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Abstract (<150 words) 

 

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors and 

transcriptional modulators with crucial functions in hepatic and whole-body energy 

homeostasis. Besides their well-documented roles in lipid and glucose metabolism, emerging 

evidence also implicate PPARs in the control of other processes such as inflammatory 

responses. Recent technological advances, such as single-cell RNA sequencing, have allowed 

to unravel an unexpected complexity in the regulation of PPAR expression, activity and 

downstream signaling. Here we provide an overview of the latest advances in the study of 

PPARs in liver physiology, with a specific focus on formerly neglected aspects of PPAR 

regulation, such as tissular zonation, cellular heterogeneity, circadian rhythms, sexual 

dimorphism and species-specific features.  
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I. INTRODUCTION 

The liver is a multifunctional organ with key roles in metabolic homeostasis, immune 

defense and inflammatory response, storage and clearance of bioactive molecules, endo- and 

xenobiotic detoxification and regulation of blood clotting. Liver activities are regulated both in 

time and space: circadian rhythms and food intake, together with a highly structurally and 

functionally organized liver structure, a compartmentalization of functions between liver cell 

types and sexual dimorphism all contribute to liver physiology. Peroxisome proliferator-

activated receptors (PPARs) regulate multiple hepatic activities: while some of their roles are 

well-described in the literature, new insights have been revealed in recent years. Given their 

central roles in liver physiology and their ability to be regulated by small lipophilic molecules, a 

property which prompted many (pre)clinical trials aiming to target PPARs to ease liver injuries, 

the investigation of their role in liver physiology is of great interest [1,2].  

PPARs are transcription factors (TFs) of the nuclear receptor superfamily. There are three 

isotypes coded by distinct genes: PPARA (NR1C1), PPARD (NR1C2) and PPARG (NR1C3). 

Like all class III nuclear receptors, PPARs generally function as ligand-controlled 

transactivators, inducing the expression of target genes after agonist binding. Briefly, PPARs 

form heterodimers with retinoid X receptors (RXRα, RXRβ, RXRγ) and bind to DNA on specific 

repeated hexanucleotidic sequences with the identified consensus sequence AGGTCA, called 

PPAR response elements (PPREs). In the absence of a ligand, or when bound to an 

antagonist, this protein complex interacts with a co-repressor, such as the nuclear receptor 

corepressor (NCoR), silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) 

or G‐protein suppressor 2 (GPS2). These co-repressors, by recruiting Histone deacetylase 3 

(HDAC3) to DNA, affect chromatin structure to block PPAR target gene expression [3]. Even 

though all PPAR family members are sensitive to unsaturated fatty acids (FAs), the PPAR 

isotypes exhibit high specificity and selectivity for ligand binding [1,2]. Interaction of an agonist 

with the C-terminal PPAR ligand binding domain induces a conformational modification which 

triggers the release of the co-repressor complex and allows the docking of co-activators, such 

as peroxisome proliferator activated receptor γ coactivator-1α (PGC1α) or steroid receptor 

coactivator-1 (SRC1) [4]. In addition to this classical mechanism of action, PPARs can also act 

as transrepressors of genes mainly involved in proinflammatory pathways, by interacting with 

other TFs in a PPRE-independent manner [5,6]. Hepatic PPAR activity is mainly determined 

by i) agonist availability, ii) their relative expression levels across cell types, iii) the cell-specific 

epigenomic and transcriptional machinery, iv) the nutritional status, v) circadian rhythms and 

vi) sexual dimorphism [7,8]. All these aspects will be discussed in this review. 

In the liver, PPARα is the predominant isotype. PPARβ/δ is mostly expressed in tissues 

controlling lipid metabolism, such as skeletal muscle, adipose tissues and macrophages, but 

is also present in the liver. Three mRNA splice variants coding for isoforms of PPARγ (γ1, γ2, 
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γ3) can be produced from the NR1C3 gene in a tissue-specific manner: Whereas PPARγ1 is 

ubiquitously expressed, PPARγ2, the longest isotype, is expressed in both adipose tissues 

and liver and PPARγ3 is expressed mainly in colon and adipose tissue [9,10]. Proteins 

produced from the γ1 and γ3 mRNAs are identical, while the PPARγ2 protein harbors 30 (in 

mouse) or 28 (in human and monkey) extra amino acids at its N-terminus [11,12]. 

 

II. GENERAL PPAR FUNCTIONS 

Broadly speaking, the systemic activation of PPARα leads to energy dissipation by 

promoting fatty acid oxidation (FAO) and thermogenesis, whereas PPARγ favors energy 

storage mainly through increased lipogenesis and adipogenesis. PPARγ activation improves 

glucose metabolism by enhancing insulin-induced suppression of white adipose tissue (WAT) 

lipolysis. Although less studied, the PPARβ/δ activation process induces a combination of the 

metabolic effects controlled by other PPAR isotypes, namely by promoting 

expenditure/dissipation, FAO and increasing insulin sensitivity [13]. 

The role of hepatic PPARα in the adaptive response to feeding/fasting transitions by 

regulating FA, lipid and lipoprotein metabolism is well described (Figure 1). PPARα plays a 

crucial role in maintaining metabolic flexibility by adapting fuel (FA/lipids in particular) utilization 

and storage to the nutritional state. During the fasting period, hepatic PPARα promotes uptake 

and utilization (mainly via oxidation) of circulating FAs, the majority of which deriving from WAT 

lipolysis. Direct PPARα targets include FA transport proteins such as CD36, SLC27A1, FABP4, 

transferases such as CPT1A, and fatty acyl-CoA dehydrogenases to increase mitochondrial 

FAO and eventually ketogenesis [14]. PPARα is also required for the induction of the 

hepatokine FGF21 in response to fasting as well as in the early post-prandial phase in a cross-

talk with the carbohydrate-responsive element-binding protein (ChREBP), hence coordinating 

the systemic gluco-regulatory and insulin-sensitizing effects of FGF21 in mice [15]. PPARα 

further participates in maintaining the hepatic energy balance by inducing autophagy 

(lipophagy in particular) in the fasted state, in coordination with the nuclear bile acid receptor 

FXR which suppresses autophagy in the fed state [16,17]. During the feeding/active phase, 

PPARα induces hepatic lipogenesis to stockpile fatty acids as triglyceride fuel stores, notably 

by increasing the expression of citrate carrier (SLC25A1) which shuttles acetyl-CoA from 

mitochondria to the cytosol for FA synthesis [18]. PPARα also increases the maturation of the 

transcription factor SREBP1C from its 120kDa precursor protein, thereby indirectly increasing 

expression of lipogenic target genes [19]. By enhancing hepatic FA uptake and oxidation and 

altering expression of apolipoproteins, while simultaneously inducing lipoprotein lipase activity, 

PPARα activation leads to an improved plasma lipid balance as indicated by lower (V)LDL- 

and higher HDL-cholesterol [7]. Targeted deletion of hepatic Ppara in mice resulted in 
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enhanced liver steatosis particularly in the fasted state, due to impaired oxidation of FAs 

derived from WAT lipolysis [14], even though extrahepatic PPARα partly compensates by 

increasing FAO in other tissues, such as heart and skeletal muscle [20]. 

PPARγ also controls FA uptake and lipogenesis through induction of genes such as 

CD36 and FABP1, and acts in cooperation with insulin-dependent mTORC1 signaling [21] 

(Figure 1). WAT PPARγ activity indirectly improves insulin sensitivity in peripheral organs and 

the liver by triggering WAT differentiation and fat storage, which in turn funnels lipids and FAs 

from liver and skeletal muscle to WAT [7]. In the long term, this ‘lipid stealing effect’ is thought 

to reduce lipotoxicity, otherwise impairing insulin signaling, and thus improving the hepatic 

response to insulin and decreasing excessive hepatic glucose production. Adenovirus-

mediated overexpression of PPARγ2 in hepatocytes increased hepatosteatosis, while 

hepatocyte-specific disruption of the Pparg gene decreased liver steatosis in ob/ob mice 

[22,23]. Although activation of PPARγ is steatogenic in the liver, treating diet-induced or 

genetically obese mice with PPARγ ligands decreased hepatic triglyceride (TG) content 

[24,25]. These distinct effects stem, at least in part, from enhanced synthesis of adiponectin in 

white adipose tissue in the case of systemic PPARγ activation [26]. Circulating adiponectin 

could increase glucose uptake and FAO in hepatocytes by activating AMPK and generating 

PPARα ligands (see below), thereby improving systemic insulin sensitivity and reducing liver 

steatosis [27].  

Liver-specific knockout of Pparg expectedly resulted in a decreased expression of 

genes associated with FA uptake and lipogenesis in liver. In lipoatrophic AZIP mice and despite 

reduced hepatic steatosis, systemic insulin resistance, hyperlipidemia and adiposity were 

worsened when Pparg was deleted in liver, indicating a protective role of PPARγ from 

peripheral insulin resistance under lipoatrophic conditions [25].  

Hepatic PPARβ/δ’s functions are less characterized than those of the other isotypes, 

as its expression is much higher in skeletal muscle than in liver. However, the use of selective 

agonists and liver-restricted Ppard gene knockout in mice revealed its significant contribution 

to metabolic regulation in liver (Figure 1). Like PPARα, PPARβ/δ activation increases hepatic 

FAO [13]. In addition, PPARβ/δ induces the expression and the ligand-mediated activation of 

PPARα, creating a synergistic relationship between these 2 isotypes [28]. PPARβ/δ also 

induces expression of APO-AII and PLTP to increase plasma HDL [29,30]. Like PPARγ, 

PPARβ/δ improves insulin responsiveness and glucose metabolism in liver yet by different 

mechanisms: liver PPARβ/δ agonism or overexpression redirect hepatic glucose towards the 

pentose phosphate pathway and glycogen synthesis rather than towards glucose output 

[31,32]. A very interesting study using liver-restricted Ppard-knockout mice [33] revealed a 

cross-talk between hepatic PPARβ/δ and skeletal muscle FA metabolism. Liver PPARβ/δ-

driven synthesis of 18:0/18:1 phosphatidylcholine was found to be the messenger of this inter-
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organ communication, while skeletal muscle PPARα was the receiver. In mice lacking hepatic 

Ppard, there was almost no induction of hepatic Acc1/2, Fasn, Acads and of skeletal muscle 

FA uptake during the dark cycle (active phase of rodents). 

In addition to their central role in regulating energy metabolism, all three PPAR isotypes 

also have anti-inflammatory properties by reducing the expression of pro-inflammatory 

mediators such as TNFα, IL1 and IL6, via direct interaction or functional interference with pro-

inflammatory transcription factors such as NF-κB [34]. This feature is interesting for drug 

targeting, as a systemic low-grade ‘meta’-inflammation is a hallmark of the metabolic 

syndrome, obesity and steatohepatitis. However, the matter exceeds the scope of the present 

review and was recently reviewed in a more detailed fashion elsewhere [35]. Interestingly, 

there is a bidirectional relationship between hepatic inflammation and PPARs, as pro-

inflammatory cytokines, such as IL1β, secreted by macrophages in response to lipid overload, 

decrease expression of PPARα and of its target genes involved in FAO [36]. 

 

III. SPATIAL FEATURES OF PPAR ACTIVITY 

a) Liver cell types 

The liver is structured as a lobule, a roughly hexagonal structure where cords of 

hepatocytes held together by tight junctions are separated by sinusoids. These highly 

permeable small vessels radiate from a single central vein to the vertices of the hexagon where 

they reach the portal triad, constituted of branches of the hepatic artery and hepatic portal vein, 

together with bile ducts. Although microscopically more difficult to visualize than the lobule, the 

liver architecture is physiologically better represented by the acinus, which follows the blood 

stream: in this representation, lines of hepatocytes are organized along an axis defined by 

hepatic arterioles and portal venules. This architecture defines 3 zones, with zone 1 being 

irrigated by the portal venules with oxygenated and nutrient-loaded blood. Zone 3 is in close 

contact with the central vein and in contrast to zone 1, is highly sensitive to hypoxic conditions. 

Zone 2 is the intermediate zone. This physical zonation is reflected at the functional level 

(Figure 2) [37]. 

Liver functions are performed by several highly specialized cell populations organized 

in functional sinusoidal units. The liver parenchyma consists of a complex network of 

hepatocytes, epithelial cells which are responsible for the majority of liver functions ranging 

from maintaining systemic metabolic homeostasis and regulation of nutrient levels in blood to 

extraction and metabolism of xenobiotics and systemic waste products, bile synthesis and 

nutrient storage [38]. Hepatic sinusoids are lined by a thin endothelium that lacks a basal 

lamina and is made of liver sinusoidal endothelial cells (LSEC). This endothelial lining is 

essential to regulate liver blood pressure via nitric oxide [39], has a strong endocytic capacity 
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and is highly fenestrated to allow easy exchange of metabolites, solutes and waste products 

between blood and hepatocytes through the space of Disse [40,41]. Kupffer cells (KC), which 

are the largest population of tissue macrophages, are found within or below the sinusoidal 

endothelium and extend their processes into sinusoids. KCs contribute to maintaining tissue 

homeostasis and neutralizing antigens and microbes arriving from the gastrointestinal tract via 

endocytosis. KCs dynamically contribute to inflammation and wound healing responses by 

acquiring pro- or anti-inflammatory phenotypes [42]. In the space of Disse, together with KCs, 

are also localized hepatic stellate cells (HSC). Under physiological conditions, HSCs are 

quiescent cells, storing retinyl esters in cytoplasmic lipid droplets and contributing to liver 

homeostasis. Upon liver injury, HSCs undergo drastic changes, transdifferentiating into highly 

proliferative myofibroblasts, which replace damaged hepatocytes with scar tissue through 

extracellular matrix (ECM) reorganization. This scarring process is essential for tissue repair 

once the injury is resolved, but can result in hepatic fibrosis in case of chronic injury [43,44]. 

The biliary tree is formed by a heterogeneous epithelial population of cholangiocytes (CH). In 

large ducts, CHs are normally cuboidal and larger than those in small intrahepatic ductules. 

Functionally, large CHs are involved in bile secretion, while small CHs show high proliferation 

and functional plasticity [45].  

Apart from these main and best characterized liver cell populations, other resident or 

infiltrating cell types include portal fibroblasts, mesothelial cells, natural killer cells, dendritic 

cells, bone marrow–derived macrophages, neutrophils, T lymphocytes, bone marrow-derived 

myofibroblasts and others [46–49]. As their roles have been mostly studied in pathological 

conditions, they will not be discussed further in this review. 

The expression and functions of the PPAR family members in the different liver cell 

populations are still to be fully unveiled. Studies on transcript levels and responses to selective 

agonists, and more recently omics and single-cell approaches indicate that PPARα is the major 

hepatic isotype and is mainly expressed in hepatocytes, with low expression levels in non-

parenchymal cells both in human and mouse (Figure 2). PPARγ expression in mouse is higher 

in hepatocytes and HSCs than in KCs and LSECs, although there could be differences in 

PPARγ1 and PPARγ2 isoform levels, at least in female mice (Figure 2). In humans, PPARγ is 

more expressed in endothelial and mesenchymal cells. PPARβ/δ is mainly expressed in 

murine CHs, HSC and LSECs [50–52] although recent human single-cell data indicate that it 

is expressed at low levels in all liver cells [53,54].  

Besides the well-documented metabolic roles of PPARs established from whole liver 

studies, which generally characterize their functions in hepatocytes, complementary functions 

of all PPAR isotypes have been described in other liver cell types. For instance, PPARα is 

required in macrophages for agonist-induced reduction of the inflammatory cytokines IL-15 

and IL-18, but its macrophage-specific deletion affects neither hepatic lipid metabolism, nor 
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cell proliferation or expression of DNA damage and repair-related genes [55]. Similar results 

were obtained in another study comparing the phenotypes of Pparg gene knockout mice 

restricted to hepatocytes or macrophages [24]. PPARγ was shown to favor anti-inflammatory 

polarization of KCs in response to lipids and agonist treatment and to alleviate steatosis-

induced local inflammation [56]. In response to the Th2 cytokine IL-4, PPARβ/δ favors an anti-

inflammatory phenotype in KCs and adipose tissue macrophages in lean mice and improved 

systemic insulin responsiveness [57]. Interestingly, another study detected higher Ppard 

expression in KCs and HSCs compared to hepatocytes and revealed a strong anti-fibrotic 

potential of the PPARβ/δ agonist KD3010, without altering macrophage polarization or HSC 

activation [58]. In HSCs, selective agonism of the major isotype PPARγ (mostly PPARγ1, [59]) 

with thiazolidinediones (TZDs) decreased cell activation, collagen(I) production, and reduced 

proliferation and inflammatory chemotaxis as encountered in NAFLD [60,61]. Pparg 

expression is lost during HSC myofibroblastic transdifferentiation, while treatment with PPARγ 

agonists or ectopic Pparg overexpression allows maintenance, or reversion to, a quiescent 

lipocyte-like phenotype through a process analogous to adipogenesis [62]. 

Liver cell-specific PPAR functions are also dependent on the expression of their 

obligatory heterodimerization partners, the Retinoid X Receptors (RXRs). Several studies 

report that RXRα is mostly expressed in hepatocytes and that RXRγ expression levels is low 

in all liver cell types. Data on RXRβ are less consensual and the determination of its expression 

level within the liver needs further investigation [50,51,53,63]. Of note, variation in the 

RXRα/RXRβ ratio per se could regulate PPAR activities, as shown for PPARγ [64].  

A complete understanding of the cell-specific PPAR functions can be considered as 

one of the next challenges in the study of these NRs. Studies on cell (sub)populations are 

nevertheless experimentally challenging, whether they are based on organ dissociation and 

cell sorting, or on in situ detection of transcripts [65]. 

 

b) Liver zonation 

In the sinusoid, mixed arterial and venous blood flows from the hepatic artery and the 

hepatic portal vein, which drains the blood from the capillary system of the intestine, spleen, 

pancreas, omentum and gallbladder, to the center of the lobule. Central veins then feed into 

the hepatic vein that drains the tissue. The high permeability of the sinusoids regulates blood 

nutrient and hormone levels, clearance of foreign bodies and toxic compounds while supplying 

the liver with nutrients and oxygen [66]. Blood composition therefore changes when flowing 

from the portal tracts (periportal area) to the central vein (pericentral area). The resulting 

gradients of oxygen, nutrients and hormones, together with morphogenetic factors, determine 

important functional differences between the periportal (PP) and pericentral (PC) areas, a 
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phenomenon called zonation (Figure 2). Zonation is essential for liver organization and 

regulation and is a highly dynamic process, influenced by nutrition, hormones, drugs and 

circadian rhythm [67]. Interestingly, while it has been mainly characterized in the liver, new 

data suggest that zonation may also occur in other organs like the kidney [68], intestine [69] 

and brain [70]. Liver zonation is mainly determined by oxygen availability and the Wnt/β-

catenin signaling pathway [71–73]. 

Liver zonation affects both the parenchyma and the stroma [71,74,75]. In LSECs, for 

example, >30% of genes are expressed in a zonated fashion, with pericentral LSECs being 

responsible for the expression of the pericentral morphogen Wnt [53,63]. LSEC zonation 

results in differences in fenestrae diameter and number [76]. Zonation also affects HSCs in 

healthy and injured liver. In particular, it was shown that the pericentral HSCs are the main 

source of collagen in a mouse model of centrilobular fibrosis [77]. Even though it was 

hypothesized that KCs might be spatially heterogeneous, and different subpopulations of cells 

have indeed been identified, whether this is due to a true zonation process remains to be 

further investigated [53,78,79]. 

The spatial division of hepatic functions was first identified, and better characterized, 

by studying the metabolic activities across the parenchyma [77]. Single-cell transcriptomics 

revealed that up to 50% of the expressed liver genes are non-randomly spatially zonated [72]. 

Recently, portal-to-central differences in several metabolic pathways involved not only in 

carbohydrate, FA and amino acid metabolism but also in detoxification were also shown in 

hepatocytes using quantitative proteomics [80]. The highly oxygenated and nutrient-exposed 

periportal hepatocytes (PPH) are involved in energy-demanding tasks like gluconeogenesis, 

FA β-oxidation, cholesterol and urea synthesis and plasma protein production. Accordingly, 

PPH express higher levels of key regulatory enzymes of gluconeogenesis, such as 

PhosphoEnolPyruvate CarboxyKinase (PEPCK), the bi-functional PhosphoFructoKinase-2 

(FBP2/PFK2), as well as GlucoKinase (GK) and the rate-limiting enzyme of cholesterol 

synthesis 3-Hydroxy-3-MethylGlutaryl-CoA Reductase (HMGCR). Pericentral hepatocyte 

(PCH) preferred activities are glucose uptake, glycolysis, lipogenesis, xenobiotic metabolism, 

bile acid biosynthesis and glutamine synthesis [75,80,81]. Whether PPARs expression and/or 

functions are zonated has not yet been fully explored but, interestingly, recent single-cell data 

on hepatocytes suggest a zonation of PPAR signaling in the mouse liver [72]. 

As described above, PPARα promotes FAO during the fasting/resting phase, but 

induces lipogenesis during the feeding/active phase [14,18]. In single-cell RNAseq analysis of 

hepatocytes, Ppara expression was found to be slightly higher in pericentral regions. 

Interestingly, PPARα target genes such as Pdk4, Acox1, Vnn1, Cd36, Fatbp4 and Slc27a1, 

showed an expression pattern similar to Ppara. Recently, another study from the same group 

combined transcriptomics and proteomics of zonated hepatocytes. These data confirmed the 
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preferential gene expression in pericentral areas of Ppara and of its targets Cpt1, Acox1 and 

Vnn1, for which high pericentral protein levels were also observed [72,80,82]. Although this 

result suggests that Ppara expression is lower where FAO occurs, further studies are required 

to understand if the zonated expression of Ppara varies according to nutritional status, whether 

PPARα activities depend on ligand gradients or post-transcriptional modifications and if the 

balance between Ppara expression and oxygen gradient influences the FAO rate. A link 

between PPARα and oxygen concentration was nevertheless unveiled. Under steatotic 

conditions, the increased expression of hypoxia-induced factor 2 (HIF-2α) suppresses 

PPARα expression and thus FAO in the liver [83]. Of note, PPARα mediates cardiac metabolic 

remodeling in response to hypoxia [84]. A correlation between PPARα and increased tolerance 

to environmental, high-altitude hypoxia in Tibetan population has been reported [85]. PPARγ 

general functions are to regulate FA uptake and lipogenesis [7]. In accordance with hepatocyte 

metabolic zonation in mice, Pparg exhibited a striking centrilobular expression together with 

its target gene Lpl, whereas expression of its coactivator Pgc1α (and to a lesser extent Pgc1β) 

were clearly periportal [72]. 

Another example of liver division of labor is bile acid synthesis. Hepatocytes are 

polarized and secrete bile acids (BAs) from the apical surface into a network of biliary canaliculi 

located between the two cords of cells on the contralateral side of the sinusoids. Canaliculi 

reach the lobular periphery where they form the intralobular ductules (or canals of Hering) 

which then enter bile ductules and ducts, flowing toward the gallbladder, common bile duct and 

intestine [86]. Bile acids are produced in pericentral hepatocytes from cholesterol. By 

deconvoluting BA-metabolizing Cyp450 gene expression in zonated, adjacent hepatocytes, 

Halpern and colleagues showed that the Cyp7a1, Cyp8b1, Cyp27a1, Hsd3b7 and Baat genes 

exhibit a spatial order of expression that matches the position in the BA biosynthesis cascade, 

which is a remarkable strategy to limit BA accumulation and toxicity in a single hepatocyte [72].  

Interestingly, PPARα regulates bile acid metabolism and excretion, as shown in rat 

hepatocytes and in whole-body and liver-specific Ppara knock-out mice [87-89]. These 

activities may contribute to the beneficial effects of agonists targeting PPARα and/or PPARd 

in primary biliary cholangitis (PBC) [90-94] (see Table1). Whether and how PPARα participates 

in zonated BA homeostasis remains to be established.  

It has been proposed that liver zonation and hepatocyte renewal are also linked, by 

identifying a population of proliferating and self-renewing pericentral hepatocytes regulated by 

WNT signaling [95]. A connection between zonation and liver regeneration is also suggested 

by the fact that bile acid signaling can promote liver growth in an FXR-dependent manner [96]. 

PPARα regulates bile acid synthesis [87] and affects hepatocyte proliferation [55] but it remains 

to be unveiled if this is affected by PPARα zonated expression. It was nevertheless suggested 

that PPARα regulates the expression of Mfsd2a in periportal hepatocytes, which is essential 
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for their expansion and for liver repair. Intriguingly, Mfsd2a encodes a transporter for the 3 

fatty acid docosahexaenoic acid (DHA), a natural agonist of both PPARα and RXRs [97–100]. 

Ppard, Rxra and Rxrb are expressed equally across the lobule. Accordingly, PPARβ/δ 

putative targets ApoA2, Lipin1, Fgf21 and Vldr expression was also found unchanged across 

the lobule [7,72]. Interestingly, while data on human liver suggest that PPAR expression is not 

zonated, the methylation status of PPARA, PPARGC1α, PPARGC1β, RXRA, RXRB, CPT1a, 

and ACOX1 genes vary along the sinusoid, supporting the importance of epigenomic analyses 

in the characterization of PPAR activities [101]. 

In summary, recent scRNA-seq data suggest that Ppara and Pparg are expressed in a 

zonated manner, even though the relation between zonation and PPAR activity and functions 

has not yet been thoroughly investigated and available data were obtained from a single time-

point.  

 

IV. TEMPORAL COMPONENTS OF PPAR REGULATION 

a) Hepatic rhythmic biology – feeding state & the circadian clock 

In addition to spatial zonation and intrinsic heterogeneity among hepatic cell populations, 

all major hepatic functions are also timed following a circadian rhythmicity and according to the 

nutritional status. These two regulatory mechanisms are strongly interconnected in order to 

adapt energy expenditure, production and storage to supply needs along the day/night cycle, 

and food intake is a dominant “Zeitgeber” for the liver [102]. PPARs are central players in the 

crosstalk between energy metabolism and circadian rhythms, as they all sense and anticipate 

changes in the nutritional state and functionally adapt metabolic pathways accordingly. 

Under physiological conditions, during the active phase (fed state), the liver needs to direct 

its metabolic activities towards energy storage, mainly glycogenesis and lipogenesis from 

dietary glucose and lipids. During the resting phase (fasted state), the liver supplies the body 

with glucose via glycogenolysis and gluconeogenesis and subsequently with ketone bodies 

from ketogenesis. In line with this, expression and activity of rate-limiting enzymes controlling 

liver functions exhibit rhythmic daily variations, e.g. PEPCK and G6Pase in gluconeogenesis, 

ACC in lipogenesis, several CYP450s (Cyp7a1, Cyp8b1, Cyp39a1…) in cholesterol and bile 

acid synthesis. Besides pathways involved in energy metabolism, hepatic detoxification 

reactions and global protein synthesis also vary considerably over daytime [103]. Feeding 

behavior is naturally synchronized with the level of physical activity and nutrient accessibility 

to maintain metabolic homeostasis. The expression and activity of circadian proteins are 

determined by two distinct but complementary and tightly interconnected inputs. On the one 
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hand, an intrinsic cycling related to the circadian clock machinery, exemplified by the fact that 

mice kept in constant darkness still exhibit clock cycling in the liver [104] and, on the other 

hand, the dietary status i.e. the feeding/fasting behavior. Indeed, shifting feeding of mice to the 

rest phase also progressively shifts the hepatic clock by ∼12 hours [105]. This is particularly 

true for the liver, where the molecular clock can be “entrained” by timed feeding-fasting cycles. 

Perturbations in circadian clock function result in worsened metabolic parameters [106]. 

Disturbed circadian rhythms in livers of clock-mutant mice can be restored by limiting feeding 

to the active phase [107] and diet-induced hepatic steatosis can be prevented by time-

restricted feeding without caloric restriction, at least in mice [108].  

PPARs and the circadian clock genes are interconnected at many levels, reciprocally 

regulating each other (see next section). In addition to intrinsic clock cycling, food intake and 

thus nutrient/ligand availability constitute the dominant input cues for regulating PPAR activity 

over daytime. Perhaps the major regulator of PPAR activity is the abundance of ligands, 

namely long-chain FAs and derivates such as eicosanoids, whose concentrations in plasma 

and liver vary considerably over daytime both in mice and humans [109]. One such ligand is 

the diurnally-regulated gut metabolite oleoylethanolamide (OEA). OEA is synthesized in the 

small intestine during the rest period and suppresses food intake in a PPARα-dependent 

manner, thus acting as a nutritional feedback signal to the clock and subsequent regulation of 

circadian metabolism and behavior [110]. Hepatic FA concentrations are determined by 

feeding periods, via nutritional uptake of FAs produced by adipose tissue lipolysis in fasting 

conditions and by hepatic de novo lipogenesis in the fed state. Given the fact that PPARs are 

crucial regulators of lipid metabolism, this allows the creation of regulatory feedback loops. 

Interestingly, a recent study identified a link between the gut microbiome, hepatic PPAR 

signaling and clock cycling, that conveys nutritional challenges as circadian outputs in liver 

[111]. Using fecal transplants, the study revealed that the gut microbiota drives hepatic PPARγ-

mediated activation of newly oscillatory transcriptional programs in the liver in response to a 

high-fat diet and, conversely, that treatment with antibiotics prevented PPARγ-driven 

transcription activity in the liver. 

 

b) Molecular crosstalk between PPARs and the clock machinery 

The molecular clock is a cell-autonomous feedback system that allows rhythmic cycling of 

mRNA and protein expression in a circadian (~24h) manner. The positive arm of the core clock 

is composed of brain and muscle aryl hydrocarbon receptor-like protein 1 (BMAL1, Arntl gene) 

and circadian locomotor output cycles protein kaput (CLOCK, Clock gene) acting together as 

a heterodimeric transactivator. BMAL1-CLOCK promotes the expression of the core negative 

arm consisting of period circadian protein homolog (PER1/2, Per genes) and cryptochrome 
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(CRY1/2/3, Cry genes) which retro-inhibits CLOCK-BMAL1 activity. Additional feedback loops 

involve the “reverse gene of thyroid receptors” (REV-ERBα/β, Nr1d1/2 genes) and the retinoid 

acid receptor-related orphan receptors (RORα/β/γ, Nr1f1/2/3 genes) which repress or induce 

BMAL1 expression, respectively. When studying circadian gene expression and physiology in 

different species, it is important to note that rodents are essentially nocturnal animals while 

humans are diurnal, thus their circadian rhythms are in opposite phase. Time indications are 

generally given as ZT (Zeitgeber time, 0-24 hours) with ZT0 indicating the start of the day/light 

phase (i.e. the resting period for mice) under standard housing conditions. 

All three PPAR isotypes exhibit some daily rhythmic expression patterns in peripheral 

tissues and their activities as transactivators vary in a circadian manner (Figure 3). It has been 

known for more than 20 years that, in murine liver, PPARα mRNA and protein levels follow a 

daily rhythm, peaking at the end of the resting phase (ZT8-12), and are induced by stress-

related corticosteroids whose plasma levels vary in parallel [112]. PPARβ/δ exhibits an even 

more striking cyclic expression pattern with a 24h period in several murine tissues including 

the liver, while cycling of Pparg expression is much less pronounced and not always 

considered as circadian [113]. In this study, hepatic mRNA expression levels peaked around 

ZT12 for Ppara and ZT8 for Pparg, thus around or just before the switch from the resting/fasting 

phase to the active/feeding phase, whereas Ppard peaked around ZT20 i.e. towards the end 

of the active phase. The circadian expression profile of PPARβ/δ is somewhat surprising, as a 

major function of this isotype is the induction of FAO that mainly occurs during prolonged 

fasting. It has to be pointed out though that PPAR expression not necessarily coincides with 

activity, as ligand availability largely determines the functional output. Interestingly, the same 

study showed that the gene coding for the PPAR dimerization and transactivation partner Rxra 

(but not Rxrb and Rxrg) also exhibits a rhythmic expression in liver, peaking around ZT8. It is 

tempting to speculate that, in addition to the relative abundance of PPAR isotypes in the liver, 

differences in their circadian expression profiles and of their partners could participate in their 

distinct functions. However, this type of data has always been obtained from bulk liver extracts, 

which contain not only hepatocytes but also NPCs, and differences between cell types and 

subpopulations cannot be excluded. Unfortunately, and due to technical limitations, it is not yet 

possible to compare the transcriptome and proteome with sufficient coverage from multiple cell 

types from the same organ, in a circadian manner and within the same experiment. 

At the molecular level, PPARs and the circadian clock have a bidirectional relationship, as 

core clock components and PPARs mutually regulate their expression. Indeed, Ppara gene 

expression is directly transactivated upon binding of the BMAL1-CLOCK heterodimer to E-

boxes located in the Ppara promoter, which results in an increased expression of PPAR target 

genes regulating lipid metabolism [114,115]. The same mechanism also probably applies to 



14 

 

Pparg [116]. In murine liver, rhythmic interaction of PER2 with PPARα bound to PPAR target 

gene promoters such as Arntl (BMAL1), Hnf1a and G6pc, results in a cyclical transregulation 

of crucial metabolic genes [117]. In skeletal muscle, the core clock proteins CRY1&2 directly 

interact with PPARβ/δ to act as co-repressors for a subset of its target genes, thereby 

regulating FAO and exercise capacity [118]. In turn, both PPARα [119] and, at least in the 

cardiovascular system, PPARγ [120] directly regulate BMAL1 expression by binding to PPREs 

in the Arntl gene promoter, thereby subsequently controlling clock output genes. Of note, 

PPARγ coactivator-1α (PGC1α) also induces the expression of Arntl (BMAL1) and of the core 

clock transrepressor Nr1d1 (REV-ERBα) [121]. PPARα might also directly regulate the 

expression of REV-ERBα by binding to the RevDR-2 element in its promoter [122]. In addition, 

REV-ERBα can compete with PPARα for binding to PPREs located in promoters of several 

PPAR target genes such as Ehhadh, controlling peroxisomal FAO [123]. Consequently, 

treatment of mice with PPARα agonists such as fibrates induced Arntl [119] and Nr1d1 [122] 

expression in liver, potentially modulating clock function. In line with this, chronic treatment of 

mice with the PPAR(α) agonist bezafibrate altered circadian behavioral rhythms of feeding and 

locomotor activity without promoting weight gain [124] and might be used therapeutically to 

“reset” a deregulated clock, as encountered in an experimental model of hepatic fibrosis [125]. 

In this study, fibrotic livers from CCl4-treated mice displayed altered circadian expression of 

the clock genes Arntl, Clock, Per1, Cry1//2 and, interestingly, also displayed a loss of 

rhythmicity of Ppara and cytochrome P450 oxidoreductase (Por) controlling lipid and bile acid 

metabolism. In accordance with these findings, Ppara or b/d or g knockout mice display altered 

circadian behavioral rhythms, metabolism- and clock-related gene expression. Inducible 

whole-body deletion of Pparg resulted in altered food intake, locomotor activity and 

cardiovascular parameters (heart rate, MAP) and the rhythmicity of canonical clock genes was 

impaired in liver [126]. Ppara-null mice also exhibited altered hepatic expression of core clock 

proteins, with BMAL1 being the most affected [119]. Liver-restricted Pparb/d knockout mice 

had disrupted diurnal oscillations in de novo lipogenesis and plasma FA levels [33]. 

Beyond a direct regulation of their expression, PPAR activity, stability and localization can 

be modulated by posttranslational modifications (PTMs) including phosphorylation, 

SUMOylation, ubiquitination, acetylation, and O-GlcNAcylation, most of which exhibit circadian 

or feeding status-dependent variations [127]. Phosphorylation of PPARα at Ser12/21 by 

MAPKs and Ser73 by GSK3β, PPARγ at Ser112 by ERKs or JNK and Ser273 by CDK5 are 

amongst the functionally most important PTMs identified to date. Besides, the energy-sensing 

and cyclically-active AMP-activated protein kinase (AMPK) [128] can interfere with PPARγ 

activity, via phosphorylation of its coregulators p300 and of PGC1α, and with PPARα chromatin 

recruitment by forming a trimeric pAMPK-GR-PPARα complex to modulate target gene 

expression [129–132]. In addition, some chemical PPAR ligands, including TZDs, fenofibrate 
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and WY14643, increase the expression and/or activity of AMPK, potentially implicating this 

kinase in synthetic PPAR agonist pharmacological activity [133]. Thus, these interactions 

create a complex regulatory triad formed of clock proteins, PPARs and AMPK at the 

crossroads between metabolism and circadian rhythms, whose biological consequences 

remain to be fully established. 

 

V. LIVER SEXUAL DIMORPHISM AND PPARs  

In addition to the spatial and temporal regulations, the liver also presents a sexual 

dimorphism in its architecture, functions and regulations. At the macroscopic level, the male 

liver is larger than the female liver in rodents [134,135]. At the cellular level, the female rat liver 

comprises more but smaller and mainly diploid hepatocytes and more KCs when compared to 

the male liver (for a review see [136]). At the molecular level, this dimorphism is even more 

pronounced with 13% of expressed genes presenting a sex-specific profile with a log2FC >1.2 

and up to 72% of genes with a log2FC >1 [137]. More specifically, 17 out of the 38 analyzed 

nuclear receptors display a sex-specific expression, being either male- [e.g. Rarg (Nr1b3), Errb 

(Nr3b2)) or female-enriched (e.g. Errg (Nr3b3), and Rxrg (Nr2b3)] [138]. Regarding the PPAR 

isotypes, even though there is a growing literature exploring sex differences in PPAR signaling 

pathways in rodent models, little information is available in humans, and most studies focused 

on PPARα. There are striking differences between rodent species. In rats, hepatic Ppara 

expression is higher in males both at the mRNA and protein levels. This difference could 

explain why male rats respond stronger to fibrates compared to females [139]. In mice, 

however, females exhibit higher expression of Ppara [140], a finding that was confirmed 

recently using RNA-Seq and potentially linked to sex-related differences in gut microbiota 

[141]. This species-dependent difference was found at both protein and post-translational 

levels. Indeed, in female liver, PPARα is heavily sumoylated, favoring its interaction with GA 

Binding Protein Transcription Factor Subunit Alpha (GABPα) on the promoter of Cyp7b1. This 

complex recruits NCoR and HDACs and Dnmt3 (DNA methyltransferase) allowing a stronger 

repression of Cyp7b1 expression, protecting the organ from estrogen-induced cholestasis 

which often occurs during pregnancy [142].  

Only one study reported a sex-dependent expression of Pparb/d, with higher expression in 

female mouse liver around the clock [140]. In addition, analysis of RNAseq data confirmed the 

sexually dimorphic expression of Pparb/d [141]. Characterization of Pparγ in rodent models is 

still controversial. Indeed, Pparg was initially described as predominantly expressed in female 

rat liver [138,142]. However, another study reported increased hepatic Pparg expression upon 

ovariectomy in rats and that activation of ERα blunted this induction [143]. These seemingly 

opposite observations could be due to a gain of rhythmicity of hepatic Pparg expression in 
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females, at least in mice. Indeed, analysis of circadian transcriptomic data of male mouse liver 

using the CircadiOmics database does not classify Pparγ as a circadianly expressed gene 

[144–146]. However, in contrast to male mice, Pparg expression follows a diurnal cycle 

peaking at ZT9 in females with a higher expression than in males at this particular timepoint 

[140]. Sex-related differences in Pparg expression are also due to a sexual dimorphism in 

growth hormone (GH) secretion and subsequent JAK(2)-STAT(5) signaling. The overall 

intensity and rhythmicity of GH secretion/signaling are more marked in males, thus maintaining 

a higher hepatic JAK2/STAT5 activity which represses Pparg expression [141,147]. 

Finally, assessing the impact of the liver sexual dimorphism on PPAR isotype functions in 

human liver is a major challenge for the next years in order to develop sex-optimized therapies. 

 

VI. SPECIES-SPECIFIC LIGAND REGULATION OF PPARs  

All three PPAR isotypes are saturated and unsaturated FA sensors and also bind oxidized 

and nitrated FA derivatives as well as cyclopentenone prostaglandins. Thus, the activities of 

these nuclear receptors depend on the nutritional state and the inflammation level [1,5,148].  

A source of endogenous PPARα ligands has been identified on the basis of defective 

PPARα target gene activation in fatty acid synthase (FAS)-deficient mice [149]. Further 

investigation identified 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (16:0/18:1-GPC) as 

a PPARα-specific ligand generated through a FAS-CEPT1 biosynthetic pathway [150]. 

Similarly, adiponectin receptor 2 (AdipoR2) gene deletion affects the liver PPARα signaling 

pathway [151]. The intrinsic Zn-dependent ceramidase activity of AdipoR2 [152] generates 

sphingosine-1-phosphate (S1P) and free fatty acids which activate PPARα [153]. Ectopic 

expression of the lipogenic gene SREBP1c generates lipophilic molecules able to selectively 

activate PPARγ [154]. The anti-inflammatory mediator 15-deoxy-D12,14-prostaglandin J2 

(15d-PGJ2) is generated from arachidonic acid and has been suggested to be a physiological 

ligand for PPARγ [155], although this conclusion has raised some controversy in light of the 

observed 15d-PGJ2 concentrations in pathophysiological conditions [156]. Multiple other 

lipophilic molecules generated through diverse biosynthetic pathways have been proposed to 

activate PPARs [157].  

Importantly, ligand binding can be isotype-specific. Both PPARα and PPARβ/δ are able to 

bind to saturated and unsaturated FAs even if PPARα has a better affinity for these molecules 

compared to PPARβ. PPARγ binds preferentially unsaturated FA, with a marked affinity for 

polyunsaturated vs monounsaturated FAs [158,159]. In addition, several studies described 

species specificities in ligand binding affinity, especially for PPARα and PPARβ/δ. While rodent 

and human PPARα equally bind ligands such as unsaturated long chain FA (LCFA) and LCFA-

CoA, other natural and synthetic ligands bind PPARα in a species-dependent manner [160]. 

Saturated LCFAs like palmitic or stearic acids weakly bind mouse PPARα compared to its 
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human ortholog [161]. It is worth noting that this species specificity also affects the binding 

affinity of synthetic ligands. Indeed, fenofibrate, bezafibrate and Wy-14,643 activate mouse 

PPARα more potently than human PPARα [7], a feature to be considered when interpreting 

the results of in vitro and in vivo pharmacological experiments. 

To the best of our knowledge, the species specificity of natural PPARβ/δ agonists has not 

been studied yet [1,148,162] and studies focused essentially on endocrine disruptors or 

potential therapeutic drugs. Treatment with the synthetic PPARβ/δ agonist NNC61-5920 

improved insulin sensitivity in mice fed a high fat diet, but this beneficial effect was not 

observed in a similar rat model [163]. Another PPARβ/δ agonist, GW501516, improved 

metabolic parameters such as insulin sensitivity, TG, LDL-cholesterol, Apoa1 and HDL-

cholesterol blood levels in type 2 diabetic rodents and obese primates as well as in sedentary 

human volunteers [164], unraveling the biological effects of PPARβ/δ activation in man. 

However, clinical development of this drug was halted due to cancer development in mice 

[165].  

Similar to PPARβ/δ, little is known on the species-specific differences of PPARγ orthologue 

activation by natural ligands such as unsaturated FAs (e.g., arachidonic acid) and their 

derivatives (hydroxy-eicosatetraenoic acid, hydroxy-octadecadienoic acids and 15d-PGJ2) [1]. 

However, mouse and human PPARγ share 99% amino acid identity in the ligand binding 

domain, suggesting that mPPARγ and hPPARγ have similar ligand binding properties. In 

contrast, mouse and human PPARα and PPARβ/δ harbor 8% and 5% amino acid divergence 

respectively, which may potentially impact on ligand-receptor interactions. This feature could 

explain the species-specific differences in affinity of the α and β/δ isotypes for their natural or 

synthetic ligands. Of note, as preclinical drug validation is based on the use of animal models 

(mostly rodents), the comparison between mouse and human ligand affinity/specificity is a key 

point in the drug design pipeline.  

 

VII. NATURAL PPAR MUTANTS  

The human NR1C1 and NR1C2 genes barely present any nucleotide polymorphisms. 

Indeed, to our knowledge there is no PPARD and only one PPARA mutation affecting their 

protein coding sequences [166,167]. The human NR1C3 gene, in contrast, harbors several 

SNPs (for review see [168]). However, as PPARγ is mainly expressed in adipose tissue, these 

mutations may only be of minor relevance for hepatic physiology, although a formal 

investigation would be informative. 

 

VIII. CONCLUSION AND PERSPECTIVES.  



18 

 

The liver cellular architecture dictates a precise division of labor which evolves circadianly 

and in response to gradients of nutrients and oxygen. In addition, noticeable differences are 

observed between male and female livers and as a function of species. Several transcription 

factors and nuclear receptors play key roles in determining the functional complexity and 

adaptability of the liver, in which PPARs play critical roles. Here we reviewed the different roles 

of PPAR isotypes in liver physiology, from their firstly-discovered functions as transcriptional 

activators to most recent data, highlighting still open questions and new challenges to guide 

future research in the field.  

Since the seminal discovery of the first PPAR (alpha) nuclear receptor by Issemann and 

Green in 1990 [161], our knowledge about this subclass of transcriptional modulators has 

drastically increased. We now have a good understanding of the general mechanisms of action 

of the three PPAR isotypes in different organs. Most of the initial studies on PPARs focused 

on their metabolic functions in liver, so it is not surprising that PPARs were first assimilated as 

major metabolic regulators. Combined with their anti-inflammatory actions, these properties 

spurred intense investigations to target PPARs to manage liver pathologies (Table 1). In fact, 

pharmacological agonism of PPAR isotypes has been extensively assessed in clinical trials 

over the last decades, mainly to correct metabolic dysregulations such as T2D, dyslipidemia 

and NASH. Although improving glycemia and cardiovascular risk factors (plasma triglycerides 

and cholesterol), targeting NAFLD/NASH through PPAR agonists has yielded mitigated 

results. Several PPAR agonists are now being developed to manage other hepatic pathologies 

including (PBC), with promising preliminary results (Table 1). 

Whereas studies on whole liver have undoubtedly contributed to our knowledge on PPAR 

functions [6], an in-depth and cell type-specific approach is now required to further discriminate 

PPAR activities. Such an approach has already confirmed some, and unraveled new principles 

of liver physiology [53,54], but has to be extended to address specific questions in the field of 

PPAR biology. PPARs are indeed differentially expressed in liver cells, where they exert 

specific functions depending on agonist availability and very probably on the epigenomic and 

transcriptional machinery architecture. PPAR expression and/or activity are also likely to be 

affected by liver zonation, in addition to being regulated by the circadian rhythm, the nutritional 

status and in a sex-specific manner [7,8]. These emerging concepts will require further 

investigations using cutting-edge technologies to decipher the exact mechanism(s) of action 

of PPARs in physiological conditions. Data suggesting that Ppara and Pparg are expressed in 

a zonated manner must be considered with caution as they are collected at a single time point 

which is hardly connectable to a physiological state reflecting a precise nutritional and circadian 

status. Although expression does not equal activity, these technical limitations could explain, 

for example, why the Ppara gene is seemingly more expressed in pericentral areas, while β-

oxidation mainly takes place in periportal hepatocytes. This is especially important as, in 
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general, animal studies report the nutritional status at the time of sacrifice, but give no 

information about the time of the day when this was carried out (ZT). Chronobiology reveals 

that the expression of PPARs is not constant over time and that Ppara and Ppard expressions 

are anti-phasic. For example, PPARβ/δ is usually described as weakly expressed in the liver, 

but most studies are typically carried out during the day when its circadian expression is at its 

nadir. Conversely to PPARα and PPARβ/δ, PPARγ presents a sex-specific circadian 

rhythmicity, at least in mouse liver. Thus, it could be really useful for future research and 

therapies to take into account these time- and sex-related aspects.  

 Over the last years, new exciting data added to our knowledge on hepatic PPARs and the 

many regulatory mechanisms acting in concert to regulate their activities. Nevertheless, further 

studies are required to complete our understanding of the complex roles of PPARs in hepatic 

physiology and pave the way for more targeted and better optimized therapeutic approaches 

in the fight against increasingly common liver pathologies and metabolic dysregulations. 
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Agonist Structure 
Isotype selectivity Serological 

effects 
Improvement of 

NAFLD ? 
Clinical trials for NASH Clinical trials for other Pathologies 

PPARα PPARβ/δ PPARγ 

Pemafibrate 

 

√   
↘ FFA 

↘ Plasma TG 
↗ HDL-C 

Unknown 
Phase II 

NCT03350165, active 

T2D, dyslipidemia: NCT03071692 (phase III), active 
T2D, retinopathy: NCT03345901 (phase III), terminated 

Dyslipidemia: NCT04079530 (phase II), active 

Fenofibrate 

 

√   
↘ FFA 

↘ Plasma TG 
↗ HDL-C 

No effect 
Phase II 

NCT02781584, active 
NCT02354976, completed 

PBC : NCT00575042 (phase II), completed 
PBC: NCT02823353 and NCT02823366 (phase III), 

status unknown 
T2D, dyslipidemia, cardiovascular disease, … several 

trials up to stage IV 

Bezafibrate 

 

√ √ √ 
↘ FFA 

↘ Plasma TG 
↗ HDL-C 

Unknown None to date 

PBC : NCT01654731 (phase III), completed 
PBC: NCT02937012 (phase III), unknown 
PBC: NCT02701166 (phase III), unknown 
PBC: NCT04594694 (phase II), recruiting 
AMI, LMSDM, ACS, HCL… up to stage IV 

Pioglitazone 

 

√  √ 

↘ FFA 
↘ Plasma TG 

↗ HDL-C 
↘ Glycemia 

Resolution of NASH 
Phase II 

NCT00994682 and others, 
completed 

Cirrhosis: NCT00570622 (phase IV), completed 
HepB-fibrosis: NCT04584242 (phase IV), recruiting 
Many others: 51 finished/active/recruiting studies 

Saroglitazar 

 

√  √ 

↘ FFA 
↘ Plasma TG 

↗ HDL-C 
↘ Glycemia 

↘ Hepatosteatosis 
↘ ALT 

Phase II 
NCT03061721, completed 
NCT03863574, completed 

 

PBC: NCT03112681 (phase II), completed 
Dyslipidemia: CTRI/2009/091/000527 (Phase III, 
completed) 
Renal impairment: NCT04446507 (phase I), recruiting 

 

Elafibranor 

 

√ √  

↘ FFA 
↘ Plasma TG 

↗ HDL-C 
↘ Glycemia 

No effect 

Phase III 
NCT02704403, terminated 

Phase II 
NCT03883607, terminated 
NCT03953456, terminated 

 

PBC: NCT04526665 (phase III), recruiting 
PBC: NCT03124108 (phase II), completed 

Renal impairment: NCT03844555 (phase I), completed 

Lanifibranor 

 

√ √ √ 

↘ FFA 
↘ Plasma TG 

↗ HDL-C 
↘ Glycemia 

Resolution of NASH 
and fibrosis 

↘ ALT 

Phase III 
NCT03459079, recruiting 
NCT03008070, completed 

 

Scleroderma/DCSS : NCT02503644 (phase II), 
completed 

Rosiglitazone 

 

  √ 

↘ FFA 
↘ Glycemia 

↗ HDL-C 
↗ LDL-C 

↘ Hepatosteatosis 

Phase II 
NCT00492700 and others, 

completed 
Phase IV 

NCT01406704, terminated 

T2D, HepC, CAD, POS,… many trials up to phase IV: 
most completed/terminated 

Many others in phase I-III: most completed/terminated 

Seladelpar 

 

 √  

↘ FFA 
↘ Plasma TG 

↗ HDL-C ↘LDL-C 
↘ Glycemia 

Unclear 
Phase II 

NCT03551522, suspended 
 

PBC: NCT03301506 (phase III), active 
PBC: NCT03602560 (phase III), suspended 
PBC: NCT02955602 (phase II), completed 
PBC: NCT02609048 (phase II), terminated 
PSC: NCT04024813 (phase II), suspended 
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Table 1: PPAR agonists in clinical trials. The structure, relative affinity for PPAR isotypes and blood biochemical parameters at completion of the trial are indicated. 

Outcomes in NASH/fibrosis trials are indicated when known, and current evaluation in other liver pathologies are mentioned. Abbreviations used: T2D, type 2 

diabetes; PBC, primary biliary cholangitis; DCSS, diffuse cutaneous systemic sclerosis; HepB, hepatitis B; HepC, hepatitis C; CAD, coronary artery disease; 

PCOS, polycystic ovary syndrome; AMI, acute myocardial infarction; NLSD, neutral lipid storage disease; ACS, acute coronary syndrome; HCL, 

hypercholesterolemia. Main source: https://clinicaltrials.gov/ 

 

https://clinicaltrials.gov/
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Figure 1: Regulation of hepatic metabolism by PPARs. During the rest period, the liver has 
to adapt its metabolic activities to the fasting state. PPARα, activated by fatty acids (FAs) from 
adipose tissue lipolysis, favors hepatic uptake of these FAs and energy production through β-
oxidation. This metabolic pathway produces acetyl-CoA, which can either enter the TCA cycle 
or be used in ketogenesis. Hepatic PPARα controls the adipose tissue-dependent release of 
FAs by inducing FGF21 expression, which has both endocrine and autocrine effects, inducing 
hepatic fatty acid oxidation. Activation of PPARδ by FAs also enhances β-oxidation and 
represses hepatic glucose (Glc) production by reducing gluconeogenesis and glucose output, 
while directing glucose metabolites towards lipogenesis. Activated PPARβ/δ also induces the 
synthesis of apolipoproteins (mainly APO-AII), increasing blood HDL-cholesterol levels. During 
the active period (fed state), the metabolic activities of the liver switch from energy production 
to energy storage and in this context, PPARγ increases uptake of dietary FAs and glucose as 
well as lipogenesis, TG synthesis and storage. In parallel, PPARα induces hepatic lipogenesis 
allowing the storage of FAs as triglycerides. 
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Figure 2: PPARs in liver cell types and zonation. Schematic representation of the liver 
structure. In the sinusoids blood enriched in oxygen and nutrients flows from the hepatic artery 
and the portal vein to the central vein. The major liver populations are shown: hepatocytes 
(HC), cholangiocytes (CH), liver sinusoidal endothelial cells (LSEC), Kupffer cells (KC) and 
hepatic stellate cells (HSC). PPAR expression levels in the different cell populations are 
reported for mice and men. Zonation is mainly caused by a gradient of oxygen, nutrients and 
WNT signaling and affects several metabolic activities. While Ppara is slightly more expressed 
in pericentral areas, Pparg is markedly periportal. Ppard expression does not appear to be 
zonated.  

+++: highly expressed; ++: expressed; +: low or no expression. 
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Figure 3: Circadian expression of PPAR isotypes. Hepatic Ppara and Ppard are expressed 
in a circadian manner contrary to Pparg, which exhibits a more stable expression around the 
day. Ppara expression is highest in mice during the second half of the rest period (fasted state) 
when hepatic metabolism shifts to energy production through hepatic glucose output, β-
oxidation and ketogenesis. Conversely, Pparb/d expression peaks at the end of the active 
phase (fed state). 

 

 


