergo coronary artery disease [52]. The increased size of the pig compared to rodent
models also means that it is also relatively easy to examine specific vascular responses in arteries such
as the coronary artery, which would be very difficult in common rodent models.

Using fresh tissue in organ culture comes with certain caveats. Although directly comparative,
these results are based upon 24 h accumulation of products. Our previous studies with organ culture
indicate that fresh vessels are put under a mild inflammatory stress, which is associated with a low
but significant level of COX-2 induction [56,57]. The results here are consistent with these previous
studies [56,57]. Additionally, we know relatively little about the long-term stability of a number
of oxylipins in media or biological fluids, but clearly there are differences. EETs for example are
rapidly metabolized or reincorporated into membranes [3,61], so this 24 h accumulation analysis is
likely to underestimate total EET production When we have examined acute oxylipin release (30 min)
from rat aorta, prostaglandins and in particular PGI2 are still the most abundant species detected
(DBB unpublished observation). Another caveat to this analysis is whether tissue-specific oxylipin
metabolism is present. For example, coronary artery endothelial cells are known to metabolize EETs
to chain-shortened epoxy-hexadecadienoic acids [62]; additionally, the presence of CYP4A3 may
metabolize EETs into 20-OH derivative PPAR ligands [63], which were not included in our analysis.

LPS induces COX-derived prostanoids in rat and human vessels in organ culture in vitro [56,57].
All the pig vessels tested similarly produced prostanoids in response to LPS. The responsiveness of other
oxylipin pathways to LPS is less well understood. Since activation of cPLA2 appears to be common to
all three pathways, we hypothesized that lipoxygenase and CYP450 pathways would also be activated.
Interestingly, the COX-derived eicosanoids were the only species commonly induced by LPS in all
vessels. In aorta, but not coronary artery, 11-HETE and 15-HETE were similarly induced. The 11-HETE
and 15-HETE are also potentially COX products [5], so it is intriguing why they are induced in the
aorta and not coronary artery. Similar findings were previously found in human whole blood treated
with LPS for 18 h [63]. Interestingly, HODEs were also induced by LPS in aorta, pulmonary artery
and perivascular adipose tissue, which shows a selective induction of linoleic acid- and arachidonic
acid-lipoxygenase pathways [64,65]. Unlike HETE induction, this HODE induction was not previously
observed in human whole blood treated with LPS [66] but has been observed in the circulation
of mice treated with LPS [67]. These lipidomic results clearly show a high compartmentalization
between substrate generation and delivery to individual COX, lipoxygenease and CYP450 pathways.
This data provides further impetus to look at the actions of these other oxylipin species. EPA and
DHA are considered key components of the purported cardiovascular health benefits of oily fish.
Supplementation of human or rodent diets with DHA and EPA increases DHA and EPA EpFAs [68,69].
Coronary artery metabolism of EPA and DHA into EpFAs could therefore contribute to these dietary
lifestyle modifications in cardiovascular disease. Additionally, further investigations are required to
understand the role of PPAR signaling in any effects.

The coronary artery is of particular interest for vascular research, since coronary artery disease
and occlusion is the major cause of heart attacks in humans. There has been considerable interest in
both the potential cardioprotective effects of PPAR ligands and testing sEH inhibitors in cardiovascular
disease [25,26]. As recently reviewed PPAR ligands in experimental animal models have all shown to
reduce aortic atherosclerosis [70,71]. There has been considerable interest in whether these findings
translate into humans [70,71]. Both PPARα and PPARγ agonists have shown some mild clinical
efficacy in reducing cardiovascular event [71]. However, the clinical efficacy of the PPARγ ligand
rosiglitazone has been questioned as it appeared to increase cardiovascular events in an early trial [71].
Nonetheless, there has been considerably recent interest in developing selective modulators, and dual-
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and pan-PPAR agonists, that have increased efficacy and reduced side effects [70,71]. We hypothesize
that the potential endogenous oxylipin PPAR ligands are more likely to act as pan/dual or selective
modulator-type agonists. sEH inhibitors are anti-hypertensive, anti-diabetic, anti-obesity and reduce
the development of aortic atherosclerosis in mouse models [25,26,59,72,73]. Importantly, atherosclerosis
is rarely investigated in the coronary circulation of mice. More often, aortic atherosclerotic plaque
formation is used as a surrogate for coronary artery disease. Our oxylipin profiling suggests that
aorta CYP activity underestimates that found in coronary arteries and likely underpredicts the role
of CYP-derived oxylipins in coronary artery atherosclerosis. Preservation of the coronary circulation
therefore may be so critical that it has evolved this higher EpFA system to maintain flow and limit
inflammation. Originally, these positive benefits of sEH inhibitors were attributed to lipid-lowering
actions [26]. Human coronary artery disease, in particular obstructive coronary artery disease, is
associated with decreased circulating EETs [74,75]. In the heart and coronary circulation, CYP2J2
or EETs mediate coronary reactive hyperemia [41–44], cytoprotection of cardiomyocytes [46], and
inhibition of angiotensin II cardiac remodeling [47] in part by the activation of PPARs. sEH inhibition
acts to maintain higher levels of EETs/EpFAs or may shunt to alternative PPAR ligands such as the
20-OH CYP4A derivatives. Although, DHETs are also PPAR activators [76], the concentrations required
are 10–100-fold higher than published for EETs [8,64]; thus, sEH inhibition will act to promote the
PPAR agonist activity of CYP-derived epoxides.

The coronary artery was the largest source of epoxygenase products of all the major vessels we
tested, suggesting that multiple oxylipin species may have particularly important roles at this site.
The pig homologue of human CYP2J2 is CYP2J34 [77]. In human monocytes and endothelial cells,
we found that LPS induced CYP2J2 [28,29,78]. By contrast, LPS did not induce CYP2J34 in pig vessels
or monocytes (Figure 5a, DBB unpublished observations), indicating at least one difference between
human and pig CYP2J enzymes. We previously reported differences in intimal and medial SMC
phenotypes isolated from the rat [79,80]. Medial SMCs but not intimal SMCs were sensitive to the
anti-inflammatory actions of sEH inhibitors [81]. The sEH inhibitor TPPU inhibited inflammatory
mediators induced by TLR-4 activation in primary pCASMCs. This is the first time anti-inflammatory
actions have been described in coronary tissue for sEH inhibitors, and this further supports an
anti-inflammatory/pro-resolution role for the sEH pathway in mediating cardioprotective actions.
The pCASMCs we cultured represent a classical medial SMC phenotype, with a classical spindle shape
and hill-and-valley morphology. No epithelial cell types were observed in these primary cultures.
We have yet to determine whether distinct porcine ‘intimal’ SMC phenotypes can be identified that
share these different properties.

The aorta produced the lowest levels of oxylipins, with the pulmonary artery in between the aorta
and coronary artery. The lack of activity in the aorta may just reflect the aorta’s main role as a conduit
vessel and one not particularly responsive to vasoactive mediators or a major site for human vascular
disease initiation. The pulmonary artery produced the highest levels of basal and LPS-inducible PGI2,
consistent with the importance of this eicosanoid in maintaining pulmonary health [79], which may be
in part mediated by activation of PPARβ/δ (or PPARα) [1,82]. CYP450-derived eicosanoids contribute to
hypoxia-induced pulmonary hypertension [83] and are protective in models of inflammation [38–40,84].
The production of these oxylipin mediators from the pulmonary artery suggest that the pig may also be
a useful translational model to study oxylipins and PPARs on pulmonary health and disease. Here, we
show perivascular adipose is also a large potential source of oxylipins, in particular PGE2, and further
suggest a role for oxylipins from alternative cellular sources as potential mediators of vascular health
and disease. Similarly, the relative contribution of vascular cell types—endothelial, smooth muscle
phenotypes, adventitial fibroblasts and adipose—require further investigation.

5. Conclusions

We have performed a lipidomic analysis on large vessels and perivascular adipose from the
pig. Although prostanoids were the dominant detectable species from all tissue, the coronary artery
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produced considerably more oxylipins in terms of species and amounts when compared to the aorta and
pulmonary artery, in particular those from CYP450 pathways. Using porcine pCASMCs, we showed
using the sEH inhibitor TPPU that endogenous CYP-derived epoxy-oxylipin PPAR ligands were
strongly anti-inflammatory. The CYP450 pathway in the coronary artery not only provides vasodilator
tone, but here we propose an anti-inflammatory tone that helps to prevent processes of vascular
disease progression. These results also further highlight the potential for sEH inhibitors as therapies
for cardiovascular and inflammatory diseases.
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Abbreviations

AA arachidonic acid
CA coronary artery
COX cyclooxygenase
CYP cytochrome P450
DHA docosahexaenoic acid
DHDPA dihydroxydocosapentaenoic acid
DHET dihydroxyeicosatrienoic acid
DHOME dihydroxyoctadecamonoenoic acid
EET epoxyeicosatrienoic acid
EPA eicosapentaenoic acid
EpDPE epoxydocosapentaenoic acid
EpETE epoxyeicosatetraenoic acid
EpFA epoxy fatty acid
EpOME epoxyoctadecamonoenoic acid
HETE hydroxyoctadecaenoic acid
HODE hydroxyoctadecaenoic acid
LA linoleic acid
LOX lipoxygenase
PA pulmonary artery
pCASMC primary coronary artery smooth muscle cell
PPAR peroxisome proliferator-activated receptor
PPRE PPAR response element
PvA perivascular adipose
sEH soluble epoxide hydrolase
TPPU (N-[1-(1-oxopropyl)-4-piperidinyl]-N’-[4-(trifluoromethoxy)phenyl)-urea)
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Abstract: Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors, which function as
transcription factors. Among them, PPARβ/δ is highly expressed in endothelial cells. Pharmacological
activation with PPARβ/δ agonists had been shown to increase their angiogenic properties. PPARβ/δ
has been suggested to be involved in the regulation of the angiogenic switch in tumor progression.
However, until now, it is not clear to what extent the expression of PPARβ/δ in tumor endothelium
influences tumor progression and metastasis formation. We addressed this question using transgenic
mice with an inducible conditional vascular-specific overexpression of PPARβ/δ. Following specific
over-expression of PPARβ/δ in endothelial cells, we induced syngenic tumors. We observed
an enhanced tumor growth, a higher vessel density, and enhanced metastasis formation in the
tumors of animals with vessel-specific overexpression of PPARβ/δ. In order to identify molecular
downstream targets of PPARβ/δ in the tumor endothelium, we sorted endothelial cells from the
tumors and performed RNA sequencing. We identified platelet-derived growth factor receptor beta
(Pdgfrb), platelet-derived growth factor subunit B (Pdgfb), and the tyrosinkinase KIT (c-Kit) as new
PPARβ/δ -dependent molecules. We show here that PPARβ/δ activation, regardless of its action on
different cancer cell types, leads to a higher tumor vascularization which favors tumor growth and
metastasis formation.

Keywords: peroxisome-proliferator activated receptors; tumor angiogenesis; tumor progression;
metastasis formation; endothelial cells; RNA sequencing

1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors. They function as
ligand activated transcription factors. They exist in three isoforms, PPARα, PPARδ (formerly PPARβ),
and PPARγ. For all PPARs, lipids are endogenous ligands, linking them directly to metabolism.
PPARs are considered as important transcriptional regulators of genes involved in lipid metabolism
and cardiac energy production [1]. PPARs form heterodimers with retinoic X receptors, and, upon
ligand binding, modulate gene expression of downstream target genes dependent on the presence of
co-repressors or co-activators. This results in cell-type specific complex regulations of proliferation,
differentiation, and cell survival. Specific synthetic agonists for all PPARs are available. PPARα and
PPARγ agonists are already in clinical use for the treatment of hyperlipidemia and type 2 diabetes,
respectively. More recently, PPARβ/δ activation came into focus as an interesting novel approach for
the treatment of metabolic syndrome and associated cardiovascular diseases.
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Agonists of PPARβ/δ improve insulin sensitivity in both, murine models and in humans. Thus,
they are considered a potential target in the treatment of obesity and obesity associated disorders [2].
Metabolic syndrome is regarded as a high-risk state for cancer. Targeting of PPARβ/δ was suggested
for the treatment of metabolic syndrome (reviewed in [3]), but the resulting consequences for cancer
risk are less clear. The function of PPARβ/δ in different types of cancer is highly controversial at
present. This might result from the different experimental models used and also from the varying
contribution of PPARβ/δ to endothelial cell proliferation, inflammation, and tumor cell proliferation,
differentiation, or apoptosis (reviewed in [4]). As all these processes are critically involved in cancer
growth; different approaches could give rise to opposing results. We recently reported that PPARβ/δ
inhibits melanoma cell proliferation through the transcriptional repression of the Wilms’ tumor
suppressor WT1 [5]. In contrast, we found that PPARβ/δ increases liposarcoma cell proliferation
through the direct repression of the adipose tissue secretory factor leptin [6].

PPARβ/δ, unlike PPARα or PPARγ, appears to be a predominantly pro-angiogenic signaling
molecule. PPARβ/δ is expressed in endothelial cells and pharmacological activation of endothelial cells
with PPARβ/δ agonists had been shown to increase the angiogenic properties of these cells [7]. PPARβ/δ
is also involved in physiological angiogenesis. As we and others showed, treatment with the PPARβ/δ
agonists GW0742 and GW501516 induced an exercise-like phenotype in the heart. Both agonists
induced a surprisingly rapid (after 24 h) remodeling of mouse hearts [8] and skeletal muscle [9] by
increasing micro-vessel densities. However, until now it was not clear whether either the increase
of the cardiac vasculature drives the myocardial hypertrophy or the enhanced cardiac angiogenesis
might be a potential indirect effect of cardiomyocyte-specific PPARβ/δ activation. In a recent work,
we addressed this question through the generation of transgenic mice with an inducible conditional
vascular-specific overexpression of PPARβ/δ and analyzed the normal cardiac phenotype and function
as well as morphology and function under chronic ischemic heart disease conditions. We showed
that inducible vessel-specific overexpression of PPARβ/δ results in a rapid induction of angiogenesis,
cardiac hypertrophy, and impairment of cardiac function. Additionally, we demonstrated that after
myocardial infarction, despite the higher collateral vessel formation, the animals with vascular- specific
PPARβ/δ overexpression display bigger infarct lesions, higher cardiac fibrosis, and further reduced
cardiac function. This points to a more careful view about the potential benefits of PPARβ/δ agonists
in the treatment of cardiovascular diseases as the proper balance between cardiomyocytic and vascular
PPARβ/δ seems to be crucial for cardiac health, especially under ischemic conditions [10]. Although
the function of PPARβ/δ in lipid and glucose metabolism, and the remodeling of skeletal and cardiac
muscle is well established, its role in tumor angiogenesis and cancer progression is unclear or at least
partially controversial. It is of great importance to clarify the impact of PPARβ/δ activation in the
vasculature particularly in cancer, as caution may be required when testing PPARβ/δ activation where
more angiogenesis may play important pathological roles. The question of the safety of a potential use
of PPAR β/δ modulation in clinical studies therefore needs to be answered urgently.

In human pancreatic tumors, PPARβ/δ expression strongly correlated with advanced tumor
stage and increased risk of tumor recurrence and distant metastasis [11]. PPARβ/δ has therefore
been suggested to be involved in the regulation of the angiogenic switch in tumor progression.
However, until now it is not clear to what extent the expression of PPARβ/δ in the tumor endothelium
influences tumor progression and metastasis formation. We determine in this study the in vivo
relevance of PPARβ/δ for tumor vessel formation and cancer growth using modern mouse genetic
approaches. We first tested the effects of the PPARβ/δ agonist GW0742 on tumor cell proliferation
in vitro and in vivo. Although the PPARβ/δ agonist inhibited cancer cell proliferation in vitro, we
could observe enhanced tumor growth upon treatment in vivo. Tumors of animals treated with
the PPARβ/δ agonist displayed higher vessel densities and formed more metastases compared to
controls. We next generated an inducible conditional endothelial cell-specific over-expression mouse
model for PPARβ/δ to analyze the effects on tumor angiogenesis and progression. We show here that
tumor angiogenesis and cancer growth as well as metastasis formation are increased upon endothelial
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cell-specific upregulation of PPARβ/δ. Furthermore, we identify platelet-derived growth factor receptor
beta (Pdgfrb), platelet-derived growth factor subunit B (Pdgfb), and the tyrosinkinase KIT (c-Kit) as
new PPARβ/δ -dependent molecules involved in tumor vessel formation based on RNA sequencing
and subsequent verification applying a variety of molecular biology approaches.

2. Materials and Methods

2.1. Animals

All animal work was conducted according to national and international guidelines and was
approved by the local ethics committee (Comité Institutionnel d‘Éthique Pour l‘Animal de Laboratoire
Azur (Ciepal), agreement number: PEA-NCE/2013/334). PPARβ/δ-flox+/− [12] and Tie2-CreERT2 [13]
animals were crossed to generate Tie2-CreERT2;PPARβ/δ-flox+/− mice, further referred to as
Tie2-CreERT2;PPARβ/δ. The Tie2-CreERT2-line was back-crossed four times onto C57BL/6J. Age- and
sex-matched Tie2-CreERT2;PPARβ/δ animals were injected for one week intraperitoneally either with
sunflower oil (vehicle) or Tamoxifen dissolved in sunflower oil in a dose of 33 mg/kg per day [10,14,15].
Tie2-CreERT2 animals injected with Tamoxifen served as additional controls. One week after the last
Tamoxifen or vehicle treatment, 1 × 106 LLC1 tumor cells were injected subcutaneously. Tumors and
organs were collected after three weeks. For treatment with the PPARβ/δ agonist, ten-week-old male
C57BL/6J (Janvier, France) mice were subcutaneously injected with 1 × 106 LLC1 tumor cells. GW0742
(Selleckchem, Houston, TX, USA) dissolved in DMSO was then subcutaneously injected at 1 mg/kg
once every second day (100 µL). Controls received 100 µL DMSO injections [8].

2.2. Cell Culture

Human umbilical vein endothelial cells (HUVEC) were purchased from PromoCell (Heidelberg,
Germany) and grown in endothelial cell growth medium (PromoCell) supplemented with gentamycin
(50 µg mL−1) and amphotericin B (50 ng mL−1). For all experiments, we used HUVECs pooled from
up to four donors, which did not exceed passage 4. Human embryonic kidney (HEK) 293 cells (ATCC
CRL-1573) were grown in DMEM medium (Invitrogen, Cergy Pontoise, France) supplemented with
10% fetal calf serum (FCS), 100 IU mL−1 penicillin, and 100 µg mL−1 streptomycin (Invitrogen, Cergy
Pontoise, France). C166 mouse endothelial cells (accession number CRL-2581) and LLC1 mouse lung
cancer cells (accession number CRL-1642) were grown in DMEM medium (Invitrogen, Cergy Pontoise,
France). Media were supplemented with 10% fetal calf serum (FCS), 100 IU mL−1 penicillin and 100 µg
mL−1 streptomycin. As positive control for apoptosis assays, LLC1 mouse lung cancer cells were
treated with 100 nmol/L Staurosporine (Sigma, St. Louis, MO, USA) overnight. For RNA isolation
and quantitative RT-PCR experiments, HUVEC and LLC1 cells were maintained for 48 h (HUVEC)
or 24 h (LLC1) in medium in the presence of GW0742 (Selleckchem, Houston, TX, USA) or GSK3787
(Selleckchem) dissolved in dimethyl sulfoxide (DMSO) at concentrations of 1 µmol/L. Controls were
treated with vehicle (0.1% DMSO) only [6,16].

2.3. Detection of Cell Proliferation

After incubation for 24 h (LLC1 cells) or 48 h (HUVECs) with DMSO, GW0742, or
GSK3787, bromodeoxyuridine was added and the cells incubated for 3 h. Afterwards, BrdU
incorporation was measured spectrophotometrically according to manufacturer’s instructions
(Millipore, Molsheim, France). Alternatively, cells were labeled with a mouse monoclonal proliferating
cell nuclear antigen (PCNA) antibody (PC-10, Santa Cruz Biotechnology, Heidelberg, Germany) and
4′,6-diamidino-2-phenylindole (DAPI) counterstain (Vector Laboratories, Burlingame, CA, USA).
PCNA-positive cells in five random optical fields from six independent experiments each were counted
at 400×magnification.
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2.4. Apoptosis Assays

Apoptotic cells were detected by Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining of HUVECs, 48 h after treatment with DMSO, GW0742, or GSK3787 using the
In Situ Cell Death Detection Kit (Roche Molecular Biochemicals, Meylan, France) according to the
manufacturer’s instructions. LLC1 cells were incubated with APC-conjugated annexin V (Roche,
Meylan, France) and counterstained with propidium iodide to distinguish necrotic from apoptotic
cell death. LLC1 cells treated with 100 nmol/L Staurosporine (Sigma, St. Louis, MO, USA) overnight
served as positive controls.

2.5. Immunofluorescence Assays

Cells were fixed for 10 min on ice with 4% paraformaldehyde in phosphate-buffered saline (PBS).
After PBS washes, cells were incubated for 1 h at room temperature in blocking solution (1% Triton
X-100, 1%BSA, 5% donkey serum in PBS). Cells were then immuno-stained overnight at 4 ◦C in blocking
solution containing the following primary antibodies: rabbit polyclonal anti PPARβ/δ (ThermoFisher
Scientific, Nimes, France, 1:200) and mouse monoclonal PDGFRB (ThermoFisher Scientific, 1:300),
or goat polyclonal PDGFB antibody (Abcam, Cambridge, UK, 1:50), or mouse monoclonal anti c-Kit
(Abcam, 1:500). After three washes with PBS/0.1% Triton X-100, slides were incubated for 1 h 30 min at
room temperature with Dylight 488 donkey anti-mouse or Dylight 488 donkey anti-goat and Dylight
594 donkey anti-rabbit secondary antibodies in PBS containing 0.5% Triton X-100, 1%BSA, 2.5% donkey
serum. Slides were mounted with Vectashield with DAPI (Vector Laboratories, Burlingame, USA).
Slides were viewed under an epifluorescence microscope (DMLB, Leica, Germany) connected to a
digital camera (Spot RT Slider, Diagnostic Instruments, Scotland).

2.6. Endothelial Cell Isolation

Mouse tumor endothelial cells (EC) were isolated from Tie2-CreERT2;PPARβ/δ mice treated with
Tamoxifen or vehicle as previously described [10,17,18]. Tie2-CreERT2 animals injected with Tamoxifen
served as an additional control. Briefly, tumor tissues were cut into small fragments and digested with
1 mg/mL collagenase A and 100 IU/mL type I DNase (Roche Diagnostics, Meylan, France) for 45 min at
37 ◦C. ECs were then purified from the cell suspension using CD31 MicroBeads followed by magnetic
separation in LS columns (Miltenyi Biotec SAS, Paris, France).

2.7. RT-PCR and Quantitative RT-PCR

Total RNA was isolated using the Trizol reagent (Invitrogen). First-strand cDNA synthesis was
performed with 0.5 µg of total RNA using the Thermo Scientific Maxima First Strand cDNA synthesis
kit (Thermo Scientific). The reaction product was diluted to 200 µL and 1 µL of the diluted reaction
product was taken for real time RT-PCR amplification (StepOne plus, Applied Biosystems) using
the SYBR® Select Master Mix (Applied Biosystems). Expression of each gene was normalized to the
respective arithmetic means of Gapdh, Actnb, and Rplp0 expression.

Primer sequences for mouse genes are given in Table 1 and for human genes in Table 2.

Table 1. Primer sequences for mouse genes.

Name Accession Number Primer Sequences Amplicon Size (bp) 1

PPARβ/δ NM_011145.3 F: ATGGGGGACCAGAACACAC
R: GGAGGAATTCTGGGAGAGGT 62

Angptl4 NM_020581.2 F: CACCCACTTACACAGGCCG
R: GAAGTCCACAGAGCCGTTCA 178

Acaca NM_133360.2 F: GCCTTTCACATGAGATCCAGC
R: CTGCAATACCATTGTTGGCGA 175

Fabp4 NM_024406.3 F: TGAAATCACCGCAGACGACA
R: ACACATTCCACCACCAGCTT 141

240



Cells 2019, 8, 1623

Table 1. Cont.

Name Accession Number Primer Sequences Amplicon Size (bp) 1

Foxo1 NM_019739.3 F: CAAGGCCATCGAGAGCTCAG
R: AATTGAATTCTTCCAGCCCGCC 130

Cna NM_008913.5 F: AAAGCGCTACTGTTGAGGCT
R: ATTCGGTCTAAGCCCTTGGC 103

Pdk4 NM_013743.2 F: TTCCAGGCCAACCAATCCAC
R: TGGCCCTCATGGCATTCTTG 87

Vegf NM_001025250.3 F: CTCACCAAAGCCAGCACATA
R: AATGCTTTCTCCGCTCTGAA 198

Vegfr1 NM_010228.4 F: TACCTCACCGTGCAAGGAAC
R: AAGGAGCCAAAAGAGGGTCG 93

Vegfr2 NM_010612.3 F: AGTGGTACTGGCAGCTAGAAG
R: ACAAGCATACGGGCTTGTTT 65

Ets1 NM_011808.3 F: CTGACCTCAACAAGGACAAGC
R: AGAAACTGCCACAGCTGGAT 88

Mmp1 NM_008607.2 F: GGCCAGAACTTCCCAACCAT
R: AGCCCAGAATTTTCTCCCTCT 89

Mmp8 NM_008611.4 F: CCTGCAGGACTCCTTCTTCCT
R: CCTCATAGGGTGCGTGCAA 156

Mmp9 NM_013599.4 F: CCATGCACTGGGCTTAGATCA
R: GGCCTTGGGTCAGGCTTAGA 147

Wt1 NM_144783.2 F: CCAGCTCAGTGAAATGGACA
R: CTGTACTGGGCACCACAGAG 97

Cd31 NM_008816.3 F: CGGTGTTCAGCGAGATCC
R: CGACAGGATGGAAATCACAA 71

Vwf NM_011708.4 F: TGTGACACATGTGAGGAGCC
R: CTTTGCTGGCACACTTTCCC 127

Vcam1 NM_011693.3 F: TATGTCAACGTTGCCCCCAA
R: CAGGACTGCCCTCCTCTAGT 73

Il-1 NM_008361.4 F: GCCACCTTTTGACAGTGATGAG
R: AGCTTCTCCACAGCCACAAT 186

Il-6 NM_031168.2 F: CACTTCACAAGTCGGAGGCT
R: TGCCATTGCACAACTCTTTTCT 86

Il-18 NM_008360.2 F: CAAAGTGCCAGTGAACCCCA
R: TTCACAGAGAGGGTCACAGC 89

Pdgfb NM_011057.4 F: GGAGTCGGCATGAATCGCT
R: GCCCCATCTTCATCTACGGA 182

Pdgfra NM_001083316.2 F: ATGAGAGTGAGATCGAAGGCA
R: CGGCAAGGTATGATGGCAGAG 130

Pdgfrb NM_001146268.1 F: CCAGCACCTTTGTTCTGACCT
R: TGCCGTCCTGATTCATGGC 99

Sirt1 NM_019812.3 F: GCCGCGGATAGGTCCATA
R: AACAATCTGCCACAGCGTCA 136

Sox18 NM_009236.2 F: ACTGGCGCAACAAAATCC
R: CTTCTCCGCCGTGTTCAG 88

Thbs1 NM_011580.4 F: CCTGCCAGGGAAGCAACAA
R: ACAGTCTATGTAGAGTTGAGCCC 115

Cd36 NM_001159555.1 F: GTGTGGAGCAACTGGTGGAT
R: ACGTGGCCCGGTTCTAATTC 147

Tnfα NM_013693.3 F: GTAGCCCACGTCGTAGCAAA
R: ACAAGGTACAACCCATCGGC 137

c-kit NM_001122733.1 F: GCCTGACGTGCATTGATCC
R: AGTGGCCTCGGCTTTTTCC 110
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Table 1. Cont.

Name Accession Number Primer Sequences Amplicon Size (bp) 1

Ccl2 NM_011333.3 F: AGCTGTAGTTTTTGTCACCAAGC
R: GTGCTGAAGACCTTAGGGCA 155

Ccl5 NM_013653.3 F: TGCAGTCGTGTTTGTCACTC
R: AGAGCAAGCAATGACAGGGA 152

Actnb NM_007393.5 F: CTTCCTCCCTGGAGAAGAGC
R: ATGCCACAGGATTCCATACC 124

Gapdh NM_001289726.1 F: AGGTCGGTGTGAACGGATTTG
R: TGTAGACCATGTAGTTGAGGTCA 123

Rplp0 NM_007475.5 F: CACTGGTCTAGGACCCGAGAAG
R: GGTGCCTCTGGAGATTTTCG 73

1 bp: base pairs; F: forward primer sequence; R: reverse primer sequence.

Table 2. Primer sequences for human genes.

Name Accession Number Primer Sequences Amplicon Size (bp) 1

PPARβ/δ NM_006238.5 F: TCAGAAGAAGAACCGCAACAAGTG
R: CCTGCCACCAGCTTCCTCTT 126

ANGPTL4 NM_001039667.3 F: ATCCAGCAACTCTTCCACAAGGT
R: TTGAAGTCCACTGAGCCATCGT 254

FABP4 NM_001442.3 F: AAGTCAAGAGCACCATAACCTTAGATG
R: TGACGCATTCCACCACCAGTT 120

CNA NM_000944.5 F: AAAGCGCTACTGTTGAGGCT
R: ATTCGGTCTAAGCCCTTGGC 103

PDK4 NM_002612.4 F: CCACATTGGAAGCATTGATCCTAACT
R: TCACAGAGCATCCTTGAACACTCA 81

VEGFA NM_001025366.3 F: GAGGAGTCCAACATCACCATGC
R: CTTGCAACGCGAGTCTGTGTT 351

VEGFR1 NM_002019.4 F: GCCCGGGATATTTATAAGAAC
R: CCATCCATTTTAGGGGAAGTC 70

VEGFR2 NM_002253.3 F: CAGAGTGAGGAAGGAGGACGAAGG
R: GATGATGACAAGAAGTAGCCAGAAGAACA 181

CD31 NM_000442.5 F: GCCCGAAGGCAGAACTAAC
R: AACAGAGCAGAAGGGTCAG 111

VWF NM_000552.4 F: TGTGACACATGTGAGGAGCC
R: CTTTGCTGGCACACTTTCCC 127

PDGFB NM_002608.4 F: TCCGCTCCTTTGATGATCTCCAA
R: GGTCATGTTCAGGTCCAACTCG 83

c-KIT NM_000222.2 F: GCTCTGCTTCTGTACTGCC
R: TAGGCAGAAGTCTTGCCCAC 160

SOX18 NM_018419.3 F: ATGGTGTGGGCAAAGGAC
R: GCGTTCAGCTCCTTCCAC 107

ACTNB NM_001101.5 F: CTCCTTAATGTCACGCACGAT
R: CATGTACGTTGCTATCCAGGC 250

GAPDH NM_002046.7 F: AGCCACATCGCTCAGACAC
R: GCCCAATACGACCAAATCC 66

RPLP0 NM_001002.4 F: CAGATTGGCTACCCAACTGTT
R: GGCCAGGACTCGTTTGTACC 69

1 bp: base pairs; F: forward primer sequence; R: reverse primer sequence.

2.8. mRNA Sequencing

For sequencing, RNAs from tumor sorted endothelial cells from Tie2-CreERT2;PPARβ/δ mice
treated with Tamoxifen or vehicle were used (n = 4 each). RNA sequencing and data analysis was
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performed by Novogene, Beijing, China. Briefly, RNA quality was monitored on 1% agarose gels.
RNA purity was checked using a NanoPhotometer. RNA concentration was measured using the
Qubit® RNA Assay Kit in a Qubit® 2.0 Flurometer (Life Technologies, CA, USA). RNA integrity was
assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA). A total amount of 1 µg RNA per sample was used as input material for the RNA sample
preparations. Sequencing libraries were generated using NEBNext® UltraTM RNA Library Prep Kit
for Illumina® (NEB, USA) following manufacturer’s instructions. Library quality was assessed on
the Agilent Bioanalyzer 2100 system. Library preparations were sequenced on an Illumina Hiseq
platform and 125 bp/150 bp paired-end reads were generated. Clean reads were obtained by removing
reads containing adapter, reads containing ploy-N and low quality reads from raw data. HTSeq
v0.6.1 was used to count the reads numbers mapped to each gene. Fragments per kilobase of
transcript sequence per millions base pairs sequenced (FPKM) of each gene was calculated based
on the length of the gene and reads count mapped to this gene. Differential expression analysis
of the two groups was performed using the DESeq R package (1.18.0). Resulting p-values were
adjusted using the Benjamini and Hochberg’s approach. Genes with an adjusted p-value < 0.05 were
assigned as differentially expressed. The RNA sequencing data have been deposited in NCBI’s Gene
Expression Omnibus [19,20] and are accessible through GEO Series accession number GSE140513
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE140513).

2.9. Bioinformatics

The maximum scoring subnetwork was calculated with the runFastHeinz function from the R
BioNet package [21]. The p-values obtained from the differential expression were assigned to each
node (gene) of the networks. The following networks were analyzed: FULL-Mouse (18 January, 2019)
from signor database (http://signor.uniroma2.it/), HumanCyc metabolic pathways (http://humancyc.
org/), NCI PID, Complete Interactions (http://www.cancer.gov), Biogrid (https://thebiogrid.org/),
HCOP Mouse PCNet [22], ConsensusPathDB (http://cpdb.molgen.mpg.de/). All networks were
downloaded from http://www.ndexbio.org [23]. Sub-network visualizations and analyses were done
with Cytoscape [24] and pathway cluster analysis at http://impala.molgen.mpg.de/ [25]. Prediction of
PPAR, responsive elements in differentially expressed genes was done using the oPOSSUM3 software
at http://opossum.cisreg.ca/oPOSSUM3/ [26].

2.10. Tissue Samples and Immunohistology

The study adheres to the principles of the Declaration of Helsinki and to Title 45 of the U.S. Code
of Federal Regulations (Part 46, Protection of Human Subjects). Paraffin-embedded samples, cut
at 3µm, were used for immunohistochemical detection of PPARβ/δ, CD31, and PCNA. In total, 35
paraffin-embedded human tumor samples (7 liver carcinomas, 7 melanomas, 7 pancreas carcinomas,
7 ovary carcinomas, and 7 prostate cancers) were used for this study. For immunofluorescence
double-labeling of human tumor samples, anti-CD31 mouse monoclonal antibody from Dako (Trappes,
France, clone JC70A) was combined with the anti-PPARβ/δ antibody (ThermoFisher Scientific), using
Dylight 488 donkey anti rabbit and Dylight 594 donkey anti mouse secondary antibodies. Negative
controls were obtained by omission of first antibodies. Images were taken using a confocal ZEISS LSM
Exciter microscope (Zeiss, Jena, Germany).

Mouse tissue sections were in routine stained with hematoxylin-eosin. After heat-mediated
antigen retrieval and quenching of endogenous peroxidase activity, PPARβ/δ (ThermoFisher Scientific)
or CD31 (rabbit polyclonal, 1:50, Abcam) were detected using the EnVisionTM Peroxidase/DAB
Detection System from Dako. Negative controls were obtained by incubation of samples with a rabbit
IgG Control (Abcam). Sections were counterstained with hematoxylin (Dako) and analyzed by two
independent investigators, one of them an experienced pathologist. Slides were viewed under an
epifluorescence microscope (DMLB, Leica, Germany) connected to a digital camera (Spot RT Slider,
Diagnostic Instruments, Scotland).

243



Cells 2019, 8, 1623

2.11. Cloning and Transient Transfection Experiments

The PDGFRβ promoter was amplified from HUVEC genomic DNA using the
following primers: 5′-TAGGTACCAAAGACTTAGCGGCGCAGAG-3′ (forward, position -1766),
5′-GTGAGATCTCTGCCCTCTCCCAGTTATCAG-3′ (backward, position +374) and cloned into the
KpnI/BglII restriction sites of pGl3 basic [17]. The Pdgfb promoter was amplified from mouse
genomic DNA using the following primers: 5′-CGGGGTACCATCAGTACCACCTCATCCA-3′

(forward, position -1199), 5′-CCCAAGCTTCTCGGGTCAGTCTGTCTA-3′ (backward, position
+98) and cloned into the KpnI/HindIII restriction sites of pGl3 basic. The c-Kit promoter
was a kind gift of C. Nishiyama [27]. As vector backbone, pGl3 basic (Promega) was
used for all constructs. The putative PPARβ/δ responsive elements sites were deleted
from the PDGFRB promoter construct using the Quik Change II site directed mutagenesis
kit (Stratagene, Agilent Technologies, Massy, France) with the following oligonucleotides:
PPRE1: 5′-ATATCCAATCTGTGCTGGAATCACATTCCCTCTCTGTG-3′; antisense: reverse
complement; PPRE2: 5′-TCATGTGTCTCATGAGACCTAGTTCTGCCATTGCTGC-3′; antisense:
reverse complement; PPRE3: 5′-ATATCCAATCTGTGCTGGAATCACATTCCCTCTCTGTG-3′;
antisense: reverse complement. The putative PPARβ/δ responsive elements sites
were deleted from the Pdgfb promoter construct using the Quik Change II site
directed mutagenesis kit (Stratagene) with the following oligonucleotides: PPRE1:
5′-GTGGGTGGGTAGCGAACTGGGTGGGG-3′; antisense: reverse complement; PPRE2:
5′-GACAAGCAAGGAGAGGTGTAGCTGAAGGGTTC-3′; antisense: reverse complement; PPRE3:
5′-GAAGGAAAGTGACGTGCCCAAGATTTAATTAGACTCAATGGAATC-3′; antisense: reverse
complement. For deletion of putative PPARβ/δ responsive element sites in the c-kit promoter we
used oligonucleotides PPRE1: 5′-TACCAACAGGAACAGAAATAAATGTTCCTAATCCCTTCGCC-3′;
antisense: reverse complement; PPRE2: 5′-TGGGCTCGGTCTTTTACGGGTGCCACGATC-3′;
antisense: reverse complement.

HEK-293 and C166 cells at approximately 60% confluence were transfected using Fugene 6
reagent (Roche, Meylan, France). Reporter constructs (full promoter sequences and sequences
with deletions of the PPARβ/δ responsive elements sites) were co-transfected with a cytomegalovirus
(CMV)-driven galactosidase plasmid, and the PPARβ/δ expression construct, and assayed for luciferase-
and galactosidase activity (n = 12 each).

2.12. Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) assay was performed on HEK293 (human PPREs) or
C166 (mouse PPREs) cells using manufacturer’s instructions (Millipore) as described [15,17,18].
One microgram of the following antibodies each were used: PPARβ/δ rabbit polyclonal, (H-74, Santa
Cruz Biotechnology), PPARβ/δ goat polyclonal (K-20, Santa Cruz Biotechnology), Acetyl-Histone
H3 (06-599, Upstate). Omission of primary antibodies served as a negative control for the PPARβ/δ
antibodies and dilutions of the input sample as positive control. PCR products were electrophoresed on
4% agarose gels. Alternatively, samples were used in quantitative PCRs (n = 3 each). Fold enrichment
was calculated from CT values relative to the input signal of each experiment set to 100%. The
following oligonucleotides were used for PCR amplification of the CHIP products: PDGFRβPPRE1:
5′-GGTAAGCCCACTCTATATGCCCTTCTAA-3′ (forward); 5′-CCAGTTACAGACTCCTAGCCCTC
AG-3′ (reverse); PDGFRβPPRE2: 5′-GGTCAGATGACTTGTGTCTCTTCCA-3′ (forward); 5′-CTTAC
GCAGCAATGGCAGAGC-3′ (reverse); PDGFRβPPRE3: 5′-GGGCTTTGAGACGTGAAAAGGA-3′

(forward); 5′-ATTGGCACAGAGAGGGAATGTG-3′ (reverse); PDGFRβUTR: 5′-CAGGTCCAGGTG
AGTCAT-3′ (forward); 5′-CCTCTTCCTCTTCCTCTTCT-3′ (reverse); PdgfbPPRE1: 5′-AGGTGTTAA
CTGTGAGAGTG-3′ (forward); 5′-TGTTTACTACCCCTCTCTGC-3′ (reverse); PdgfbPPRE2:
5′-TCAACAGACTCAAATTCAGC-3′ (forward); 5′-CTCTAAACCCACAGCCAG-3′ (reverse); Pdgfb
PPRE3: 5′-ATCACAGAAGGAAAGTGACG-3′ (forward); 5′-AGAACCAGACATCTGCAAC-3′

(reverse); PdgfbUTR: 5′-GCTGGAGATAACCTTGGCTAAG -3′ (forward); 5′-GTTGGGACTCAGGA
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TAGACTCA-3′ (reverse); c-kitPPRE1: 5′-TGGAGAAACTGAGCATGAAA-3′ (forward);
5′-TTCTGTTCCTGTTGGTAGAG-3′ (reverse); c-kitPPRE2: 5′-CTCTACCAACAGGAACAGAA-3′

(forward); 5′-CTTATGGTGGAGGTGTTACTA-3′ (reverse); c-kitUTR: 5′-CGATCTCATGTGG
TCCAA-3′ (forward); 5′-CGCCTTGTTCATTACTACTG-3′ (reverse).

2.13. Statistical Analysis

Data are expressed as mean ± SEM. Student’s t-tests (Instat, GraphPad) were performed to
determine statistical significance. A p-value of less than 0.05 was considered significant.

3. Results and Discussion

3.1. The PPARβ/δ Agonist GW0742 Decreases LLC1 Lewis Lung Cancer Cell Proliferation In Vitro

As a prerequisite before in vivo treatment of tumor-bearing mice with a PPARβ/δ agonist, we
investigated the in vitro effects on syngenic tumor cells, which we aimed to inject into animals. LLC1
cells were treated for 24 h with the PPARβ/δ agonist GW0742 or the PPARβ/δ antagonist GSK3787 at a
concentration of 1 µmol/L. Thereafter, we performed bromodeoxyuridine (BrdU) incorporation assays
and immunostaining for proliferating cell nuclear antigen (PCNA), with subsequent quantification of
PCNA-positive cells relative to the total cell number. GW0742 decreased BrdU incorporation and the
fraction of PCNA-positive cells significantly, GSK3787 had the opposite effects (Figure 1a–c). These
findings are in line with the effects of PPARβ/δ modulation on the proliferation of melanoma cells
reported by our group [5] and recently confirmed in a study where a PPARβ/δ antagonist enhanced
melanoma progression [28]. To determine whether apoptosis might contribute to the observed effects
on cell growth upon GW0742 treatment, we used Annexin V/propidium iodide (PI) labeling to detect
apoptotic events followed by fluorescence-activated cell sorting (FACS) analysis. Apoptosis of LLC1
cells was neither influenced by the PPARβ/δ agonist GW0742, nor the antagonist GSK3787 (Figure 1d).

As mentioned before, the role of PPARβ/δ in cancer is highly controversial. Concerning lung
cancer, two studies reported an increased expression of PPARβ/δ in human non-small cell lung cancer
(NSCLC) compared to normal lung and observed in NSCLC cell lines that PPARβ/δ activation promoted
proliferation [29,30]. However, an earlier report observed an inhibition of proliferation in a NSCLC
cell line upon PPARβ/δ activation [31] and finally, neither growth promoting nor inhibiting effects
were observed in another study [32]. Thus, it is difficult to draw a definitive conclusion regarding the
biological effect of PPARβ/δ in human lung cancer. There is also a high variability in the kind and
concentration of PPARβ/δ agonists used, which might further contribute to these conflicting results.
Nevertheless, the aim of our study was not to determine the effects of PPARβ/δ modulation in one
cancer cell line, but to clarify the in vivo relevance of PPARβ/δ for tumor vessel formation and cancer
growth, which necessitated to distinguish between direct effects on tumor cells and effects on the tumor
microenvironment, especially tumor vessels.
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Figure 1. The PPARβ/δ agonist GW0742 decreases and the PPARβ/δ antagonist GSK3787 increases LLC1
proliferation. (a) Quantification of bromodeoxyuridine (BrdU) incorporation assays (n = 8) (b) and the
proportion of proliferating cell nuclear antigen (PCNA)-positive cells (c) as measures of proliferation
(n = 4). (d) fluorescence-activated cell sorting (FACS) analysis of Annexin V/propidiumiodide labeled
LLC1 cells after modulation of PPARβ/δ to measure apoptosis. Staurosporin-treated cells were used
as positive control (n = 4). Scale bars indicate 50µm (c). Data are mean ± SEM. ∗ p < 0.05, ∗∗ p < 0.01,
∗∗∗ p < 0.001.
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3.2. The PPARβ/δ Agonist GW0742 Increases LLC1 Lewis Lung Cancer Progression In Vivo

We investigated the effect of the PPARβ/δ agonist GW0742 on tumor growth by subcutaneous
implantation of LLC1 tumor cells and subsequent injections of GW0742. Control animals received
DMSO injections in the same frequency. Tumor growth was comparable between the two groups in
the first days and started to increase in the animals receiving the PPARβ/δ agonist in the second week
(Figure 2a). After three weeks, we determined tumor-to-body weight ratios in both groups and observed
significantly higher tumor weights in GW0742 treated animals (Figure 2b,c). Next, we analyzed whether
treatment with a PPARβ/δ agonist might modify metastasis occurrence. We investigated serial lung
and liver sections of both groups for metastases formation. All animals, which had received the
PPARβ/δ agonist displayed lung metastases formation, whereas only 30% of the animals in the control
group had metastases occurrence in the lung. Lung metastases were not only more frequent in the
treated group, but also of a bigger size than in controls. Liver metastases could be observed in 16%
of the GW0742 treated mice, whereas none of the control animals had liver metastases (Figure 2d).
Vessel density in tumors was determined by immunostaining for Cd31. Strikingly, in tumors of
GW0742 treated mice, vessel densities were more than doubled compared to controls (Figure 2e).
Double-staining for Cd31 and PCNA suggested a higher number of PCNA-positive endothelial cells in
the tumors of PPARβ/δ agonist treated animals (Figure 2f).

Although the PPARβ/δ agonist GW0742 inhibited tumor cell proliferation in vitro, we could
observe a strikingly different situation in vivo, where tumor growth and metastasis formation were
enhanced. Tumor vascularization was strongly increased, which is in line with previous studies
reporting a rapid boost of vascularization after pharmacological PPARβ/δ activation [8–10]. The
increased tumor vascularization upon PPARβ/δ activation seems therefore to be sufficient to dominate
over the anti-proliferative effect of the PPARβ/δ agonist on tumor cells. Increasing neovascularization
is not only required for further expansion of the tumor-cell population, but also correlates with a rising
rate of metastasis. In agreement with our findings, a recent study observed a marked inhibition of
tumor angiogenesis and growth in PPARβ/δ−/− mouse models of subcutaneous Lewis lung carcinoma
and B16 melanoma, with occurrence of immature, leaky microvascular structures [33]. However,
another group demonstrated enhanced extravasation of B16 melanoma cells in PPARβ/δ−/− mice using
an experimental model of metastases formation by injecting the tumor cells in the tail vein of animals,
resulting in enhanced pulmonary metastases as compared to wildtype animals [28]. In contrast to
the patho-physiologically occurring spontaneous metastasis formation, this assay does not require
the formation of functional blood vessels necessary for the propagation of the primary tumor cells to
other organs. The enhanced pulmonary metastases formation observed in the PPARβ/δ−/− animals
could therefore simply be due to the presence of non-functional leaky microvessels [33], facilitating the
anchorage of the tumor cells in the lung.
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Figure 2. Treatment with the PPARβ/δ agonist GW0742 increases LLC1 growth, angiogenesis, and
metastases formation in vivo. (a) LLC1 tumor growth curves in animals treated with GW0742 and
respective controls (DMSO) (n = 6). Tumor volume data were calculated from Caliper measurements as
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described [15]. (b) LLC1 tumor in mice treated with GW0742 and respective control (DMSO). (c)
Quantification of tumor/body weights in GW0742 and DMSO treated mice. (d) Representative
photomicrographs of lung (upper panel) and liver (lower panel) metastases in the two groups of mice.
Metastases are indicated with a dotted green circle. Note that in the animals with vehicle (DMSO), no
liver metastasis was detectable. Graphs on the right show quantification of the percentage of animals
with lung (upper graph) or liver (lower graph) metastasis from LLC1 tumors. (e) Cd31 immunostaining
in LLC1 tumors and quantification of Cd31 signal area densities. (f) PCNA/Cd31 double-labeling of
LLC1 tumors. Scale bars indicate 50 µm. Data are mean ± SEM. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001.

3.3. PPARβ/δ Is Expressed in the Vasculature of Human Tumors and PPARβ/δModulation Impacts
Proliferation and Expression of Pro-Angiogenic Factors in Human Endothelial Cells

To confirm a relevance for human pathophysiology, we investigated human tumor samples (liver,
pancreas, ovary, and prostate carcinoma, as well as melanoma) for expression of PPARβ/δ in the
tumor vasculature. Confocal microscopy of tumor samples labeled for PPARβ/δ and CD31 confirmed
co-localization of PPARβ/δ in endothelial cells (Figure 3). Furthermore, PPARβ/δ could be detected in
tumor cells at various degrees in different tumor types.
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Figure 3. PPARβ/δ is expressed in human tumor vessels. Double labeling of PPARβ/δ (green) and cell
adhesion molecule-1 (CD31) (red) in human tumor samples. Nuclei were counterstained with DAPI.
Scale bars indicate 50 µm.

Treatment of human umbilical vein endothelial cells (HUVECs) with GW0742 increased
proliferation, while the PPARβ/δ antagonist GSK3787 tended to reduce HUVEC proliferation (Figure 4a).
This is in agreement with previous works reporting enhanced endothelial cell proliferation [34] and
activation of angiogenesis upon PPARβ/δ activation [7] and the general view of PPARβ/δ as a
pro-angiogenic factor [4]. As an initial study suggested that PPARβ/δ is involved in endothelial
cell apoptosis [35], we tested for differences in apoptosis upon modulation of PPARβ/δ. Rarely,
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TUNEL-positive endothelial cells were observed under any of the culture conditions (Figure 4b),
suggesting that PPARβ/δ modulation does not influence apoptosis in vascular cells.
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Figure 4. PPARβ/δ agonist GW0742 increases human umbilical vein endothelial cells (HUVEC)
proliferation and upregulates expression of angiogenic genes. (a) Quantification of BrdU incorporation
assays (n = 7). (b) TUNEL-labeling as a marker for apoptosis (n = 3). Note that nearly no TUNEL labeling
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could be observed independent of the condition. The white arrow points to one of the rare TUNEL
positive cells. (c) Quantitative RT-PCRs of HUVECs treated with the PPARβ/δ agonist GW0742 and the
antagonist GSK3787 (n = 6). Scale bars indicate 50 µm. Data are mean ± SEM. ∗ p < 0.05, ∗∗ p < 0.01,
*** p < 0.001.

To identify molecular events in the observed pro-angiogenic effect of the PPAR agonist GW0742
on HUVECs, we performed quantitative RT-PCRs. First, we confirmed up-regulation of established
PPARβ/δ target genes as Angiopoietin-like 4 (ANGPTL4) [36], Fatty acid binding protein 4 (FABP4) [37],
Calcineurin (CNA) [8], and Pyruvate dehydrogenase kinase isoform 4 (PDK4) [38]. Next, we evaluated
the expression of genes known to be involved in angiogenesis and found many of them to be
up-regulated upon agonist treatment: Vascular endothelial growth factor receptor 1 (Vegfr1), which
is critical for endothelial cell survival [39], and platelet/endothelial cell adhesion molecule-1 (CD31),
regulating the endothelial cell vascular permeability barrier [40], Platelet-derived growth factor subunit
B (PDGFB) and PDGF beta-receptor (PDGFRb), enhancing angiogenesis [17,41], Tyrosinekinase Kit
(c-KIT), expressed on endothelial cells [42], implicated in tumor angiogenesis [43], and increasing
migration and tube formation of endothelial cells [15,44], and also SRY-related HMG-box transcription
factor 18 (SOX18), mediating physiologic and pathologic angiogenesis [45]. Although it has been
suggested that Vascular endothelial growth factor (VEGF) is regulated by PPARβ/δ [7,46], we did not
observe a statistically significant increase in expression, and no changes in Vascular endothelial growth
factor receptor 2 (VEGFR2) expression and Von Willebrand factor (VWF), controlling blood vessel
formation [47] (Figure 4c, upper panel). However, in HUVECs treated with the PPARβ/δ antagonist
GSK3787, all of the mentioned genes were downregulated (Figure 4c, lower panel) supporting a
pro-angiogenic function of PPARβ/δ.

3.4. Inducible Vascular-Specific Overexpression of PPARβ/δ Promotes Tumor Angiogenesis, Growth, and
Spontaneous Metastases Formation In Vivo

To determine further the functional relevance of PPARβ/δ for tumor vessel formation and
tumorigenesis, we used PPARβ/δ-flox+/− mice [12] crossed with Tamoxifen-inducible Tie2-CreERT2
animals. This Cre becomes activated in endothelial cells upon Tamoxifen induction [13]. Using this
strategy, we obtained Tie2-CreERT2;PPARβ/δ animals with an inducible conditional vascular-specific
overexpression of PPARβ/δ [10]. In adult Tie2-CreERT2;PPARβ/δ, Cre was activated by tamoxifen
injection. Tie2-CreERT2;PPARβ/δ injected with vehicle and Tie2-CreERT2 mice injected with tamoxifen
served as controls. We investigated the effects of vascular specific PPARβ/δ overexpression on tumor
growth by overexpressing PPARβ/δ in Tie2+ cells, followed by subcutaneous implantation of LLC1
tumor cells. Tumor growth curves revealed increased tumor growth rates in mice with vessel- specific
PPARβ/δ overexpression (Figure 5a). Three weeks after tumor cell injection, we determined tumor/body
weight ratios. Body weights were comparable in all groups of mice (CreERT2;PPARβ/δ + vehicle
36.57 g ± 0.44 g, Tie2-CreERT2 + Tamoxifen 38.75 g ± 0.12 g, Tie2-CreERT2;PPARβ/δ + Tamoxifen
36.77 g ± 0.27 g). Of note, tumor weights were nearly doubled in the mice with vascular PPARβ/δ
overexpression (Figure 5b,c). Next, we analyzed whether conditional overexpression of PPARβ/δ in
vessels might modify metastasis occurrence. In this respect, the LLC1 model is very useful as it forms
spontaneous metastases [15]. We investigated serial lung and liver sections of Tie2-CreERT2;PPARβ/δ
+ Tamoxifen mice and the respective control groups for metastases. All mice with vascular PPARβ/δ
overexpression had lung metastases compared to 30% in the control groups (Figure 5d), and 50%
displayed liver metastases whereas in the controls no liver metastases formation could be observed
(Figure 5e). These observations strengthen the hypothesis that vascular PPARβ/δ enhances tumor
growth and spontaneous metastatic spreading; and they are in perfect agreement with tumor growth
inhibition and prolonged survival observed in PPARβ/δ-/- mice [33].
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Figure 5. Vascular- specific PPARβ/δ overexpression increases LLC1 tumor growth and spontaneous
metastases formation in vivo. (a) LLC1 tumor growth curves in Tie2-CreERT2;PPARβ/δ + Tamoxifen
animals (n = 6) and respective controls (Tie2-CreERT2;PPARβ/δ + vehicle (n = 6) and Tie2-CreERT2
+ Tamoxifen (n = 6). (b) LLC1 tumors in Tie2-CreERT2;PPARβ/δ + Tamoxifen mice and control
groups. (c) Quantification of tumor/body weights. (d) Representative photomicrographs of lung
metastases in the three groups of mice. Metastases are indicated with a dotted green circle. Note that in
Tie2-CreERT2;PPARβ/δ + Tamoxifen animals, metastases were so considerable in size that the whole
photomicrograph shows a metastasis only. The plot on the right shows quantification of the percentage
of animals with lung metastases. (e) Representative photomicrographs of liver sections from the three
groups of animals. Metastases are indicated with a dotted green circle. In the two control groups, no
liver metastases were detectable. Quantification of the percentage of animals with liver metastases is
shown on the right. Scale bars indicate 50 µm. Data are mean ± SEM. ∗ p < 0.05, ∗∗∗p < 0.001.

We analyzed next PPARβ/δ and Cd31 expression in the tumors by immunostaining.
Tie2-CreERT2;PPARβ/δ + Tamoxifen tumors displayed much higher PPARβ/δ and Cd31 positive
vessel-and area-densities than both control groups (Figure 6a). To confirm the endothelial PPARβ/δ
overexpression on the RNA level, we sorted endothelial cells from the tumors and performed
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quantitative RT-PCRs. PPARβ/δ expression was nearly doubled in the tumor-derived endothelial
cells from Tie2-CreERT2;PPARβ/δ + Tamoxifen mice compared to both controls (Figure 6b).
Co-immunostaining for PCNA and Cd31 demonstrated more PCNA-positive endothelial cells in the
tumors from animals with vessel-specific overexpression of PPARβ/δ than in the controls, indicating
higher proliferation rates of endothelial cells, like it had been the case in the tumors of GW0742 agonist
treated mice (Figure 6c).
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Figure 6. PPARβ/δ and Cd31 are increased in LLC1 tumors from mice with vascular PPARβ/δ
overexpression. (a) PPARβ/δ (upper panel) and Cd31 (lower panel) immunostainings in LLC1 tumors
and quantification of PPARβ/δ and Cd31 signal area densities. (b) Quantitative RT-PCRs for PPARβ/δ
from tumor sorted endothelial cells of Tie2-CreERT2;PPARβ/δ + Tamoxifen animals and respective
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controls (n = 6 each). (c) PCNA/Cd31 double-labeling of LLC1 tumors from Tie2-CreERT2;PPARβ/δ +
Tamoxifen animals and respective controls. Scale bars indicate 50 µm. Data are mean ± SEM. ∗∗∗ p <

0.001.

3.5. PPARβ/δ Overexpression Upregulates Angiogenic and Metastases Promoting Molecules in Endothelial
Cells In Vivo

To confirm the differential expression of genes we had observed upon pharmacological
PPARβ/δ modulation in human endothelial cells and to elucidate further the molecular mechanisms
upon PPARβ/δ overexpression in vascular cells in vivo, we performed quantitative RT-PCRs from
tumor-sorted endothelial cells (Figure 7). Again, established PPARβ/δ target genes were upregulated
except Pdk4, as likewise genes with established angiogenic functions: Vegf, Vegfr1 and 2, Cd31, vwf,
Pdgfb, Pdgfrα, and β, Sox18, and c-kit. Furthermore, we found an increase of tumor-angiogenesis
related genes such as E26 transformation specific factor 1 (Ets-1) [48,49], and Wt1 (Wilms’ tumor
suppressor 1) [15,48]. Interestingly, we could demonstrate that PPARβ/δ represses WT1 in human
melanoma cells leading to decreased melanoma cell proliferation [5]. The upregulation of Wt1 upon
overexpression of PPARβ/δ in endothelial cells observed here, could be due to cell type-specific
expression of co-activators/co-repressors, which requires further studies. We additionally analyzed
expression of matrix metalloproteinases 1, 8, and 9. It has been observed that pharmacological activation
of PPARβ/δ in vascular cells increased MMP9 mRNA levels [7]. However, we could only find an
increase for MMP8, which is known to positively regulate angiogenesis [50] in our model. Interleukin 1
and 6 (Il 1 and Il 6) expression was increased, pointing to an inflammatory state of endothelial cells; yet,
Interleukin 18 (Il 18) and Tumor necrosis factor alpha (TNFα) expression were unchanged. Sirt1 and
Vcam-1 were not differentially expressed. The mRNA expression of anti-angiogenic Thrombospondin
-1 and its receptor Cd36 [51] was unaffected by PPARβ/δ overexpression. It seems that vascular
overexpression of PPARβ/δ promotes exclusively a hyper-angiogenic phenotype rather than repressing
anti-angiogenic pathways. This might contribute to the observed relatively weak phenotype of
PPARβ/δ knockout animals, which are viable, develop normally, are fertile, and display only light
growth, skin, adipose tissue, and myelinization alterations [52]. Finally, we observed upregulation
of the metastases promoting [53,54] CC-chemokine ligands 2 and 5 (Ccl 2 and 5) in tumor- derived
PPARβ/δ overexpressing endothelial cells (Figure 7).

In summary of these findings, the use of PPARβ/δ agonists, initially developed to treat
hyperlipidemia or cardiovascular diseases, as anti-cancer drugs, even in the setting of an
antiproliferative effect on the tumor cells, seems irresponsible. Although the PPARβ/δ agonist
501,516 entered clinical trials for the treatment of metabolic syndrome and diabetes in the beginning of
2000, these trials were stopped in 2007 due to multiple appearance of cancers in mice and rats (cited
in [55]. Unfortunately, upon publication of the beneficial effects of PPARβ/δ activation against obesity
and on exercise endurance in mice [12,56,57], the PPARβ/δ agonist GW501516 became very popular in
the athletes community.
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Figure 7. Quantitative RT-PCR corroborates angiogenic functions of PPARβ/δ in endothelial cells.
Quantitative RT-PCR of known PPARβ/δ target genes, inflammation, and angiogenesis markers in
tumor- sorted endothelial cells from LLC1 bearing Tie2-CreERT2;PPARβ/δ + Tamoxifen animals and
Tie2-CreERT2;PPARβ/δ +vehicle mice as controls (n = 6 each). Data are mean ± SEM. ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001.

3.6. RNA Sequencing Further Certifies the Acquisition of a Highly angiogenic Endothelial Phenotype Upon
PPARβ/δ Overexpression and Identifies Pro-Tumor-Angiogenic Signaling Networks

To analyze the transcriptome of gene expression patterns in PPARβ/δ overexpressing tumor-
derived endothelial cells, we sorted endothelial cells from the tumors of Tie2-CreERT2;PPARβ/δ injected
with Tamoxifen, or vehicle as controls. mRNAs were after purity and quality controls submitted
to sequencing. 283 genes were found to be differentially expressed in vascular cells overexpressing
PPARβ/δ, most of them were up-regulated (Figure 8a and Supplementary Table S1). Cluster analysis
of differentially expressed genes confirms mostly up-regulation of genes upon vascular overexpression
of PPARβ/δ (Figure 8b). Again, this is in line with our observation in the quantitative PCRs, which
indicate an angiogenesis boosting effect rather than a repression of anti-angiogenic molecules to
enhance angiogenesis. Interestingly, gene ontology term analysis identified angiogenesis as the most
upregulated biological process upon PPARβ/δ overexpression, followed by cell adhesion (Figure 8c).
Top ten network analysis combined with a search for PPAR responsive elements (PPREs) identified in
total six genes with potential PPREs: the three Vegf receptors 1 (Flt1), 2 (Kdr), and 3 (Flt4), all of them
known to be implicated in the promotion of tumor angiogenesis [58,59], and Pdgfrβ, Pdgfb, and c-kit,
which we had already found to be upregulated upon PPARβ/δ overexpression (Figure 7). Initial clinical
efforts to inhibit tumor angiogenesis mainly focused on inhibition of the VEGF/VEGFR signaling, but
often further disease progression could be observed. Angiogenesis involves multiple pathways, and
it became clear that inhibition of only one pathway could be compensated by the others resulting in
tumor progression. One of these compensatory pathways is platelet-derived growth factor PDGF and
PDGFR signaling which led to the development of new anti-angiogenic therapies in the treatment of
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cancer [60]. Additionally, c-Kit belongs to the group of tumor angiogenesis-promoting molecules and
new tyrosine kinase receptor inhibitors have been developed which target also c-Kit [61].
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Figure 8. RNA sequencing of tumor- sorted endothelial cells confirms the tumor angiogenesis promoting
effect of PPARβ/δ. (a) Volcano plot analysis of differentially expressed genes in tumor endothelial cells
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sorted from LLC1 tumors of Tie2-CreERT2;PPARβ/δ + Tamoxifen animals and Tie2-CreERT2;PPARβ/δ
+ vehicle mice as controls. (n = 5 each). (b) Cluster analysis of differentially expressed genes. (c) Most
significantly changed gene ontology terms (BP: biological process, MF: molecular function, CC: cellular
component). (d) Top ten network analysis merged with the prediction of PPAR-responsive elements
(PPRE): diamonds and rectangles represent the top ten network; but only diamonds exhibited PPRE
prediction. As the Vascular endothelial growth factor (VEGF) pathway has been suggested already
to be regulated by PPARβ/δ [7,46], we decided to investigate further a potential regulation of Pdgfrβ,
Pdgfb, and c-kit.

3.7. PPARβ/δ Directly Activates PDGFRβ, PDGFB, and c-Kit

As a prerequisite for transcriptional regulation, we first demonstrated co-localization of PPARβ/δ
and PDGFRβ (Figure 9a), PDGFB (Figure 9d), and c-Kit (Figure 9g) in endothelial cells. Transient
co-transfection with a PPARβ/δ expression construct increased the activities of PDGFRβ (Figure 9b),
PDGFB (Figure 9e), and c-Kit (Figure 9h) promoter reporter constructs. Using in silico analysis,
PPAR responsive elements (PPREs) were identified in the respective promoter sequences (Figure 10a,
Figure 11a, Figure 12a). Deletion of each of the three identified PPREs in the PDGFRβ promoter was
sufficient to abolish transactivation by PPARβ/δ (Figure 9c). Regarding the PDGFB promoter, only
the combined deletion of the three identified PPREs abrogated activation upon co-transfection of the
PPARβ/δ construct, indicating a collaborative interaction between these PPREs (Figure 9f). Finally,
in the c-Kit promoter, each deletion for the two identified binding regions was sufficient to cancel
activation by PPARβ/δ (Figure 9i).

Binding of PPARβ/δ to the predicted PPREs was confirmed by chromatin immunoprecipitation
(ChIP) assays. An antibody against acetylated histone H3 was used to check for nucleosome integrity.
Specificity of the interaction of PPARβ/δ with the PPAR responsive elements in the PDGFRβ promoter
is indicated by the lack of a PCR product when the same samples were amplified with primers specific
for the 3′ UTR. We confirmed binding to the identified PPREs in the PDGFRβ (Figure 10b,c), PDGFB
(Figure 11b,c), and the c-Kit promoter (Figure 12b,c).
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Figure 9. PPARβ/δ transactivates PDGFRb, PDGFB, and c-Kit promoters. (a) Co-labeling for PPARβ/δ
(red) and PDGFRβ (green) in endothelial cells. (b) Luciferase activity of reporter constructs carrying
the PDGFRβ promoter in the presence of the PPARβ/δ expression construct (n = 12 each). (c)
Transient transfections of luciferase constructs carrying the PDGFRβ promoter with deletion of the
identified PPREs (∆PPRE) in the presence of the PPARβ/δ expression construct (n = 12 each). (d)
Co-immunostaining for PPARβ/δ (red) and PDGFB (green) in endothelial cells. (e) Luciferase activity of
reporter constructs carrying the PDGFB promoter in the presence of the PPARβ/δ expression construct
(n = 12 each). (f) Transient transfections of luciferase constructs carrying the PDGFB promoter with
deletion of the identified PPREs (∆PPRE) in the presence of the PPARβ/δ expression construct (n =16
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each). (g) Co-labeling for PPARβ/δ (red) and c-Kit (green) in endothelial cells. (h) Transient transfections
of luciferase reporter constructs carrying the c-Kit promoter in the presence of the PPARβ/δ expression
construct (n = 10 each). (i) Luciferase activity of constructs carrying the c-Kit promoter with deletion of
the identified PPREs (∆PPRE) in the presence of the PPARβ/δ expression construct (n = 6 each). The
promoter-less luciferase expression construct (pGl3basic) served as a negative control in all transfection
experiments. Luciferase activities were normalized for the activity of co-transfected β-galactosidase.
Scale bars indicate 50 µm. Data are mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

 

 

β δ β
β

β δ

β ′ ∗

Figure 10. PPARβ/δ binds to the PDGFRβ promoter. (a) Schematic representation of the putative
PPREs in the PDGFRβ promoter. Positions of the cloned promoters relative to the transcription start
site, positions and sequences of the putative PPREs, and positions of the oligonucleotides used for
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CHIP analyses are indicated. For promoter-deletion constructs, the indicated PPREs were removed
from the promoter reporter constructs. Chromatin immunoprecipitation (ChIP, n = 4) was performed
using polyclonal antibodies against PPARβ/δ or anti-acetyl-histone H3 antibody. Input DNA was used
as a positive control for quantitative PCRs (b) or semiquantitative PCRs ((c), representative agarose
gels) for the PDGFRβ promoter and respective 3′UTR sequences. Data are mean ± SEM. ∗p < 0.05.
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Figure 11. PPARβ/δ binds to the PDGFB promoter. (a) Schematic representation of the putative PPREs
in the PDGFB promoter. Positions of the cloned promoters relative to the transcription start site,
positions and sequences of the putative PPREs, and positions of the oligonucleotides used for CHIP
analyses are indicated. For promoter-deletion constructs, the indicated PPREs were removed from the
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promoter reporter constructs. Chromatin immunoprecipitation (ChIP, n = 3) was performed using
polyclonal antibodies against PPARβ/δ or anti-acetyl-histone H3 antibody. Input DNA was used as a
positive control for quantitative PCRs (b) or semiquantitative PCRs ((c), representative agarose gels)
for the PDGFRβ promoter and respective 3′UTR sequences. Data are mean ± SEM. ∗p < 0.05, ∗∗p < 0.01.
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β δFigure 12. PPARβ/δ binds to the c-Kit promoter. (a) Schematic representation of the putative PPREs in
the c-Kit promoter. Positions of the cloned promoters relative to the transcription start site, positions
and sequences of the putative PPREs, and positions of the oligonucleotides used for CHIP analyses are
indicated. For promoter-deletion constructs, the indicated PPREs were excluded from the promoter
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reporter constructs. Chromatin immunoprecipitation (ChIP, n = 3) was performed using polyclonal
antibodies against PPARβ/δ or anti-acetyl-histone H3 antibody. Input DNA was used as a positive
control for quantitative PCRs (b) or semiquantitative PCRs ((c), representative agarose gels) for the
PDGFRβ promoter and respective 3′UTR sequences. Data are mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p <
0.001.

4. Conclusions

We show here that pharmacological PPARβ/δ activation increases endothelial cell proliferation
in vitro and intensifies tumor angiogenesis in vivo, enhancing tumor progression and metastases
formation. Conditional vascular specific overexpression of PPARβ/δ also resulted in enhanced tumor
angiogenesis, growth, and metastases formation, suggesting an endothelial cell- specific mechanism
for PPARβ/δ function in tumor progression, independent from its contrasting effects on specific tumor
cell types.

Tumor-angiogenesis promoting effects of PPARβ/δ are mediated via activation of the PDGF/PDGFR
pathway, c-Kit, and probably the VEGF/VEGFR pathway. The pharmacological use of PPARβ/δ agonists
should be considered as dangerous regarding its consistent consequences on tumor angiogenesis.
Consideration of PPARβ/δ antagonists for inhibition of tumor angiogenesis and cancer growth is
unlikely to represent a novel direction due to their controversial effects on the proliferation of different
tumor cell types.
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