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Abstract

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors

involved in transcriptional regulation and play an important role in many

physiological and metabolic processes. Unlike PPAR-alpha and PPAR-

gamma, PPAR-delta is ubiquitously expressed, and its activity is key to

maintaining proper metabolic homeostasis within the liver. PPAR-delta not

only regulates physiologic processes of lipid, glucose, and bile acid

metabolism but also attenuates pathologic responses to alcohol metabolism,

inflammation, fibrosis, and carcinogenesis, and is considered an important

therapeutic target in liver diseases. Promising results have been reported in

clinical trials for PPAR-delta agonists in liver disease, and the selective

agonist seladelpar was recently conditionally approved in the United States

as a new treatment option for primary biliary cholangitis. This review provides

an overview of PPAR-delta’s function and biology in the liver, examines its

kinetics and therapeutic potential across different liver diseases, and

discusses the current status of clinical trials involving its agonists.
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INTRODUCTION

The liver is an important organ that performs various
functions, including metabolic homeostasis, immune
and inflammatory responses, storage of bioactive
molecules, detoxification of endogenous and exoge-
nous substances, and regulation of blood coagulation.
Liver damage due to various causes, including viral,
metabolic, autoimmune, and toxic, can lead to acute

liver failure, or in the course of chronic liver damage,
result in liver fibrosis, cirrhosis, and HCC.[1–3]

Peroxisome proliferator–activated receptors (PPARs)
are nuclear receptors involved in transcriptional regulation
and play an important role in many physiological and
metabolic processes.[4] Three subtypes, peroxisome
proliferator–activated receptor-alpha (PPARA), peroxi-
some proliferator–activated receptor-delta (PPARD), and
PPAR-gamma (PPARG) modify the transcription of genes
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involved in fatty acid metabolism, glucose metabolism,
and inflammation by binding specific ligands.[5] Ligands for
PPARA, the fibrates, and PPARG agonists, the thiazoli-
dinediones, have been used for the treatment of
dyslipidemia and type 2 diabetes mellitus.[6] Unlike
PPARA and PPARG, PPARD (also called PPAR-beta)
is ubiquitously expressed, and its function in vivo is not
well understood.[7,8] However, after the discovery of high-
affinity agonists, such as GW0742 and GW501516, their
association with obesity and diabetes, as well as
malignancy, neurological disease, inflammation, dyslipi-
demia, and cardiac disease became apparent.[9–13] In the
liver, a central organ of metabolism, PPARD is also
attracting attention as a new therapeutic target,[14,15] and a
series of very promising clinical trial results of its agonists
have recently been reported for patients with primary
biliary cholangitis (PBC).[16,17] Based on these results, 2
drugs with agonistic effects on PPARD, elafibranor, and
seladelpar, were conditionally approved by the Food and
Drug Administration (FDA) in the United States as
second-line therapy for patients with PBC who do not
respond adequately to ursodeoxycholic acid (UDCA).

This review focuses mainly on PPARD, summarizing
its general function in the liver, the status of clinical trials
of related drugs, and its potential as a therapeutic target
for liver disease.

Biology of PPARs

The human genome contains a total of 48 nuclear
receptors, and they all have 3 structural features in
common, a ligand-binding domain, a hinge region, and
a DNA-binding domain.[18] PPARs are transcription
factors discovered in rodents 30 years ago and belong
to subfamily 1 of the nuclear hormone receptor
superfamily.[19,20] PPARs have an aminoterminal trans-
activation domain AF-1, a DNA-binding domain, and a
carboxy-terminal dimerization and ligand-binding
domain with a ligand-dependent transactivation function
AF-2, and this structure is common to other nuclear
receptor families.[21] The binding of various lipophilic
ligands, endogenous or exogenous, to PPARs allows
them to interact with coactivator complexes. For their
transcriptional activity to proceed, a series of processes
such as binding to lipid ligands followed by heterodimer
formation with different nuclear receptors (retinoid-X
receptors), interaction with transcriptional coactivators,
and binding to the PPAR response element in the
promoter of the target gene are required.[22,23] As a
result, it regulates the expression of downstream genes
with various physiological activities.

Although all PPARs play a major regulatory role in
energy homeostasis, each subtype has different functions
and locations of expression.[24,25] The metabolic pathways
through which each subtype acts are specific and
complex, sometimes overlapping. Each PPAR is encoded

by a different gene, but the interspecies sequences
overlap. The human PPARA gene is located on chromo-
some 22, and the major organs of expression are the liver,
heart, skeletal muscles, brown adipose tissue, intestine,
and kidneys. PPARA functions as a central control sensor
coordinating the transport, esterification, and oxidation of
fatty acids, browning of brown adipose tissue, and energy
dissipation.[5,26] PPARA, which is most abundantly
expressed in the liver, promotes fatty acid oxidation and
heat production. PPARA stimulated by fasting induces
transcription factors such as fasting-induced adipose
factor and FGF21, which increases free fatty acids and
ketone bodies to provide energy.[27,28] PPARA regulates
glycerol metabolism in the liver and activates the
regulatory gene vanin-1, which reduces hepatic steatosis
by suppressing inflammation and oxidative stress
pathways.[29] Regulation of bile acid metabolism is another
important function of PPARA in the liver.[30]

The PPARG gene is located on chromosome 3, and
the major organs of expression are white adipose
tissue, liver, skeletal muscles, intestine, and immune
cells. PPARG coordinates fatty acid transportation, lipid
synthesis, adipogenesis, energy storage, thermo-
genesis, and glucose homeostasis.[31,32]

On the other hand, PPARD, located on chromosome
6, is ubiquitously expressed and is involved in fatty acid
oxidation and glucose homeostasis.[33] Each PPAR has a
specific ligand affinity, which is interpreted by differences
in the dimensions of the binding pocket and
lipophilicity.[34] The ligand-binding domain of PPARD is
narrower than that of other PPARs, but its structural
features allow it to bind various ligands with relatively low
affinity.[35] Its natural ligands include polyunsaturated
fatty acids and their metabolites.[36,37] Although many
endogenous ligands have been reported, their physio-
logical significance is still unclear.[38]

In addition to regulating energy and glucose metab-
olism in the liver, PPARs are involved in the suppres-
sion of inflammation, bile acid secretion, endoplasmic
reticulum stress, and carcinogenesis, and are consid-
ered important factors in physiological and pathological
processes in the liver.[39]

The function of PPARD in the liver

PPARD expression is much higher in skeletal muscle
than in the liver. In mouse liver, PPARD is highly
expressed in cholangiocytes, hepatic stellate cells
(HSCs), and liver sinusoidal endothelial cells (LSECs)
compared with hepatocytes.[40,41] According to recent
analyses using single-cell and omics approaches,
PPARD is expressed at low levels in all human hepatic
cells.[42,43] Furthermore, PPARA and PPARG showed
different expression patterns by zonation, while PPARD
and its target genes were equally expressed throughout
the lobule.[44]
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Hepatocyte-specific Ppard knockout mice showed a
major role of PPARD in the metabolic regulation of the
liver. Activation of PPARD increases fatty acid oxidation
in hepatocytes and induces activation of PPARA, which
also has fatty acid oxidation–activating properties,
creating a synergistic effect.[12,45] In this connection, 1-
palmitoyl-2-oleyl-phosphatidylcholine, the endogenous
ligand of PPARA, is known to be increased by
PPARD.[46] PPARD also increases plasma HDL by
inducing the expression of apolipoprotein A-II and
phospholipid transfer protein.[47,48] Furthermore,
PPARD improves insulin responsiveness and glucose
metabolism in the liver. In this context, activation and
overexpression of PPARD are thought to direct it toward
the pentose phosphate pathway and glycogen synthe-
sis rather than glucose production.[49,50] These functions
of PPARD in regulating lipid and energy metabolism
and improving insulin sensitivity overlap with those of
PPARA and PPARG, suggesting that the three sub-
types sometimes have different targets but function
complementary to each other.

In addition to its central role in metabolism, PPARD is
also known to have an anti-inflammatory effect mediated
by immune cells, especially macrophages. Deletion of
Ppard in Kupffer cells (KCs), liver resident macrophages,
inhibited differentiation into anti-inflammatory (M2) mac-
rophages, which are in a quiescent state, via reduced
sensitivity to IL-4.[51] Through a similar mechanism,
transplantation of Ppard-null bone marrow into wild-type
mice caused a decrease in M2 KCs, liver dysfunction, and
insulin resistance,[51] indicating that PPARD plays an
important role in the regulation of inflammation. On the
other hand, overexpression of Ppard in mouse KC
ameliorates anoxia/reoxygenation-induced hepatocellular
injury, suggesting that PPARD is strongly involved in KC-
mediated inflammation in a specific pathological
condition.[52] The anti-inflammatory effect via downregu-
lation of inflammatory mediators, such as TNF alpha, IL-1,
and IL-6, is an overlapping function not only for PPARD
but also for PPARA and PPARG.[53]

The high expression of Ppard in HSCs, cells known to
play an important role in liver fibrosis, has already been
reported.[40] The PPARD agonist KD3010 showed strong
antifibrotic effects in mouse models of liver fibrosis,
although it did not exert a direct effect on HSCs.[14]

Rather, KD3010 protected hepatocytes against toxin-
induced cell death by reducing reactive oxygen species
production.[14] PPARD agonist GW501516 attenuated
hepatic fibrosis by reducing SMAD3 phosphorylation and
p300 levels via AMP-activated protein kinase in HSCs,
using mice and LX-2 cell lines.[54] On the other hand, the
PPARD agonist GW501516 has been reported to
stimulate HSC proliferation and enhance fibrosis and
inflammation via the p38 and Jun N-terminal kinase
mitogen-activated protein kinase pathways.[55] There-
fore, the effect of PPARD agonism on fibrosis is
controversial.

PPARD also plays an important role in the synthesis,
metabolism, and transport of bile acids. Although the full
extent of this regulatory mechanism is not fully under-
stood, recent reports indicate that PPARD activation
reduces bile acid synthesis via FGF21-dependent
inhibition of cholesterol 7 alpha-hydroxylase in mouse
and human hepatocytes.[15] The potent induction of
FGF21 by PPARA and the effect of its agonist on
cholestasis are already known, and the linkage between
PPARD and PPARA in the regulation of cholestasis is a
subject for future research.[56,57] Although the direct
effects of PPARD on cholangiocytes are largely
unknown, previous studies using primary cholangiocytes
isolated from rodents have shown that PPARD interacts
with LXR-β to regulate NPC1L1/ABCA1-dependent
cholesterol transport from bile to cholangiocytes.[58]

Other aspects include reports of sex differences and
diurnal variation in PPARD expression in the liver. Male
rats have higher levels of PPARA mRNA and protein in
the liver than female rats.[59] Interestingly, as for Ppard,
high expression is observed in female mouse livers.[60]

A recent analysis of mouse RNA sequencing confirms a
similar trend, and the absence of the microbiome
attenuates sexual dimorphism in the liver.[61] All of
these reports are based on rodent studies, and there is
minimal knowledge of PPAR sex differences in humans.
Evaluating the impact of human sex differences on
PPAR isotype function in the liver is important for the
development of gender-optimized therapies in the
future. The circadian rhythm of PPAR subtypes in the
liver is also worth noting. PPARA mRNA and protein
levels follow a circadian rhythm in mice, peaking around
the switch from the resting/fasting phase to the active/
feeding phase, whereas PPARD peaks at the end of the
active/feeding phase.[60,62] Liver-specific Ppard knock-
out mice have disturbed day-night fluctuations in fatty
acid synthesis and plasma fatty acid levels.[63] As the
pan-PPAR agonist bezafibrate altered circadian
rhythms of feeding and locomotor behavior in mice,[64]

PPARD agonists could be applied to “reset” the
dysregulated clocks in patients with liver disease.

Figure 1 summarizes the basic function of PPARD in
the liver (Figure 1A) and its reported characteristics
(Figure 1B).

PPARD as a potential therapeutic target in
liver diseases

Metabolic dysfunction–associated steatotic
liver disease and Metabolic dysfunction–
associated steatohepatitis

The pathogenesis of metabolic dysfunction–associated
steatotic liver disease/metabolic dysfunction–associated
steatohepatitis (MASLD/MASH) is complex in multiple
aspects, including lipotoxicity, insulin resistance,
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inflammation, and mitochondrial dysfunction.[65] These
are not simple independent events but rather interact with
each other, ultimately leading to the most significant
prognostic factor, liver fibrosis.[66,67] PPARD can modu-
late MASLD pathophysiology via different mechanisms
(Figure 2A). PPARD regulates gene expression involved
in fatty acid oxidation in the liver, and the use of its
agonist (GW501516) in diet-induced or genetic models of
obesity stimulated fatty acid oxidation and improved
hepatic steatosis.[45,68] The selective PPARD agonist,
seladelpar, ameliorated hepatic steatosis in diabetic
obese mice via an autophagy-mediated pathway,[69]

and also inhibited lipotoxicity and improved NASH.[70]

Activation of PPARD in mouse models increased energy
consumption, improved insulin sensitivity, and was
protective against obesity and diabetes.[71] Regarding
insulin resistance, activation of PPARD has been
reported to improve high-fat diet-induced insulin
resistance via the IL-6/signal transducer and activator
of transcription 3 pathway by increasing AMP-activated
protein kinase activity in mice.[12] In terms of

inflammation, the loss of normal KCs by apoptosis and
the activation of HSCs and LSECs by inflammatory
cytokines such as TNF and IL-1β are thought to be one
mechanism for MASLD progression.[72] PPARD is also
expressed in KCs and its activation suppressed inflam-
matory cytokines and ameliorated steatohepatitis in
mice.[70,73] Activated HSCs convert to a myofibroblast
phenotype that promotes fibrosis and contributes to
MASH progression, mediated by connective tissue
growth factor and TGF-β.[74] PPARD is expressed in
HSCs, but its effect on fibrosis is controversial.[14,55,75]

Interestingly, PPARD expression is controlled by the
circadian rhythm in mice,[76,77] and treatment of MASLD/
MASH by restoring circadian rhythms in hepatic metab-
olism is a novel approach.

Primary biliary cholangitis

PBC is an autoimmune cholestatic liver disease
characterized by chronic inflammation of the portal area
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F IGURE 1 Major functions of PPARD in the liver. (A) PPARD regulates various metabolic pathways by modulating its downstream genes in the
liver. It is also thought to have diverse functions, including anti-inflammatory, antifibrotic, and inhibiting cholestasis. (B) PPARD is ubiquitously
expressed not only in the liver. In mouse liver, PPARD is highly expressed in cholangiocytes, HSCs, and LSECs compared with hepatocytes. On the
other hand, PPARD is expressed at low levels in all human hepatic cells. Gender differences and diurnal variation in PPARD expression in the liver
have been reported. Abbreviations: PPAR, peroxisome proliferator–activated receptor; PPRE, PPAR response element; RXR, retinoid X receptor.
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and destruction of small bile duct cells.[78] PPARD is a
potential therapeutic target for PBC in terms of bile acid
secretion, anti-inflammation, immune regulation, and
cell survival. The PPARD agonist seladelpar signifi-
cantly reduced the bile acid precursor 7α-hydroxy-4-
cholesten-3-one (C4) and total bile acids in patients with

PBC.[79,80] Furthermore, this suppressive effect for bile
acid synthesis is dependent on induction of FGF21.[15]

PPARD agonism has also been reported to increase
bile flow threefold in mice.[81] PPAR activation reduces
inflammation by suppressing activator protein 1 and
NF-κB signaling in cells and mouse models.[82] As for
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F IGURE 2 Role of PPARD for the pathogenesis of liver diseases. (A) MASLD/MASH. Activation of PPARD improves energy consumption and
insulin sensitivity, leading to weight loss and liver fat reduction. Autophagy is involved in this process. PPARD activation modulates circadian
rhythms of hepatic metabolism and may represent a novel therapeutic approach for MASLD/MASH. Anti-inflammatory effects via reduction of
inflammatory cytokines such as TNF and IL-1β and antifibrotic effects via reduction of TGF-β1 are also expected benefits. (B) PBC. Activation of
PPARD inhibits bile acid synthesis and ameliorates cholestasis, which is a hallmark in patients with PBC. This inhibitory pathway depends on the
induction of FGF21. In PBC, PDC-E2 released from apoptotic cholangiocytes is presented to immune cells, resulting in the production of anti-
mitochondrial antibodies. PPARD is involved in promoting differentiation into anti-inflammatory macrophages, including KCs, and in suppressing
polarization of type 1 and type 17 helper T cells. The detailed mechanism of improvement in pruritus and its direct effect on cholangiocytes is not
yet known. (C) Alcohol-associated liver disease. PPARD regulates cytochrome P450 enzymes that play an important role in alcohol metabolism in
the liver, reducing toxic acetaldehyde. In addition, amelioration of alcohol-induced insulin resistance and amelioration of steatosis through
autophagy are potential therapeutic roles of PPARD in ALD. PPARD also contributes to decreased liver and serum bile acids, and improved
intestinal barrier function in ALD. (D) HCC. The function of PPARD in HCC is still under discussion, with both tumor-promoting and tumor-
suppressing effects reported. Abbreviations: AE2, anion exchanger 2; Cyp2e1, cytochrome P450 Family 2 Subfamily E Member 1; Cyp2b10,
cytochrome P450 Family 2 Subfamily B Member 10; DLGAP4, DLG associated protein 4; FAO, fatty acid oxidation; GSK3β, glycogen synthase
kinase-3β; IGF, insulin-like growth factor; IL, interleukin; PDC-E2, E2 components of pyruvate dehydrogenase complexes; PDK1, pyruvate
dehydrogenase kinase 1; PPAR, peroxisome proliferator–activated receptor; SGK1, serum/glucocorticoid regulated kinase 1.
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PPARD, it is involved in the promotion of differentiation
into M2-macrophages, including KCs,[51] and in the
suppression of polarization of type 1 and type 17 helper
T cells.[5] These reports are consistent with clinical
findings that PPARD agonists reduced blood IgM and
high-sensitivity C-reactive protein levels in patients with
PBC.[17] In this report, the drug markedly improved
pruritus, a symptom that significantly affects the quality
of life of patients with PBC, and the most recent related
report found that it also significantly reduced IL-31, a
known pruritus-mediating cytokine.[83] In PBC, epige-
netic downregulation of anion exchanger 2 (AE2) in
intrahepatic cholangiocytes causes a decrease in the
protective layer of bicarbonate on the cell surface and
an increase in intracellular pH. As a result, apoptosis is
induced by bile acids and the released PDC-E2
sensitizes antigen-presenting cells, leading to a state
of immune overload. Although PPARD expression in
cholangiocytes has been reported,[40–43] its role in this
cell death process, which is critical for PBC patho-
genesis, is unknown and is a subject for future study. A
schematic of the molecular mechanism of PPARD in
PBC is shown in Figure 2B.

Alcohol-associated liver disease

PPARD agonists prevent alcohol-associated liver
disease (ALD) in mouse models. The main reasons
for this include the regulation of hepatic cytochrome
P450 (CYP), insulin resistance, autophagy, bile acid
homeostasis, and gut-liver axis. Hepatic cytochrome
P450 family 2 subfamily E member 1, an enzyme that
plays an important role in ALD pathogenesis, is
upregulated in Ppard knockout mice.[84] On the other
hand, CYP2B10, which is protective against ALD, is
downregulated by Ppard gene ablation independent of
chemically activated nuclear receptors constitutive
androstane receptor, a known regulator of CYP2B.[85]

Regarding insulin resistance, intraperitoneal adminis-
tration of PPARD agonist L-160, 043 to alcohol-
exposed rats significantly increases the binding of
insulin to IGF 1 and 2 receptors.[86] Autophagy-
mediated pathways promote fatty acid catabolism
and inhibit hepatic fat accumulation by activating
PPARD.[69] Alcohol consumption suppresses autoph-
agy and promotes apoptosis in the liver,[87] and
PPARD may improve ALD via autophagy-related
pathways. In addition, the pathogenesis of ALD
involves changes in bile acid homeostasis and
intestinal barrier disruption.[88] The selective PPARD
agonist seladelpar reduced total bile acids in the liver
and serum, and reduced ethanol-induced liver disease
in mice[89] PPARD activation by selective ligands also
improved intestinal barrier function, supporting that
bile acid metabolism and gut-liver axis are therapeutic
targets for ALD treatment by PPARD agonists.[90] The

protective effect of intestinal barrier function is
mediated by PPARD rather than PPARA in a mouse
model of ALD.[91] A schematic of the molecular
mechanism of PPARD in ALD is shown in Figure 2C.

Hepatocellular carcinoma

The function of PPARs in HCC varies by subtype and
is not fully understood. For PPARD, both tumor-
promoting and tumor-suppressing effects have been
described. As a tumor-promoting effect, ligand-acti-
vated PPARD induced HCC cell proliferation and
invasion through the pyruvate dehydrogenase kinase
1/protein kinase B (AKT)/GSK3β signaling pathway.[92]

Disc large associated protein 4 (DLGAP4), which is
highly expressed in HCC cell lines and tissues,
increased PPARD expression and promoted HCC
proliferation and metastasis.[93] In contrast, the PPARD
agonist GW501516 inhibits the proliferation of Hepa
1–6 cells.[94] Another PPARD agonist, GW0742,
suppresses HCC development in HBV transgenic mice
by inducing apoptosis.[95] More recently, PPARD
negatively regulates the expression of serine/threo-
nine-protein kinase by binding directly to oncogenes,
suppressing HCC development.[96] Furthermore, ber-
berine, an alkaloid extracted from plants, directly
activates PPARD and induces apoptosis of HCC in
mice and cell line experiments.[97] However, HCC
development, proliferation, and metastasis are highly
complex intersecting pathways, and the role of PPARD
in HCC pathogenesis will require further study.
Importantly, the 2 drugs with PPAR delta agonism,
elafibranor and seladelpar, passed the required carci-
nogenicity studies and showed no evidence of cancer
progression in any of the clinical trials discussed later.
A schematic of the molecular mechanism of PPARD in
HCC is shown in Figure 2D.

Progress of clinical trials of PPAR-agonists
in liver disease

Because of its diverse functions in the liver, PPAR-
related compounds, mainly their agonists, are being
investigated as novel therapeutic candidates in liver
diseases. Table 1 summarizes the status of ongoing
clinical trials of PPAR-agonists for liver diseases
(selective and dual agonists acting on PPARD are
indicated in bold). MASLD/MASH and PBC are the
primary focus of clinical trials with PPAR-agonists, since
there is only one approved pharmacological treatment
for MASLD/MASH and since PBC is also in need of
secondary therapies for UDCA nonresponders. This
section focuses on PPARD agonists (including dual
agonists) currently in clinical trials and reports their
characteristics, and findings to date.

6 | HEPATOLOGY COMMUNICATIONS



TABLE 1 The status of ongoing clinical trials of PPAR-agonists for liver diseases

Classification Name
Isotype

selectivity
Subject liver
diseases

Phase/sample
size

Identification
number Status

Combination with
other drugs Primary Endpoint

Pan-PPAR agonist Bezafibrate α, δ, γ PBC III (72) NCT04594694 Active, not
recruiting

Obeticholic acid Change in alkaline phosphatase
from baseline to Week 12

PBC II (60) NCT05239468 Active, not
recruiting

Obeticholic acid Change in alkaline phosphatase
from baseline to Week 12

PBC Observational
(100)

NCT04514965 Recruiting

Lanifibranor α, δ, γ NAFLD/
NASH

III (1000) NCT04849728 Recruiting Resolution of NASH and
improvement in fibrosis

NAFLD/
NASH

II (42) NCT05232071 Active, not
recruiting

sodium-glucose
cotransporter-2

Absolute change in HbA1c from
baseline (Week 0) to Week 24

Dual PPAR
agonist

Saroglitazar α, γ NAFLD/
NASH

II (60) NCT03617263 Recruiting Change in hepatic fat content from
baseline following 24 weeks of
treatment as measured by MRI-
PDFF

NAFLD/
NASH

II (240) NCT05011305 Recruiting Improvement in liver fibrosis with no
increase in NAS for ballooning,
inflammation or steatosis

NAFLD/
NASH

IV (1500) NCT05872269 Recruiting Liver stiffness measurement
performed by transient
elastography

PBC IIb/III (186) NCT05133336 Active, not
recruiting

Proportion of subjects with
biochemical response based on
the composite endpoints of
alkaline phosphatase and total
bilirubin

Pioglitazone α, γ NAFLD/
NASH

II (100) NCT05254626 Active, not
recruiting

Resolution of total NAS defined as
absence of NASH

NAFLD/
NASH

II (166) NCT04501406 Recruiting Improvement of≥ 2 points in NAS
without an increase in fibrosis
stage

Elafibranor α, δ PBC III (161) NCT04526665 Active, not
recruiting

Percentage of participants with
response to treatment measured
by the combination levels of
alkaline phosphate levels and
total bilirubin

PBC III (450) NCT06016842 Recruiting Event-free survival

Selective PPAR
agonist

Pemafibrate α PBC II (45) NCT06247735 Recruiting Percent change from baseline in
alkaline phosphatase

Fenofibrate α PBC III (150) NCT05751967 Recruiting Ursodeoxycholic acid Percentage of patients with
complete biochemical response

PBC II and III (104) NCT05749822 Recruiting Percentage of patients with
biochemical response

PBC II and III (184) NCT06174402 Recruiting
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Dual PPAR agonists

Elafibranor (GFT-505) is a dual PPARA/PPARD ago-
nist. As such, it is characterized by the absence of
cardiovascular side effects experienced with PPARD
ligands. In NASH, the efficacy of elafibranor (120 mg/d,
72 wk) was verified in a phase III clinical trial that
enrolled 2157 patients mainly in Europe and the United
States. Unfortunately, the study was terminated in
March 2022 because it showed no significant difference
compared with placebo in the primary endpoint of
eliminating NASH without worsening fibrosis (GENFIT
Press Release [May 11, 2020]). Currently, the primary
target of evaluation for this drug is PBC. In a phase II
study, 45 patients with PBC who were nonresponders to
UDCA were treated with elafibranor for 12 weeks
(80 mg, 120 mg). The relative change (%) from baseline
to 12 weeks in serum alkaline phsophatsase, the
primary endpoint, was −48.3 ± 14.8% (mean change
± SD) in the 80 mg group and −40.6 ± 17.4% in the
120 mg group, compared with +3.2 ± 14.8% in the
placebo group. In addition, other markers such as GGT,
IgM, and CRP were also significantly reduced in the
treatment group.[98] In terms of safety, there were no
serious adverse events in the placebo and elafibranor
80 mg groups, but adverse events were reported in 2
patients in the 120 mg group. Based on these promising
results, a phase III clinical trial (NCT04526665) is
ongoing to evaluate the long-term efficacy and safety
of the drug. According to the first report, 161 patients
were randomized to elafibranor 80 mg or placebo, and
the percentage of patients with a biochemical response
at 52 weeks was 51% in the elafibranor group versus
4% in the placebo group (95% CI: 32–57; p<0.001).[16]

Based on these results, elafibranor (80 mg) was
conditionally approved by the FDA and the European
Medicines Agency as second-line therapy for patients
with PBC nonresponding to UDCA.

Selective PPARD agonist

Seladelpar (MBX-8025) is a selective PPARD agonist
with anti-inflammatory and cholestasis inhibitory effects.
Its efficacy on the liver has already been reported from
several animal studies,[14,15] and there are also reports
of clinical trials in MASLD/MASH and PBC. A phase II
clinical trial initiated in June 2018 with 181 patients with
NASH showed no significant MRI-proton density fat
fraction differences between the placebo and treatment
groups at 12 weeks. On the other hand, preclinical data
show beneficial effects on fatty liver,[69,70] and further
studies are needed to translate PPARD biology from
rodents to humans. More clinical trials have been
conducted in the area of PBC.[79,99,100] Very recently
the results of a phase III trial, the RESPONSE study,
were published.[17] In this phase 3, double-blind,T
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randomized, placebo-controlled trial, 193 patients with
PBC with UDCA nonresponse or unacceptable adverse
events were randomized in a 2:1 ratio to receive oral
seladelpar (10 mg/d) or placebo. The primary endpoint
was biochemical response at 12 weeks, defined as an
alkaline phsophatsase level < 1.67 times the upper limit
of the normal range, a decrease of at least 15% from
baseline, and a normal total bilirubin level. As a result, a
greater percentage of the patients in the seladelpar
group than in the placebo group had a biochemical
response (61.7% vs. 20.0%; difference, 41.7 percent-
age points; 95% CI: 27.7–53.4, p<0.001). Based on
these results, seladelpar (10 mg) was conditionally
approved by the FDA as second-line therapy for
patients with PBC refractory to UDCA. Several clinical
trials are still ongoing to evaluate the efficacy and safety
of seladelpar for PBC (Table 1). In 2017, a large cohort
open-label Phase 3 study (ASSURE, NCT03301506)
was initiated to evaluate the safety of seladelpar (5 and
10 mg). Patients enrolled in the aforementioned
RESPONSE study are also eligible to participate, and
500 patients will be evaluated for adverse events for up
to 60 months. Separate studies are underway to
evaluate the safety of seladelpar 10 mg in patients with
PBC with compensated cirrhosis (NCT04950764,
NCT06051617).

CONCLUSIONS AND PERSPECTIVE

The results of several clinical trials have shown that
PPARD is a promising new therapeutic target for liver
diseases, especially PBC and MASLD/MASH. More-
over, PPAR studies have increasingly clarified its
specific liver functions. There is no doubt that this
molecule plays an important role in liver physiology and
disease pathogenesis, regulating not only lipid, glucose,
and bile acid metabolism, but also alcohol metabolism,
inflammation, fibrosis, and carcinogenesis, among other
mechanisms. Interesting facts have also emerged
regarding distribution in the liver, function in each liver
cell type, sex differences, and circadian rhythms. On the
other hand, there is still insufficient human data to
support these facts, which is the next challenge in the
era of personalized medicine. We believe that both
clinical and comprehensive molecular biological
approaches related to PPARD can lead to better clinical
outcomes for patients with liver disease.

FUNDING INFORMATION
This study was supported in part by NIH grants R01
AA24726, R37 AA020703, and U01 AA026939, by
Award Number BX004594 from the Biomedical Labo-
ratory Research & Development Service of the VA
Office of Research and Development (to Bernd
Schnabl), and services provided by NIH centers P30
DK120515 and P50 AA011999.

CONFLICTS OF INTEREST
Edward E. Cable is employee of CymaBay Therapeu-
tics. Bernd Schnabl has been consulting for Ambys
Medicines, Ferring Research Institute, Gelesis, HOST
Therabiomics, Intercept Pharmaceuticals, Mabwell
Therapeutics, Patara Pharmaceuticals, and Takeda.
Bernd Schnabl is founder of Nterica Bio. UC San Diego
has filed several patents with Bernd Schnabl as inventor
related to this work. Bernd Schnabl’s institution, UC San
Diego, has received research support from Axial
Biotherapeutics, BiomX, ChromoLogic, CymaBay Ther-
apeutics, Intercept, NGM Biopharmaceuticals, Prodigy
Biotech, and Synlogic Operating Company. The remain-
ing author has no conflicts to report.

ORCID
Tomoo Yamazaki https://orcid.org/0000–0001–6958–
1366
Edward E. Cable https://orcid.org/0000–0002–9268–
968X
Bernd Schnabl https://orcid.org/0000–0002–6281–
825X

REFERENCES
1. Lee WM, Stravitz RT, Larson AM. Introduction to the revised

American Association for the Study of Liver Diseases Position
Paper on acute liver failure 2011. Hepatology. 2012;55:965–7.

2. Feng G, Valenti L, Wong VW, Fouad YM, Yilmaz Y, Kim W,
et al. Recompensation in cirrhosis: Unravelling the evolving
natural history of nonalcoholic fatty liver disease. Nat Rev
Gastroenterol Hepatol. 2024;21:46–56.

3. Shearer JE, Jones R, Parker R, Ferguson J, Rowe IA. The
natural history of advanced chronic liver disease defined by
transient elastography. Clin Gastroenterol Hepatol. 2023;21:
694–703.e698.

4. Chawla A, Repa JJ, Evans RM, Mangelsdorf DJ. Nuclear
receptors and lipid physiology: Opening the X-files. Science.
2001;294:1866–70.

5. Christofides A, Konstantinidou E, Jani C, Boussiotis VA. The
role of peroxisome proliferator-activated receptors (PPAR) in
immune responses. Metabolism. 2021;114:154338.

6. Ray DM, Spinelli SL, O’Brien JJ, Blumberg N, Phipps RP.
Platelets as a novel target for PPARgamma ligands: Implica-
tions for inflammation, diabetes, and cardiovascular disease.
BioDrugs. 2006;20:231–41.

7. Luquet S, Gaudel C, Holst D, Lopez-Soriano J, Jehl-Pietri C,
Fredenrich A, et al. Roles of PPAR delta in lipid absorption and
metabolism: A new target for the treatment of type 2 diabetes.
Biochim Biophys Acta. 2005;1740:313–7.

8. Agarwal S, Yadav A, Chaturvedi RK. Peroxisome proliferator-
activated receptors (PPARs) as therapeutic target in neuro-
degenerative disorders. Biochem Biophys Res Commun. 2017;
483:1166–77.

9. Müller R. PPARβ/δ in human cancer. Biochimie. 2017;136:
90–9.

10. Iwashita A, Muramatsu Y, Yamazaki T, Muramoto M, Kita Y,
Yamazaki S, et al. Neuroprotective efficacy of the peroxisome
proliferator-activated receptor delta-selective agonists in vitro
and in vivo. J Pharmacol Exp Ther. 2007;320:1087–96.

11. Burdick AD, Kim DJ, Peraza MA, Gonzalez FJ, Peters JM. The
role of peroxisome proliferator-activated receptor-beta/delta in
epithelial cell growth and differentiation. Cell Signal. 2006;18:
9–20.

PPAR DELTA AND LIVER DISEASES | 9

https://orcid.org/0000-0001-6958-1366
https://orcid.org/0000-0001-6958-1366
https://orcid.org/0000-0001-6958-1366
https://orcid.org/0000-0001-6958-1366
https://orcid.org/0000-0002-9268-968X
https://orcid.org/0000-0002-9268-968X
https://orcid.org/0000-0002-9268-968X
https://orcid.org/0000-0002-9268-968X
https://orcid.org/0000-0002-6281-825X
https://orcid.org/0000-0002-6281-825X
https://orcid.org/0000-0002-6281-825X
https://orcid.org/0000-0002-6281-825X


12. Barroso E, Rodríguez-Calvo R, Serrano-Marco L, Astudillo AM,
Balsinde J, Palomer X, et al. The PPARβ/δ activator GW501516
prevents the down-regulation of AMPK caused by a high-fat diet
in liver and amplifies the PGC-1α-Lipin 1-PPARα pathway
leading to increased fatty acid oxidation. Endocrinology. 2011;
152:1848–59.

13. Barlaka E, Galatou E, Mellidis K, Ravingerova T, Lazou A. Role
of pleiotropic properties of peroxisome proliferator-activated
receptors in the heart: Focus on the nonmetabolic effects in
cardiac protection. Cardiovasc Ther. 2016;34:37–48.

14. Iwaisako K, Haimerl M, Paik YH, Taura K, Kodama Y, Sirlin C,
et al. Protection from liver fibrosis by a peroxisome proliferator-
activated receptor δ agonist. Proc Natl Acad Sci USA. 2012;
109:E1369–76.

15. Kouno T, Liu X, Zhao H, Kisseleva T, Cable EE, Schnabl B.
Selective PPARδ agonist seladelpar suppresses bile acid
synthesis by reducing hepatocyte CYP7A1 via the fibroblast
growth factor 21 signaling pathway. J Biol Chem. 2022;298:
102056.

16. Kowdley KV, Bowlus CL, Levy C, Akarca US, Alvares-da-Silva
MR, Andreone P, et al. Efficacy and safety of elafibranor in
primary biliary cholangitis. N Engl J Med. 2024;390:795–805.

17. Hirschfield GM, Bowlus CL, Mayo MJ, Kremer AE, Vierling JM,
Kowdley KV, et al. A phase 3 trial of seladelpar in primary biliary
cholangitis. N Engl J Med. 2024;390:783–94.

18. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schütz G,
Umesono K, et al. The nuclear receptor superfamily: The
second decade. Cell. 1995;83:835–9.

19. Issemann I, Green S. Activation of a member of the steroid
hormone receptor superfamily by peroxisome proliferators.
Nature. 1990;347:645–50.

20. Nuclear Receptors Nomenclature Committee. A unified nomen-
clature system for the nuclear receptor superfamily. Cell. 1999;
97:161–3.

21. Zoete V, Grosdidier A, Michielin O. Peroxisome proliferator-
activated receptor structures: Ligand specificity, molecular
switch and interactions with regulators. Biochim Biophys Acta.
2007;1771:915–25.

22. Dreyer C, Krey G, Keller H, Givel F, Helftenbein G, Wahli W.
Control of the peroxisomal beta-oxidation pathway by a novel
family of nuclear hormone receptors. Cell. 1992;68:879–87.

23. Nagy L, Schwabe JW. Mechanism of the nuclear receptor
molecular switch. Trends Biochem Sci. 2004;29:317–24.

24. Willson TM, Brown PJ, Sternbach DD, Henke BR. The PPARs:
From orphan receptors to drug discovery. J Med Chem. 2000;
43:527–50.

25. Grygiel-Górniak B. Peroxisome proliferator-activated receptors
and their ligands: Nutritional and clinical implications–a review.
Nutr J. 2014;13:17.

26. Berger J, Moller DE. The mechanisms of action of PPARs.
Annu Rev Med. 2002;53:409–35.

27. Kersten S, Mandard S, Tan NS, Escher P, Metzger D,
Chambon P, et al. Characterization of the fasting-induced
adipose factor FIAF, a novel peroxisome proliferator-activated
receptor target gene. J Biol Chem. 2000;275:28488–93.

28. Inagaki T, Dutchak P, Zhao G, Ding X, Gautron L, Para-
meswara V, et al. Endocrine regulation of the fasting response
by PPARalpha-mediated induction of fibroblast growth factor
21. Cell Metab. 2007;5:415–25.

29. van Diepen JA, Jansen PA, Ballak DB, Hijmans A, Hooiveld GJ,
Rommelaere S, et al. PPAR-alpha dependent regulation of
vanin-1 mediates hepatic lipid metabolism. J Hepatol. 2014;61:
366–72.

30. Kim KH, Moore DD. Regulation of liver energy balance by the
nuclear receptors darnesoid X receptor and peroxisome
proliferator activated receptor α. Dig Dis. 2017;35:203–9.

31. Fajas L, Auboeuf D, Raspé E, Schoonjans K, Lefebvre AM,
Saladin R, et al. The organization, promoter analysis, and

expression of the human PPARgamma gene. J Biol Chem.
1997;272:18779–89.

32. Fajas L, Fruchart JC, Auwerx J. PPARgamma3 mRNA: A
distinct PPARgamma mRNA subtype transcribed from an
independent promoter. FEBS Lett. 1998;438:55–60.

33. Moreno M, Lombardi A, Silvestri E, Senese R, Cioffi F, Goglia F,
et al. PPARs: Nuclear receptors controlled by, and controlling,
nNutrient handling through nuclear and cytosolic signaling.
PPAR Res. 2010;2010:435689.

34. Michalik L, Auwerx J, Berger JP, Chatterjee VK, Glass CK,
Gonzalez FJ, et al. International Union of Pharmacology. LXI.
Peroxisome proliferator-activated receptors. Pharmacol Rev.
2006;58:726–41.

35. Xu HE, Lambert MH, Montana VG, Plunket KD, Moore LB,
Collins JL, et al. Structural determinants of ligand binding
selectivity between the peroxisome proliferator-activated recep-
tors. Proc Natl Acad Sci USA. 2001;98:13919–24.

36. Shureiqi I, Jiang W, Zuo X, Wu Y, Stimmel JB, Leesnitzer LM,
et al. The 15-lipoxygenase-1 product 13-S-hydroxyoctadeca-
dienoic acid down-regulates PPAR-delta to induce apoptosis in
colorectal cancer cells. Proc Natl Acad Sci USA. 2003;100:
9968–73.

37. Gupta RA, Tan J, Krause WF, Geraci MW, Willson TM, Dey SK,
et al. Prostacyclin-mediated activation of peroxisome prolifer-
ator-activated receptor delta in colorectal cancer. Proc Natl
Acad Sci USA. 2000;97:13275–80.

38. Wu CC, Baiga TJ, Downes M, La Clair JJ, Atkins AR, Richard
SB, et al. Structural basis for specific ligation of the peroxisome
proliferator-activated receptor δ. Proc Natl Acad Sci USA. 2017;
114:E2563–e2570.

39. Changizi Z, Kajbaf F, Moslehi A. An overview of the role of
peroxisome proliferator-activated receptors in liver diseases. J
Clin Transl Hepatol. 2023;11:1542–52.

40. Gonzalez-Sanchez E, Firrincieli D, Housset C, Chignard N.
Expression patterns of nuclear receptors in parenchymal and
non-parenchymal mouse liver cells and their modulation in
cholestasis. Biochim Biophys Acta Mol Basis Dis. 2017;1863:
1699–708.

41. Hellemans K, Rombouts K, Quartier E, Dittié AS, Knorr A,
Michalik L, et al. PPARbeta regulates vitamin A metabolism-
related gene expression in hepatic stellate cells undergoing
activation. J Lipid Res. 2003;44:280–95.

42. Ramachandran P, Dobie R, Wilson-Kanamori JR, Dora EF,
Henderson BEP, Luu NT, et al. Resolving the fibrotic niche of
human liver cirrhosis at single-cell level. Nature. 2019;575:512–8.

43. Han X, Zhou Z, Fei L, Sun H, Wang R, Chen Y, et al.
Construction of a human cell landscape at single-cell level.
Nature. 2020;581:303–9.

44. Halpern KB, Shenhav R, Matcovitch-Natan O, Toth B, Lemze D,
Golan M, et al. Single-cell spatial reconstruction reveals global
division of labour in the mammalian liver. Nature. 2017;542:
352–6.

45. Bojic LA, Telford DE, Fullerton MD, Ford RJ, Sutherland BG,
Edwards JY, et al. PPARδ activation attenuates hepatic
steatosis in Ldlr-/- mice by enhanced fat oxidation, reduced
lipogenesis, and improved insulin sensitivity. J Lipid Res. 2014;
55:1254–66.

46. Garbacz WG, Huang JT, Higgins LG, Wahli W, Palmer CN.
PPARα is required for PPARδ action in regulation of body
weight and hepatic steatosis in mice. PPAR Res. 2015;2015:
927057.

47. Thulin P, Glinghammar B, Skogsberg J, Lundell K, Ehrenborg
E. PPARdelta increases expression of the human apo-
lipoprotein A-II gene in human liver cells. Int J Mol Med. 2008;
21:819–24.

48. Chehaibi K, Cedó L, Metso J, Palomer X, Santos D, Quesada
H, et al. PPAR-β/δ activation promotes phospholipid transfer
protein expression. Biochem Pharmacol. 2015;94:101–8.

10 | HEPATOLOGY COMMUNICATIONS



49. Lee CH, Olson P, Hevener A, Mehl I, Chong LW, Olefsky JM,
et al. PPARdelta regulates glucose metabolism and insulin
sensitivity. Proc Natl Acad Sci USA. 2006;103:3444–9.

50. Tang T, Abbott MJ, Ahmadian M, Lopes AB, Wang Y, Sul HS.
Desnutrin/ATGL activates PPARδ to promote mitochondrial
function for insulin secretion in islet β cells. Cell Metab. 2013;18:
883–95.

51. Odegaard JI, Ricardo-Gonzalez RR, Red Eagle A, Vats D,
Morel CR, Goforth MH, et al. Alternative M2 activation of
Kupffer cells by PPARdelta ameliorates obesity-induced insulin
resistance. Cell Metab. 2008;7:496–507.

52. Qian B, Wang C, Li X, Ma P, Dong L, Shen B, et al. PPARβ/δ
activation protects against hepatic ischaemia-reperfusion injury.
Liver Int. 2023;43:2808–23.

53. Wahli W, Michalik L. PPARs at the crossroads of lipid signaling
and inflammation. Trends Endocrinol Metab. 2012;23:351–63.

54. Zhang M, Barroso E, Peña L, Rada P, Valverde ÁM, Wahli W,
et al. PPARβ/δ attenuates hepatic fibrosis by reducing SMAD3
phosphorylation and p300 levels via AMPK in hepatic stellate
cells. Biomed Pharmacother. 2024;179:117303.

55. Kostadinova R, Montagner A, Gouranton E, Fleury S, Guillou H,
Dombrowicz D, et al. GW501516-activated PPARβ/δ promotes
liver fibrosis via p38-JNK MAPK-induced hepatic stellate cell
proliferation. Cell Biosci. 2012;2:34.

56. Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS,
Maratos-Flier E. Hepatic fibroblast growth factor 21 is regulated
by PPARalpha and is a key mediator of hepatic lipid metabolism
in ketotic states. Cell Metab. 2007;5:426–37.

57. Gallucci GM, Trottier J, Hemme C, Assis DN, Boyer JL, Barbier
O, et al. Adjunct fenofibrate up-regulates bile acid glucuronida-
tion and improves treatment response for patients with
cholestasis. Hepatol Commun. 2021;5:2035–51.

58. Xia X, Jung D, Webb P, Zhang A, Zhang B, Li L, et al. Liver X
receptor β and peroxisome proliferator-activated receptor δ
regulate cholesterol transport in murine cholangiocytes. Hep-
atology. 2012;56:2288–96.

59. Jalouli M, Carlsson L, Améen C, Lindén D, Ljungberg A, Michalik
L, et al. Sex difference in hepatic peroxisome proliferator-
activated receptor alpha expression: Influence of pituitary and
gonadal hormones. Endocrinology. 2003;144:101–9.

60. Yang X, Zhang YK, Esterly N, Klaassen CD, Wan YJ. Gender
disparity of hepatic lipid homoeostasis regulated by the
circadian clock. J Biochem. 2009;145:609–23.

61. Weger BD, Gobet C, Yeung J, Martin E, Jimenez S, Betrisey B,
et al. The mouse microbiome is required for sex-specific diurnal
rhythms of gene expression and metabolism. Cell Metab. 2019;
29:362–382.e368.

62. Yang X, Downes M, Yu RT, Bookout AL, He W, Straume M,
et al. Nuclear receptor expression links the Circadian clock to
metabolism. Cell. 2006;126:801–10.

63. Liu S, Brown JD, Stanya KJ, Homan E, Leidl M, Inouye K, et al.
A diurnal serum lipid integrates hepatic lipogenesis and
peripheral fatty acid use. Nature. 2013;502:550–4.

64. Gutman R, Barnea M, Haviv L, Chapnik N, Froy O. Peroxisome
proliferator-activated receptor α (PPARα) activation advances
locomotor activity and feeding daily rhythms in mice. Int J Obes
(Lond). 2012;36:1131–4.

65. Yang YY, Xie L, Zhang NP, Zhou D, Liu TT, Wu J. Updates on
novel pharmacotherapeutics for the treatment of nonalcoholic
steatohepatitis. Acta Pharmacol Sin. 2022;43:1180–90.

66. Hagström H, Nasr P, Ekstedt M, Hammar U, Stål P, Hultcrantz
R, et al. Fibrosis stage but not NASH predicts mortality and time
to development of severe liver disease in biopsy-proven
NAFLD. J Hepatol. 2017;67:1265–73.

67. Ekstedt M, Hagström H, Nasr P, Fredrikson M, Stål P,
Kechagias S, et al. Fibrosis stage is the strongest predictor
for disease-specific mortality in NAFLD after up to 33 years of
follow-up. Hepatology. 2015;61:1547–54.

68. Lee MY, Choi R, Kim HM, Cho EJ, Kim BH, Choi YS, et al.
Peroxisome proliferator-activated receptor δ agonist attenuates
hepatic steatosis by anti-inflammatory mechanism. Exp Mol
Med. 2012;44:578–85.

69. Tong L, Wang L, Yao S, Jin L, Yang J, Zhang Y, et al. PPARδ
attenuates hepatic steatosis through autophagy-mediated fatty
acid oxidation. Cell Death Dis. 2019;10:197.

70. Haczeyni F, Wang H, Barn V, Mridha AR, Yeh MM, Haigh WG,
et al. The selective peroxisome proliferator-activated receptor-
delta agonist seladelpar reverses nonalcoholic steatohepatitis
pathology by abrogating lipotoxicity in diabetic obese mice.
Hepatol Commun. 2017;1:663–74.

71. Dubois V, Eeckhoute J, Lefebvre P, Staels B. Distinct but
complementary contributions of PPAR isotypes to energy
homeostasis. J Clin Invest. 2017;127:1202–14.

72. Hoogerland JA, Staels B, Dombrowicz D. Immune-metabolic
interactions in homeostasis and the progression to NASH.
Trends Endocrinol Metab. 2022;33:690–709.

73. Shan W, Palkar PS, Murray IA, McDevitt EI, Kennett MJ, Kang
BH, et al. Ligand activation of peroxisome proliferator-activated
receptor beta/delta (PPARbeta/delta) attenuates carbon tetra-
chloride hepatotoxicity by downregulating proinflammatory
gene expression. Toxicol Sci. 2008;105:418–28.

74. Trivedi P, Wang S, Friedman SL. The Power of Plasticity-
Metabolic Regulation of Hepatic Stellate Cells. Cell Metab.
2021;33:242–57.

75. Hellemans K, Michalik L, Dittie A, Knorr A, Rombouts K, De
Jong J, et al. Peroxisome proliferator-activated receptor-beta
signaling contributes to enhanced proliferation of hepatic
stellate cells. Gastroenterology. 2003;124:184–201.

76. Lemberger T, Saladin R, Vázquez M, Assimacopoulos F, Staels
B, Desvergne B, et al. Expression of the peroxisome
proliferator-activated receptor alpha gene is stimulated by
stress and follows a diurnal rhythm. J Biol Chem. 1996;271:
1764–9.

77. Jordan SD, Kriebs A, Vaughan M, Duglan D, Fan W,
Henriksson E, et al. CRY1/2 selectively repress PPARδ and
limit exercise capacity. Cell Metab. 2017;26:243–255.e246.

78. Lleo A, Wang GQ, Gershwin ME, Hirschfield GM. Primary
biliary cholangitis. Lancet. 2020;396:1915–26.

79. Jones D, Boudes PF, Swain MG, Bowlus CL, Galambos MR,
Bacon BR, et al. Seladelpar (MBX-8025), a selective PPAR-δ
agonist, in patients with primary biliary cholangitis with an
inadequate response to ursodeoxycholic acid: A double-blind,
randomised, placebo-controlled, phase 2, proof-of-concept
study. Lancet Gastroenterol Hepatol. 2017;2:716–26.

80. Kremer AE, Mayo MJ, Hirschfield G, Levy C, Bowlus CL, Jones
DE, et al. Seladelpar improved measures of pruritus, sleep, and
fatigue and decreased serum bile acids in patients with primary
biliary cholangitis. Liver Int. 2022;42:112–23.

81. Vrins CL, van der Velde AE, van den Oever K, Levels JH, Huet
S, Oude Elferink RP, et al. Peroxisome proliferator-activated
receptor delta activation leads to increased transintestinal
cholesterol efflux. J Lipid Res. 2009;50:2046–54.

82. Pawlak M, Baugé E, Bourguet W, De Bosscher K, Lalloyer F,
Tailleux A, et al. The transrepressive activity of peroxisome
proliferator-activated receptor alpha is necessary and sufficient
to prevent liver fibrosis in mice. Hepatology. 2014;60:1593–606.

83. Kremer AE, Mayo MJ, Hirschfield GM, Levy C, Bowlus CL,
Jones DE, et al. Seladelpar treatment reduces IL-31 and
pruritus in patients with primary biliary cholangitis. Hepatology.
2024;80:27–37.

84. Goudarzi M, Koga T, Khozoie C, Mak TD, Kang BH, Fornace
AJ Jr, et al. PPARβ/δmodulates ethanol-induced hepatic effects
by decreasing pyridoxal kinase activity. Toxicology. 2013;311:
87–98.

85. Koga T, Yao PL, Goudarzi M, Murray IA, Balandaram G,
Gonzalez FJ, et al. Regulation of cytochrome P450 2B10

PPAR DELTA AND LIVER DISEASES | 11



(CYP2B10) expression in liver by peroxisome proliferator-
activated receptor-β/δ modulation of SP1 promoter occupancy.
J Biol Chem. 2016;291:25255–63.

86. de la Monte SM, Pang M, Chaudhry R, Duan K, Longato L,
Carter J, et al. Peroxisome proliferator-activated receptor
agonist treatment of alcohol-induced hepatic insulin resistance.
Hepatol Res. 2011;41:386–98.

87. Menk M, Graw JA, Poyraz D, Möbius N, Spies CD, von Haefen
C. Chronic alcohol consumption inhibits autophagy and
promotes apoptosis in the liver. Int J Med Sci. 2018;15:682–8.

88. Gao B, Bataller R. Alcoholic liver disease: Pathogenesis and
new therapeutic targets. Gastroenterology. 2011;141:1572–85.

89. Chu H, Jiang L, Gao B, Gautam N, Alamoudi JA, Lang S, et al.
The selective PPAR-delta agonist seladelpar reduces ethanol-
induced liver disease by restoring gut barrier function and bile
acid homeostasis in mice. Transl Res. 2021;227:1–14.

90. Peters JM, Gonzalez FJ, Müller R. Establishing the role of
PPARβ/δ in carcinogenesis. Trends Endocrinol Metab. 2015;26:
595–607.

91. Koizumi A, Kaji K, Nishimura N, Asada S, Matsuda T, Tanaka
M, et al. Effects of elafibranor on liver fibrosis and gut barrier
function in a mouse model of alcohol-associated liver disease.
World J Gastroenterol. 2024;30:3428–46.

92. Han W, Wang N, Kong R, Bao W, Lu J. Ligand-activated
PPARδ expression promotes hepatocellular carcinoma pro-
gression by regulating the PI3K-AKT signaling pathway. J
Transl Med. 2022;20:86.

93. Dong C, Huang S, Sun L, Yao J, Yan J, Yin X. DLGAP4 acts as
an effective prognostic predictor for hepatocellular carcinoma
and is closely related to tumour progression. Sci Rep. 2022;12:
19775.

94. Vacca M, D’Amore S, Graziano G, D’Orazio A, Cariello M,
Massafra V, et al. Clustering nuclear receptors in liver
regeneration identifies candidate modulators of hepatocyte

proliferation and hepatocarcinoma. PLoS One. 2014;9:
e104449.

95. Balandaram G, Kramer LR, Kang BH, Murray IA, Perdew GH,
Gonzalez FJ, et al. Ligand activation of peroxisome proliferator-
activated receptor-β/δ suppresses liver tumorigenesis in hepa-
titis B transgenic mice. Toxicology. 2016;363-364:1–9.

96. Shen B, Li A, Wan YY, Shen G, Zhu J, Nie Y. Lack of PPARβ/δ-
inactivated SGK-1 is implicated in liver carcinogenesis. Biomed
Res Int. 2020;2020:9563851.

97. Shou JW, Shaw PC. Berberine activates PPARδ and promotes
gut microbiota-derived butyric acid to suppress hepatocellular
carcinoma. Phytomedicine. 2023;115:154842.

98. Schattenberg JM, Pares A, Kowdley KV, Heneghan MA,
Caldwell S, Pratt D, et al. A randomized placebo-controlled
trial of elafibranor in patients with primary biliary cholangitis and
incomplete response to UDCA. J Hepatol. 2021;74:1344–54.

99. Bowlus CL, Galambos MR, Aspinall RJ, Hirschfield GM, Jones
DEJ, Dörffel Y, et al. A phase II, randomized, open-label, 52-
week study of seladelpar in patients with primary biliary
cholangitis. J Hepatol. 2022;77:353–64.

100. Hirschfield GM, Shiffman ML, Gulamhusein A, Kowdley KV,
Vierling JM, Levy C, et al. Seladelpar efficacy and safety at
3 months in patients with primary biliary cholangitis: ENHANCE,
a phase 3, randomized, placebo-controlled study. Hepatology.
2023;78:397–415.

How to cite this article: Yamazaki T, Cable EE,
Schnabl B. Peroxisome proliferator–activated
receptor delta and liver diseases. Hepatol
Commun. 2025;9:e0646. https://doi.org/https://doi.
org/10.1097/HC9.0000000000000646

12 | HEPATOLOGY COMMUNICATIONS

https://doi.org/https://doi.org/10.1097/HC9.0000000000000646
https://doi.org/https://doi.org/10.1097/HC9.0000000000000646

