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Abstract
BACKGROUND 
Alcohol-associated liver disease (ALD) is a leading cause of liver-related mor-
bidity and mortality, but there are no therapeutic targets and modalities to 
prevent ALD-related liver fibrosis. Peroxisome proliferator activated receptor 
(PPAR) α and δ play a key role in lipid metabolism and intestinal barrier homeo-
stasis, which are major contributors to the pathological progression of ALD. 
Meanwhile, elafibranor (EFN), which is a dual PPARα and PPARδ agonist, has 
reached a phase III clinical trial for the treatment of metabolic dysfunction-
associated steatotic liver disease and primary biliary cholangitis. However, the 
benefits of EFN for ALD treatment is unknown.

AIM 
To evaluate the inhibitory effects of EFN on liver fibrosis and gut-intestinal barrier 
dysfunction in an ALD mouse model.

METHODS 
ALD-related liver fibrosis was induced in female C57BL/6J mice by feeding a 
2.5% ethanol (EtOH)-containing Lieber-DeCarli liquid diet and intraperitoneally 
injecting carbon tetrachloride thrice weekly (1 mL/kg) for 8 weeks. EFN (3 and 10 
mg/kg/day) was orally administered during the experimental period. Histo-
logical and molecular analyses were performed to assess the effect of EFN on 
steatohepatitis, fibrosis, and intestinal barrier integrity. The EFN effects on HepG2 
lipotoxicity and Caco-2 barrier function were evaluated by cell-based assays.

RESULTS 
The hepatic steatosis, apoptosis, and fibrosis in the ALD mice model were 
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significantly attenuated by EFN treatment. EFN promoted lipolysis and β-oxidation and enhanced autophagic and 
antioxidant capacities in EtOH-stimulated HepG2 cells, primarily through PPARα activation. Moreover, EFN 
inhibited the Kupffer cell-mediated inflammatory response, with blunted hepatic exposure to lipopolysaccharide 
(LPS) and toll like receptor 4 (TLR4)/nuclear factor kappa B (NF-κB) signaling. EFN improved intestinal hyperper-
meability by restoring tight junction proteins and autophagy and by inhibiting apoptosis and proinflammatory 
responses. The protective effect on intestinal barrier function in the EtOH-stimulated Caco-2 cells was predom-
inantly mediated by PPARδ activation.

CONCLUSION 
EFN reduced ALD-related fibrosis by inhibiting lipid accumulation and apoptosis, enhancing hepatocyte 
autophagic and antioxidant capacities, and suppressing LPS/TLR4/NF-κB-mediated inflammatory responses by 
restoring intestinal barrier function.
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Core Tip: Peroxisome proliferator activated receptor (PPAR) α and δ play a key role in lipid metabolism and intestinal barrier 
homeostasis, which are major contributors to alcohol-associated liver disease (ALD) pathogenesis. This study elucidates the 
preventive effect of elafibranor, a dual PPARα/δ agonist from ALD-related liver fibrosis induced by ethanol plus carbon 
tetrachloride in mice. This effect is involved in multifaceted regulatory functions: (1) Suppression of lipid accumulation and 
improvement of autophagy in hepatocytes, which reduced apoptosis and enhanced antioxidant activities; and (2) Inhibition 
of toll like receptor 4 pathway with blockade of hepatic influx of lipopolysaccharide by repairing intestinal barrier integrity. 
This regimen represents a potential strategy against ALD-related liver fibrosis.
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INTRODUCTION
Alcohol-associated liver disease (ALD), which is a notorious harmful consequence of excessive alcohol consumption, 
places an enormous burden worldwide[1-4]. ALD represents a spectrum of liver injury, ranging from hepatic steatosis to 
more advanced stages with fibrosis progression, including steatohepatitis, cirrhosis, and even hepatocellular carcinoma
[1-4]. Currently, approximately 25% of cirrhosis-related mortality worldwide are causally related with alcohol 
consumption[1-4]. Therefore, identification of therapeutic targets and modalities to prevent ALD-related liver fibrosis is 
urgent.

ALD causes liver fibrosis through a multifaceted mechanism, which includes lipid accumulation, apoptosis, and 
proinflammatory response. In the process of ethanol (EtOH) metabolism, EtOH and acetaldehyde are continuously 
oxidized by alcohol dehydrogenase and aldehyde dehydrogenase, respectively, to generate large amounts of reduced 
nicotinamide adenine dinucleotide[5,6]. These changes shift liver metabolism toward the reductive synthesis of lipids[5,
6]. Moreover, excessive EtOH consumption augments the activity of sterol regulatory element-binding protein-1c, which 
is the master regulator of fatty acid synthesis, and dampens the activity of peroxisome proliferator activated receptor 
(PPAR) α, which controls fatty acid breakdown[5-8]. Consequently, fatty acids, which are esterified into triglycerides 
(TGs), accumulate in hepatocytes as lipid droplets[5-8].

The gut–liver crosstalk is also functionally involved in the pathophysiology of ALD[4-6,9,10]. Excessive alcohol 
consumption compromises the integrity of the intestinal barrier by disrupting tight junctions, resulting in the transfer of 
gut-derived lipopolysaccharides (LPS) to liver tissue; thereafter, LPS is recognized by toll like receptor 4 (TLR4), which is 
expressed on the liver parenchyma and innate immune cells[9-11]. The LPS/TLR4 axis triggers the downstream 
activation of nuclear factor kappa B (NF-κB), which is a master regulator of the proinflammatory response in ALD[9-11].

PPARα and PPARδ have been known to represent promising therapeutic targets in chronic liver disease, including 
ALD[12,13]. PPARα is abundantly expressed in metabolically active tissues, such as the liver, heart, kidneys, and in-
testines. As described above, PPARα activation is functionally associated with the pathways of hepatic lipid metabolism, 
including fatty acid oxidation, elongation, and desaturation and TG synthesis and breakdown[8]. Moreover, PPARα plays 
a key role in protecting against oxidative stress by increasing the expression of antioxidant enzymes[14,15]. Therefore, 
PPARα is a potential target for detoxifying EtOH-induced hepatotoxicity, thereby, preventing ALD progression. 
Meanwhile, PPARδ has been implicated in lipid metabolism and energy homeostasis in various organs, including the 
liver[16]. In a recent animal study on metabolic dysfunction-associated steatohepatitis (MASH) models, PPARδ was 
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shown to reduce hepatic steatosis through autophagy-mediated fatty acid oxidation[17]. Moreover, because of its 
intestinal expression, PPARδ activation can increase the proliferation of intestinal epithelial cells and suppress 
macrophage-derived inflammation[18]. Consistently, another study found that a selective PPARδ agonist attenuated 
EtOH-induced liver injury and improved gut barrier function in mice[19]. However, the efficacy of each monoagonist of 
PPARα or PPARδ alone in inhibiting liver fibrosis development in ALD appears to be limited.

Elafibranor (EFN), which is a dual PPARα/PPARδ agonist, has been developed reached a phase III clinical trial for 
MASH[20]. Although EFN demonstrated a modest effect on the histological resolution of MASH, it had no beneficial 
effect on fibrosis[20]. Meanwhile, a recent phase III clinical trial on primary biliary cholangitis has shown that EFN 
treatment resulted in significantly greater improvements in the relevant biochemical indicators of cholestasis[21]. 
However, the effect of EFN on ALD-related fibrosis remains unclear. In the current study, we sought to elucidate the 
benefits of EFN-mediated dual activation of PPARα/PPARδ on ALD-related liver fibrosis, particularly its the effects on 
lipotoxicity, oxidative stress, and intestinal barrier function.

MATERIALS AND METHODS
Animals and compounds
Ten-week-old female and male C57BL/6J mice (CLEA Japan, Osaka, Japan) were caged with free access to food and 
water, under controlled temperature (23 ± 3 °C) and humidity (50% ± 20%) and a 12-hour light/dark cycle. This study 
was reviewed and approved by the ethics committee of Nara Medical University (No. 13130) and was performed in 
accordance with the Guide for Care and Use of Laboratory Animals of the National Research Council. EFN (code name 
GFT505) was purchased from MedChemExpress (Monmouth Junction, NJ, United States). GW7647 and GSK3787 (Abcam, 
Cambridge, United Kingdom) were used as selective antagonists of PPARα and PPARδ, respectively.

In vivo experimental protocol
Female mice (n = 40) were randomly divided into four experimental groups (n = 10 each) and underwent treatment for 8 
weeks (Figure 1A). The control group was fed a non-EtOH normal liquid diet (Research Diets, New Brunswick, NJ, 
United States) and received intraperitoneal injections of corn oil (Nacalai Tesque, Kyoto, Japan) three times weekly. 
Lactose hydrate (FUJIFILM, Wako Pure Chemical Corporation, Osaka, Japan) was administered as the vehicle for EFN. 
The three ALD mice groups were fed a 2.5% (v/v) EtOH-containing Lieber–DeCarli liquid diet (research diets); received 
intraperitoneal injection of carbon tetrachloride (CCl4) (FUJIFILM, Wako Pure Chemical Corporation) three times a week 
(1 mL/kg); and received daily gavage of either: (1) Lactose hydrate as the vehicle; (2) Low dose EFN (3 mg/kg); or (3) 
High dose EFN (10 mg/kg)[22]. Additionally, male mice (n = 24) were randomly divided into four experimental groups 
(n = 6 each) and underwent treatment similar to female mice. After 8 weeks of experimental intervention, mice were 
anesthetized by intravenous injection of 150 mg/kg sodium pentobarbital and euthanized. Blood was drawn from the 
aorta, and the liver and ileum were removed immediately after sacrifice.

Cell culture
The human hepatocellular cell line HepG2 and the human activated hepatic stellate cell (HSC) line LX-2 were obtained 
from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan) and Merck KGaA (Darmstadt, Germany), 
respectively. The human intestinal epithelial cell line Caco-2 was purchased from Riken BRC (Ibaraki, Japan). The cells 
were suspended in Dulbecco’s modified Eagle medium (Nacalai tesque), which was supplemented with 10% fetal bovine 
serum (Thermo Fisher Scientific, Waltham, MA, United States), 1% penicillin-streptomycin, 1% nonessential amino acids, 
and 25 mmol/L glucose and incubated at 37 °C in a 5% CO2 air environment. All assays for the Caco-2 cells were 
performed after 10-20 passages. Depending on each assay, the cells were incubated with EtOH (0-50 mmol/L), EFN (0-30 
μM), GW7647 (10 μM), and GSK3787 (10 μM).

Biochemical analysis
Serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), and gamma glutamyl transferase 
(GGT) were measured using Mouse enzyme-linked immunosorbent assay (ELISA) kits for each enzyme (Abcam).

Histological and immunohistochemical analyses
Paraffin sections (4 μm) of mouse liver and ileum tissues were prepared with hematoxylin and eosin staining and Sirius-
Red staining. Two pathologists independently evaluated liver pathology scores by randomly magnifying 10 fields from 
each slide by 400 × according to previously reported criteria[23]. Cell apoptosis in liver sections was measured by the 
TdT-mediated dUTP Nick End Labeling (TUNEL) assay using an in situ apoptosis detection kit (Takara Bio Inc., Kusatsu, 
Japan) according to the manufacturer’s instructions.

Immunohistochemical detection of Ki67, α-smooth muscle actin (SMA), and F4/80 (Supplementary Table 1) was 
performed on paraffin liver sections (4 μm), and subsequent sections were exposed to HRP-antibody colored with DAB. 
Paraffin ileum sections (4 μm) were prepared for immunofluorescence, incubated with primary antibody overnight, 
followed by the secondary antibody, and then mounted with 4’,6-diamidino-2-phenylindole. The primary antibodies 
included zonula occludens-1 (ZO-1), occludin, and claudin-2 (Supplementary Table 1). The secondary antibodies 
included Alexa Fluor-conjugated secondary antibodies (1:200; Thermo Fisher Scientific). Semiquantitative analysis was 
performed using ImageJ software version 64 (National Institutes of Health, Bethesda, MD, United States).

https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf


Koizumi A et al. PPARα and δ on ALD-related fibrosis

WJG https://www.wjgnet.com 3431 July 28, 2024 Volume 30 Issue 28

Figure 1 Elafibranor on steatohepatitis and lipid accumulation in the alcohol-associated liver disease mice. A: In vivo experimental design; B: 
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Changes in the body weights during the experimental period (n = 10); C: Liver/body weight at the end of experiment (n = 10); D: Serum levels of aspartate 
aminotransferase, alanine aminotransferase and gamma glutamyl transferase (n = 10); E: Serum triglyceride level (n = 10); F: Representative microphotographs of 
hematoxylin and eosin of the livers in the experimental mice; G: Hepatic pathological scores for steatosis and inflammation. Localized magnified images in the lower 
left corner of each picture (n = 10); H: Hepatic triglyceride content; I: Hepatic free fatty acid concentration (n = 10); J-L: Hepatic mRNA level of the markers related to 
lipogenesis (J), lipolysis (K), fatty acid oxidation (L) (n = 10). Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control for real-time quantitative 
polymerase chain reaction. Quantitative values are indicated as fold changes to the values of non-therapeutic group. Data are the mean ± SD. bP < 0.01 vs non-
therapeutic group; cP < 0.05 vs vehicle-treated alcohol-associated liver disease group; dP < 0.01 vs vehicle-treated alcohol-associated liver disease group, significant 
difference between groups by Student’s t-test. NT: Non-therapeutic group; Veh: Vehicle-treated alcohol-associated liver disease group; EFN-L: Elafiblanor (3 
mg/kg/day)-treated alcohol-associated liver disease group; EFN-H: Elafibranor (10 mg/kg/day)-treated alcohol-associated liver disease group; NLD: Normal liquid 
diet; EtOH: Ethanol; CCL4: Carbon tetrachloride; EFN: Elafiblanor; Lw: Liver weight; Bw: Body weight; AST: Aspartate aminotransferase; ALT: Alanine 
aminotransferase; GGT: Gamma glutamyl transferase; TG: Triglyceride; H&E: Hematoxylin and eosin; FFA: Free fatty acid; FA: Fatty acid.

Real-time quantitative polymerase chain reaction
Total RNA was isolated from mouse liver and ileum tissue specimens and whole cell lysates using Trizol kit (Sigma-
Aldrich, Inc, St. Louis, MO, United States) according to the manufacturer’s instruction. The RNA was cleaned using the 
QiagenRNeasy miniRNA cleanup kit (Qiagen, Valencia, CA, United States). The concentration of total RNA was 
performed by measuring the absorbance of RNA sample solutions at 260 nm by using a NanoDrop ND-1000 UV-Vis 
(Thermo Fisher Scientific). Total RNA (1.0 μg) was reverse transcribed using iScript cDNA reverse transcription kits (Bio-
Rad, Hercules, CA, United States) according to the manufacturer’s instructions. Quantitative polymerase chain reaction 
was performed using the Fast Start Universal SYBR Green Master Mix (Applied Biosystems, Foster City, CA, United 
States). Real-time quantitative polymerase chain reaction was performed using Applied Biosystems® 7500 Real-Time PCR 
Systems (Thermo Fisher Scientific) with corresponding primers (Supplementary Table 2). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was simultaneously assayed as a loading control. Data was analyzed using a 2-ΔΔCT method.

Western blotting
According to the standard protocol, proteins were isolated from the mouse liver and ileum tissues in RIPA lysis buffer 
(Sigma-Aldrich, St. Louis, MO, United States) plus Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher 
Scientific). The protein concentrations were measured by Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) and 
normalized to 2.5 μg/μL. Protein samples were separated by sodium-dodecyl sulfate gel electrophoresis (Thermo Fisher 
Scientific) and transferred to an Invitrolon™ polyvinylidene fluoride membrane (Thermo Fisher Scientific). After sealing 
with 5% skimmed milk, the membranes were successively incubated overnight at 4 °C with diluted primary antibodies, 
including LC3, IκBα, p-NFκB, NF-κB, Bcl-2, and Mcl-1 (Supplementary Table 1). The next day, the membrane was washed 
and incubated with Amersham ECL IgG and HRP-linked F(ab)2 fragment (1:5000, Cytiva, Tokyo, Japan) as secondary 
antibodies. Chemiluminescence was detected using a Clarity Western ECL Substrate (Bio-Rad, Hercules, CA, United 
States) with Bright™ CL1500 Imaging System (Thermo Fisher Scientific). Densitometric analysis was performed using 
ImageJ software version 64 (NIH).

TG and free fatty acid concentrations
The TG content in mouse serum, liver tissue, and cultured HepG2 was measured using Triglyceride-Glo™ Assay 
(Promega, Madison, WI, United States), following the manufacturer’s instructions. The free fatty acid content in mouse 
liver tissue was determined using the Free Fatty Acid Assay Kit (Abcam), according to the manufacturer’s instructions. 
Protein content was normalized using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).

Cleaved caspase-3 levels and caspase-3/7 activity
To assess in vivo cell apoptosis, the cleaved caspase-3 concentrations in mouse liver and ileum tissues were measured 
using the Cleaved-Caspase-3 (D175) ELISA Kit (Raybiotech, Norcross, GA, United States), according to the 
manufacturer’s instructions. Protein content was normalized using Pierce™ BCA Protein Assay Kit (Thermo Fisher 
Scientific). In vitro apoptosis in the HepG2 and Caco-2 cells (1 × 106 cells) was determined using the Caspase-Glo 3/7 
Assay System (Promega), according to the manufacturer’s instructions.

Superoxide dismutase 1 and catalase levels
The levels of the antioxidant enzymes superoxide dismutase 1 (SOD1) and catalase (CAT) in mouse liver tissue were 
measured using a Mouse Superoxide Dismutase 1 ELISA Kit (Abcam) and a Mouse Catalase ELISA Kit (CUSABIO, 
Houston, TX, United States), respectively, following the manufacturers’ instructions. Both enzyme levels were also 
determined in the cultured HepG2 cells using the Human Superoxide Dismutase 1 ELISA Kit and Human Catalase ELISA 
Kit (Abcam), respectively, following the manufacturers’ instructions.

Hydroxyproline and tissue inhibitor of metalloproteinase 1 levels and matrix metalloproteinase activity
The mouse liver tissue concentrations of hydroxyproline and tissue inhibitor of metalloproteinase 1 (TIMP1) and activity 
of matrix metalloproteinase (MMP) 2, MMP9, and MMP13 were assessed using a Hydroxyproline Assay Kit (Cell Biolabs, 
San Diego), Mouse TIMP1 ELISA Kit (Abcam) and SensoLyte 490 MMP2, MMP9, and MMP-13 Assay Kits (AnaSpec, 
Fremont, CA, United States), respectively, following the manufacturers’ instructions.

https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/49d6789f-f35d-45f9-9616-2c6beece6753/93392-supplementary-material.pdf


Koizumi A et al. PPARα and δ on ALD-related fibrosis

WJG https://www.wjgnet.com 3433 July 28, 2024 Volume 30 Issue 28

Fluorescein isothiocyanate-dextran intestinal permeability assay
The intestinal permeability was assessed by the in vivo fluorescein isothiocyanate (FITC)-dextran permeability assay using 
additional experimental mice groups (n = 10 for each group)[24]. After a 12-hour fast, the mice were administered a dose 
of FITC-dextran (4 kDa) (Sigma-Aldrich) (600 mg/kg) dissolved in sterile phosphate-buffered saline by oral cannulation. 
Then, 2.5 hours after FITC–dextran administration, approximately 200 μL of blood was drawn via the portal vein and 
centrifuged for 15 minutes at 3500 × g at 4 °C. The plasma FITC-dextran concentrations were assessed in a plate reader 
with an excitation wavelength of 490 nm and an emission wavelength of 520 nm.

Cell viability and proliferation assays
HepG2 or LX-2 cells were seeded in 96-well plates (5 × 104 cells/well) with Dulbecco’s modified Eagle medium 
containing 10% fetal bovine serum for 24 hours. Thereafter, the cells were exposed with/without EtOH (50 mmol/L) and 
in different concentrations of EFN (0-30 μM). Cell viability was determined using WST-8 Assay Kit (Abcam), according to 
the manufacturer’s protocol.

Transepithelial electrical resistance
To evaluate the epithelial barrier function in Caco-2 cells, transepithelial electrical resistance (TEER) was measured using 
a Millicell-ERS device (Millipore Corp., Bedford, MA, United States), as previously described[25]. The result was 
multiplied by the effective membrane area to obtain the final TEER value. The electrical resistance was expressed in units 
of Ω/cm2 using the surface area of the Trans-well insert.

Statistical analyses
Data are presented as mean ± SD. Statistical significance was analyzed with a 2-sided Student’s t-test or one-way analysis 
of variance, followed by Bonferroni’s multiple comparison test, as appropriate using GraphPad Prism version 9.0 
(GraphPad Software, La Jolla, CA, United States). Statistical significance was defined as a P < 0.05. Additional methods 
can be found online in the Supplementary material.

RESULTS
Effect of EFN on the activation of hepatic PPARα/δ signaling in the ALD mice
Figure 1A displays the in vivo study design to assess the effects of EFN on EtOH + CCl4-induced ALD-related liver injury 
in mice. Initially, we verified the effect of EFN on the activation of PPARα and PPARδ signaling in the liver and intestinal 
tissues of ALD mice. In the ALD mice, the hepatic expression of PPARA was decreased and treatment with EFN increased 
its expression (Supplementary Figure 1A). PPARα plays a key role in the regulation of lipid metabolism in the liver of 
ALD by phospholipase A2 (PLA2)/cyclooxygenase (COX)-2 pathway[26]. Consistently, treatment with EFN increased the 
hepatic level of PLA2 and COX-2 in parallel with increased hepatic PPARA expression in the ALD mice (Supplementary 
Figure 1B). Meanwhile, the hepatic expression of PPARD was also decreased in the ALD mice but treatment with EFN 
did not alter the hepatic expression of PPARD as well as its target gene, Cyp2b10 (Supplementary Figure 1C and D)[27].

EFN reduced steatohepatitis and lipid accumulation in the ALD mice
Compared with the control female mice, the ALD mice demonstrated inhibited body weight gain, and treatment with 
both low and high doses of EFN did not significantly alter the body weight loss in the ALD mice (Figure 1B). Meanwhile, 
the ALD mice showed marked hepatomegaly, which was attenuated by treatment with high-dose EFN (Figure 1C). The 
serum levels of AST, ALT, and GGT were markedly elevated in the ALD mice, and treatment with EFN significantly 
reduced the levels of AST and ALT but did not affect the GGT level (Figure 1D). As shown in Figure 1E, the ALD mice 
exhibited hypertriglyceridemia, which was suppressed by EFN treatment. Histological analysis revealed hepatic steatosis 
and necroinflammation in the ALD mice, and these histological changes were attenuated by EFN treatment (Figure 1F 
and G). In accordance with the attenuation of hepatic steatosis, EFN treatment significantly reduced the hepatic levels of 
TG and free fatty acid (Figure 1H and I). These inhibitory effects of EFN on steatohepatitis were also observed in male 
mice as well as female mice (Supplementary Figure 2A-D).

Next, we evaluated the effect of EFN on lipid metabolism in the liver of the ALD mice. EFN did not change the hepatic 
mRNA levels of the lipogenesis-related markers, including Srebf1, Fasn, and Scd1 (Figure 1J). Meanwhile, treatment with 
EFN significantly increased the hepatic expressions of the markers related with lipolysis (i.e., Lipe, Plin2, and Mgll) and 
fatty acid oxidation (i.e., Acaa1b, Acox1, Cpt1b, and Cpt2) (Figure 1K and L).

EFN suppressed hepatocyte apoptosis by improving autophagy and antioxidant activity in the ALD mice
We next assessed the effect of EFN on hepatocyte cell death in the ALD mice. In accordance with the progression of 
steatosis and necroinflammation, the number of TUNEL-positive apoptotic hepatocytes were higher, whereas the number 
of Ki67-positive proliferative hepatocytes were lower in the ALD mice than in the control mice (Figure 2A and B). EFN 
treatment significantly decreased the apoptosis and increased hepatocyte proliferation in the ALD mice (Figure 2A and 
B). Reflecting hepatocyte apoptosis, the level of cleaved caspase-3 in the liver tissue increased in the ALD mice, and this 
was suppressed by EFN treatment (Figure 2C). The autophagy-related markers, including hepatic LC3-II levels, and the 
expression of Atg7 and Beclin-1 were decreased in the ALD mice, indicating that EtOH + CCl4 administration impaired 
autophagy in mice (Figure 2D and E). To support this inference, the ALD mice showed an increase in the hepatic 
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Figure 2 Elafibranor on hepatocyte cell death, autophagy and oxidative stress in the alcohol-associated liver disease mice. A: 
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Representative microphotographs of TdT-mediated dUTP Nick End Labeling (TUNEL) and Ki67 staining of the livers in the experimental mice; B: Quantification of 
TUNEL-positive hepatocytes and Ki67-positive hepatocytes in high-power field (n = 10); C: Cleaved caspase-3 level in the liver tissue (n = 10); D: Western blot for 
LC3-1 and 2 protein level in the liver tissue. Actin was used as an internal control (n = 3); E: Hepatic mRNA level of the markers related to autophagy (n = 10); F: 
Hepatic level of antioxidant enzymes, superoxide dismutase 1 and catalase (n = 10). Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control for 
real-time quantitative polymerase chain reaction (E and F). Quantitative values are indicated as fold changes to the values of non-therapeutic group (C-E). Data are 
the mean ± SD. bP < 0.01 vs non-therapeutic group; cP < 0.05 vs vehicle-treated alcohol-associated liver disease group; dP < 0.01 vs vehicle-treated alcohol-
associated liver disease group, significant difference between groups by Student’s t-test. NT: Non-therapeutic group; Veh: Vehicle-treated alcohol-associated liver 
disease group; EFN-L: Elafiblanor (3 mg/kg/day)-treated alcohol-associated liver disease group; EFN-H: Elafibranor (10 mg/kg/day)-treated alcohol-associated liver 
disease group; TUNEL: TdT-mediated dUTP Nick End Labeling; SOD: Superoxide dismutase; CAT: Catalase.

expression of p62, which is a predictor of autophagy flux and is inversely correlated with autophagy activity (Figure 2E). 
Treatment with EFN induced the upregulation of LC3-II, Atg7, and Beclin-1 and downregulation of p62 (Figure 2D and E). 
Moreover, EFN treatment increased the hepatic levels of antioxidant markers, including SOD1 and CAT, in the ALD mice 
(Figure 2F).

EFN exerted an antifibrotic effect in the ALD mice
The ALD mice exhibited fibrotic livers as identified by Sirius-Red staining of liver sections (Figure 3A). Treatment with 
EFN markedly reduced hepatic fibrosis at both doses (3 and 10 mg/kg), as well as the number of α-SMA+ myofibroblasts, 
which was increased in ALD mice (Figure 3A and B). Semiquantitative analysis showed that the degree of liver fibrosis 
and HSC expansion was reduced to less than 50% after treatment with EFN, especially at a high dose (Figure 3B). Similar 
to what was observed in the effect on steatohepatitis, the inhibition of fibrosis by EFN was observed not only in female 
mice but also in male mice (Supplementary Figure 3A and B). In accordance with these changes in the histological 
features, EFN treatment reduced the hepatic content of hydroxyproline in the ALD mice (Figure 3C). Moreover, the ALD 
mice had increased hepatic mRNA expressions of profibrotic genes (i.e., Acta2, Col1a1, and Tgfb1), and this effect was 
suppressed by EFN treatment (Figure 3D). We also assessed the activity of MMPs in regulating extracellular matrix 
homeostasis. As shown in Figure 3E, the ALD mice exhibited increased activity of hepatic MMP2, MMP9, and MMP13, 
and this effect was reduced by EFN treatment. These effects of EFN on MMP activity were associated with a decrease in 
hepatic TIMP-1 levels (Figure 3F).

EFN protected against EtOH-stimulated steatosis and apoptosis in HepG2 cells but did not directly affect LX-2 cells
Following the ameliorative effect of EFN on alcoholic liver injury in mice, we analyzed its effects on hepatocytes and 
activated HSCs using HepG2 and LX-2 cells. EtOH exposure increased the TG levels in HepG2 cells, and EFN effectively 
suppressed this effect in a dose-dependent manner (Figure 4A). Regarding the markers of lipid metabolism, EFN did not 
change the mRNA expression of SREBF1, but it increased those of LIPE, CPT1B, and CPT2 in the EtOH-exposed HepG2 
cells (Figure 4B). Interestingly, the effect of EFN on lipid accumulation was negated by pretreatment with GW7647 but 
was not changed by GSK3787 (Figure 4B), suggesting that this effect was mainly mediated by PPARα activation. As 
shown in Figure 4C-E, EFN dose-dependently suppressed the decline in cell viability and increased caspase-3/7 activity 
in EtOH-stimulated HepG2 cells. We also found that EFN improved autophagic activity, as indicated by the upregulation 
of Atg7 and Beclin-1 and the downregulation of p62 in the EtOH-stimulated HepG2 cells (Figure 4F). Moreover, EFN 
treatment increased the production of antioxidant markers in HepG2 cells (Figure 4G). These effects on cell survival, 
autophagy, and oxidative stress were predominantly inhibited by pretreatment with GW7647 (Figure 4D-G). In contrast, 
EFN did not affect cell proliferation or profibrogenic activity in the EtOH-stimulated LX-2 cells (Figure 4H and I).

EFN inhibited macrophage activation and TLR4/NF-κB signaling in the liver of ALD mice
The inflammatory status in the ALD mice liver was examined based on the EFN-induced improvement in hepatic inflam-
mation and fibrosis. F4/80+ macrophages infiltration was observed in the liver of the ALD mice, which was attenuated by 
EFN treatment (Figure 5A and B). In the pathogenesis of ALD progression, the LPS/TLR4 pathway plays a key role in the 
hepatic activation of macrophages[9-11]. As shown in Figure 5C and D, the ALD mice showed an increase in hepatic 
mRNA levels of LPS-binding protein (Lbp), a reactant that mediates innate immune responses triggered by LPS, and Tlr4 
and its coreceptor Cd14, which can recognize LPS. Notably, the upregulation of these genes was significantly suppressed 
by EFN treatment (Figure 5C and D).

In ALD mice, these increased mRNA expression levels were accompanied by decreased IκBα protein levels and 
augmented phosphorylation of NF-κB, indicating IκBα degradation and NF-κB phosphorylation (Figure 5E and F). EFN 
treatment attenuated the TLR4-mediated activation of NF-κB in the ALD mice, consistent with the reduced hepatic 
overload of LPS (Figure 5E and F). Consequently, EFN treatment reduced the hepatic expression of the proinflammatory 
cytokines tumor necrosis factor-alpha (Tnfa), interleukin-6 (Il6), and Il1b and the chemokine Ccl2, which were increased in 
the ALD mice (Figure 5G and H).

EFN protected the gut barrier integrity and restored intestinal autophagic activity in the ALD mice
Given that EFN reduced the hepatic Lbp expression (Figure 5C), we focused on the effect of EFN on intestinal barrier 
integrity related to LPS influx into the liver. Intestinal PPARA and PPARD expressions were decreased in the ALD mice, 
and treatment with EFN did not alter the intestinal expression of PPARA but increased that of PPARD (Supplementary 
Figure 4A and B). Next, we validated the selected gene expression which is related to PPARδ-mediated gut barrier 
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Figure 3 Elafibranor on hepatic fibrosis development in the alcohol-associated liver disease mice. A: Representative microphotographs of sirius-
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red and α-smooth muscle actin (SMA) staining of the livers in the experimental mice; B: Quantification of sirius-red stained fibrotic area and α-SMA-positive area in 
high-power field (n = 10); C: Hepatic concentration of hydroxyproline (n = 10); D: Hepatic mRNA level of profibrotic markers (n = 10); E: Hepatic activity of matrix 
metalloproteinases (MMP)-2, MMP-9, and MMP-13 (n = 10); F: Hepatic level of tissue inhibitor of metalloproteinase 1 (n = 10). Glyceraldehyde-3-phosphate 
dehydrogenase was used as an internal control for real-time quantitative polymerase chain reaction (D). Quantitative values are indicated as fold changes to the 
values of non-therapeutic group (B, D and E). Data are the mean ± SD. bP < 0.01 vs non-therapeutic group; cP < 0.05 vs vehicle-treated alcohol-associated liver 
disease group; dP < 0.01 vs vehicle-treated alcohol-associated liver disease group, significant difference between groups by Student’s t-test. NT: Non-therapeutic 
group; Veh: Vehicle-treated alcohol-associated liver disease group; EFN-L: Elafiblanor (3 mg/kg/day)-treated alcohol-associated liver disease group; EFN-H: 
Elafibranor (10 mg/kg/day)-treated alcohol-associated liver disease group; α-SMA: α-smooth muscle actin; MMP: Matrix metalloproteinases; TIMP1: Tissue inhibitor 
of metalloproteinase 1.

homeostasis[19]. In the ALD mice, intestinal expression of Ftcd and Sox9 that are involved in reducing tight junction 
proteins (TJPs), increasing inflammation, and inhibiting proliferation of epithelial cells were increased, and those of 
Dhrs9, FoxM1, S100G, and Mgl2 that promote gut barrier function and have anti-inflammatory properties, were decreased 
(Supplementary Figure 4C and D). Notably, these changes in gene expression in ALD mice were significantly attenuated 
by treatment with EFN (Supplementary Figure 4C and D). Figure 6A displays a marked decrease in the intestinal 
expression of TJPs, including ZO-1, occludin, and claudin-2, in the ALD mice. Quantitative analysis revealed a reduced 
TJP expression to less than 25% in the ALD mice, compared with that in the control mice (Figure 6B). Notably, treatment 
with EFN effectively suppressed the loss of TJP expression in the ALD mice (Figure 6A and B). Consistently, the intestinal 
mRNA levels of Zo1, Ocln, and Cldn2 in the ALD mice were decreased by EFN treatment (Figure 6C). Along with the 
decrease in TJP expression, plasma levels of FITC-dextran, which leaked from the intestinal tract into the portal vein, 
were elevated in the ALD mice (Figure 6D). In accordance with the restoration of TJP expression, EFN treatment inhibited 
the leak of FITC-dextran from the intestine, as indicated by the decrease in its portal levels (Figure 6D).

To analyze the mechanism underlying the improvement of intestinal permeability, we further evaluated the effect of 
EFN on apoptosis and inflammation in the intestines of the ALD mice. As shown in Figure 6E, the level of cleaved 
caspase-3 was elevated, indicating promoted apoptosis in the intestine of the ALD mice. Concomitantly, the intestinal 
expressions of the antiapoptotic markers Bcl-2 and Mcl-1 decreased (Figure 6F). We found that the promotion of epithelial 
apoptosis was accompanied by autophagy dysfunction, as indicated by the downregulation of LC3-II; decrease in Atg5, 
Atg7, and Beclin-1; and increase in p62 mRNA expressions in the intestine of the ALD mice (Figure 6F and G). 
Remarkably, EFN treatment suppressed this impaired autophagy-induced epithelial apoptosis (Figure 6E-G). Moreover, 
treatment with EFN decreased the expression of the M1 macrophage markers Tnfa, Il1b, and Nos2 and increased the 
expression of the M2 macrophage marker Arg in the intestine of the ALD mice (Figure 6H).

EFN directly improved EtOH-stimulated apoptosis and permeability in Caco-2 cells
We further investigated the direct effects of EFN on intestinal barrier function using Caco-2 human intestinal cells. EtOH 
stimulation dose-dependently deprived the Caco-2 cells of TJP expression and the results showed that EtOH stimulation 
at 50 mmol/L induced the greatest decrease in TJP expression (Figure 7A). Consequently, TEER, which is a vital indicator 
of epithelial cellular barrier integrity, was decreased by EtOH stimulation (Figure 7B). Treatment with EFN dose-
dependently restored TJP expression and attenuated the TEER decline in the EtOH (50 mmol/L)-stimulated Caco-2 cells 
(Figure 7C and D). These effects of EFN on intestinal barrier function were inhibited by GW7647 and GSK3787 at a 
significantly stronger degree by the latter (Figure 7C and D). These results suggested that the effect of EFN on intestinal 
barrier function appeared to be predominantly mediated by PPARδ activation rather than by PPARα activation. 
Reflecting the effect on the ALD mice, EFN significantly reduced caspase-3/7 activity, which was elevated after EtOH 
stimulation of the Caco-2 cells (Figure 7E). This antiapoptotic effect of EFN was accompanied by an improvement in 
autophagic activity, as indicated by the increased expressions of ATG5, ATG7, and BECLIN-1 and the decreased 
expression of p62 (Figure 7F). Consistent with its action on intestinal barrier function, EFN was suggested to exert its 
effects mainly through PPARδ agonism.

DISCUSSION
ALD is based on two conditions, including hepatic injury and addictive disorder. Alcohol cessation is the cornerstone of 
treatment and should be recommended to all patients with ALD. In fact, abstinence from excessive alcohol consumption 
has been shown to improve clinical outcomes and prognosis, even in patients with ALD-related liver cirrhosis[28-30]. 
However, for most patients who seek treatment, considering sobriety as an acceptable, desirable, or realistic treatment 
goal is difficult[28-30]. The present study demonstrated that EFN, which is a dual PPARα/PPARδ agonist, effectively 
prevented hepatic steatosis, inflammation, and fibrosis in an EtOH + CCl4-induced ALD mice model. We determined the 
following multifaceted underlying mechanism that was mediated by PPARα/PPARδ activation: (1) Suppression of lipid 
accumulation and improvement of autophagy in hepatocytes, which reduced apoptosis and enhanced antioxidant 
activities; and (2) Blockade of hepatic influx of LPS by repairing intestinal barrier integrity.

In response to alcohol abuse, lipid accumulation in hepatocytes is the initial stage of ALD[4-8]. Excessive alcohol intake 
increases the cytosolic NADH/NAD+ ratio in hepatocytes and impairs mitochondrial fatty acid β-oxidation, resulting in 
lipid accumulation[4-8,31]. Our gene expression analysis suggested that the inhibitory effect of EFN on lipid accumu-
lation was based on the augmentation of lipolysis and fatty acid oxidation rather than on the inhibition of lipogenesis. 
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Figure 4 Elafibranor on the ethanol-stimulated human hepatocytes and human hepatic stellate cells. A: Intracellular triglyceride content in HepG2 
cells (n = 6); B: Intracellular mRNA level of the markers related to lipid metabolism in HepG2 cells (n = 6); C: Chronological change in HepG2 cell viability by 
treatment with ethanol (EtOH) and/or elafibtanor (EFN) (n = 6); D: Effect of a selective antagonists of peroxisome proliferator activated receptor (PPAR)α (GW7647) 
or PPARδ (GSK3787) on EtOH and EFN-treated HepG2 cell viability (incubation for 48 hours) (n = 6); E: Intracellular caspase 3/7 activity in HepG2 cells (n = 6); F: 
Intracellular mRNA level of the markers related to autophagy in HepG2 cells (n = 6); G: Intracellular levels of superoxide dismutase 1 and catalase in HepG2 cells (n 
= 6). HepG2 cells were incubated with (A and C) EtOH (0 or 50 mmol/L) and EFN (0, 5, 10, 30 μM) for 24 hours (A) or 0, 12, 24, and 48 hours (C), EtOH (0 or 50 
mmol/L) and EFN (0 or 30 μM) for 48 hour following pretreatment with GW7647 (10 μM) or GSK3787 (10 μM) for 6 hours (B, D-G); H: Chronological change in LX-2 
cell proliferation by treatment with EtOH and/or EFN (n = 6); I: Intracellular mRNA level of the profibrotic markers in LX-2 cells (n = 6). LX-2 cells were incubated with 
EtOH (0 or 50 mmol/L) and EFN (0, 5, 10, and 30 μM) for 0, 24, 48 hours (H) or 24 hours (I). Glyceraldehyde-3-phosphate dehydrogenase was used as an internal 
control for real-time quantitative polymerase chain reaction (B, F and I). Quantitative values are indicated as fold changes to the values of EtOH (-)/EFN (0 μM)-
treated group (B-F, H and I). Data are the mean ± SD. bP < 0.01 vs ethanol (-)/elafibtanor (0 μM)-treated group; dP < 0.01 vs ethanol (+)/elafibtanor (0 μM)-treated 
group; fP < 0.01 vs ethanol (+)/elafibtanor (30 μM)-treated group. EtOH: Ethanol; EFN: Elafibtanor; SOD: Superoxide dismutase; CAT: Catalase; TG: Triglyceride.
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Figure 5 Elafibranor on Kupffer cell-mediated inflammatory response in the alcohol-associated liver disease mice. A: Representative 
microphotographs of F4/80 staining of the livers in the experimental mice; B: Quantification of F4/80-positive cells in high-power field (n = 10); C and D: Hepatic 
mRNA level of lipopolysaccharide-binding protein (C), toll like receptor 4 and CD14 (D) (n = 10); E: Western blot for the protein expression of IκBα, p-nuclear factor 
kappa B (NFκB) and NF-κB in the liver tissue. Actin was used as an internal control; F: Quantification of the protein level of IκBα and the ratio of NF-κB 
phosphorylation based on western blotting (n = 10); G and H: Hepatic mRNA level of tumor necrosis factor-alpha, interleukin 1β (Il1b), and Il6 (G), and Ccl2 (H) (n = 
10). Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control for real-time quantitative polymerase chain reaction (C, D, G and H). Quantitative 
values are indicated as fold changes to the values of non-therapeutic group. Data are the mean ± SD. aP < 0.05 vs non-therapeutic group; bP < 0.01 vs non-
therapeutic group; cP < 0.05 vs vehicle-treated alcohol-associated liver disease group; dP < 0.01 vs vehicle-treated alcohol-associated liver disease group, significant 
difference between groups by Student’s t-test. NT: Non-therapeutic group; Veh: Vehicle-treated alcohol-associated liver disease group; EFN-L: Elafiblanor (3 
mg/kg/day)-treated alcohol-associated liver disease group; EFN-H: Elafibranor (10 mg/kg/day)-treated alcohol-associated liver disease group; NF-κB: Nuclear factor 
kappa B; Lbp: Lipopolysaccharide-binding protein; TLR: Toll like receptor; TNF: Tumor necrosis factor; IL: Interleukin.
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Figure 6 Elafibranor on intestinal barrier function in the alcohol-associated liver disease mice. A: Representative microphotographs of ileum 
sections immunofluorescent stained with tight junction proteins (TJPs) including zonula occludens-1 (ZO-1), occludin and claudin-2; B: Quantitation of ZO-1, occludin 
and claudin-2 immunopositive area in high-power field (n = 10); C: Intestinal mRNA levels of TJPs (n = 10); D: Blood levels of fluorescein isothiocyanate-dextran (4 
kDa) 4 hours after oral administration (n = 3); E: Cleaved caspase-3 level in the ileum tissue (n = 10); F: Western blot for the protein expression of Bcl-2, Mcl-1 and 
LC3-1 and 2 in the ileum tissue. Actin was used as an internal control; G and H: Intestinal mRNA level of the markers related to autophagy (G) and macrophage 
activation (H) (n = 10). Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control for real-time quantitative polymerase chain reaction (C, G, and 
H). Quantitative values are indicated as fold changes to the values of non-therapeutic group (B, C, E-H). Data are the mean ± SD. aP < 0.05 vs non-therapeutic 
group; bP < 0.01 vs non-therapeutic group; cP < 0.05 vs vehicle-treated alcohol-associated liver disease group; dP < 0.01 vs vehicle-treated alcohol-associated liver 
disease group, significant difference between groups by Student’s t-test. NT: Non-therapeutic group; Veh: Vehicle-treated alcohol-associated liver disease group; 
EFN-L: Elafiblanor (3 mg/kg/day)-treated alcohol-associated liver disease group; EFN-H: Elafibranor (10 mg/kg/day)-treated alcohol-associated liver disease group; 
ZO-1: Zonula occludens-1; TNF: Tumor necrosis factor; IL: Interleukin; FITC: Fluorescein isothiocyanate.

Moreover, several studies have shown that autophagy protects the liver from alcohol-induced injury[32,33]. Autophagy is 
known to promote cell survival by supplying nutrients during starvation and by selectively scavenging damaged 
organelles, such as mitochondria[34]. Proper autophagy, such as mitophagy and lipid autophagy, assists in improving 
alcohol-induced liver dysfunction, which leads to apoptosis secondary to damaged mitochondria and reactive oxygen 
species accumulation in hepatocytes[29,35]. In the current study, EFN treatment attenuated hepatocyte apoptosis, with 
improved autophagy and enhanced antioxidant capacity, in accordance with reduced lipid accumulation in the liver of 
the ALD mice. Notably, the cell-based assay elucidated that these effects on EtOH-exposed HepG2 cells were predom-
inantly mediated by PPARα activation. Downregulation and/or dysfunction of PPARα is involved in the development of 
ALD[36]. Kong et al[37] reported that pharmacological activation of PPARα attenuated steatohepatitis by increasing lipid 
oxidation and downregulating proinflammatory factors in ALD models. In addition, the hepatic expression and 
transcriptional activity of PPARα are closely associated with the induction of autophagy by directly increasing the 
expression of several autophagy genes, such as LC3B[38]. Moreover, a recent animal study has shown that PPARα 
activation reversed murine alcoholic liver injury and increased the levels of antioxidant enzymes, including CAT and 
SOD1[39,40]. We used HepG2 cells as the hepatocyte-like cells for in vitro study. HepG2 cells are used to identify the 
effects of alcohol on human hepatocyte-like cells due to the expression of ADH4, which metabolizes EtOH[41-43]. 
Moreover, HepG2 cells have been used to evaluate the PPAR-mediated pharmacological effect (including EFN) against 
hepatocyte injury[44-46]. Therefore, there are no major obstacles to the use of HepG2 cells as human hepatocyte-like cells 
in the present study. On the other hand, since HepG2 cells are essentially a hepatocellular carcinoma cell line, analysis of 
the effects of EFN using primary cultured hepatocytes would be an issue for future study.

In some studies, a PPARα agonist was shown to ameliorate alcoholic liver injury, but its effect on liver fibrosis is 
unknown or limited. Our findings demonstrated a marked inhibitory effect of EFN on liver fibrosis in the ALD mice. EFN 
did not show a direct effect on LX-2 cells, which are activated HSCs, but it inhibited hepatic LPS/TLR4 pathway and 
proinflammatory response, which both play crucial roles in the development of ALD-related fibrosis. Therefore, we 
focused on the effect of EFN on intestinal barrier function, which functionally regulates LPS influx to the liver. We and 
another group have reported that EtOH + CCl4-treated ALD mice showed intestinal barrier disruption and downregu-
lation of intestinal TJPs, including ZO-1, occludin, and claudin-2[25,47,48]. EFN effectively restored the expression of 
TJPs, resulting in reduced intestinal permeability and hepatic LPS influx in the ALD mice. Moreover, we confirmed the 
protective effect of EFN on intestinal barrier function in EtOH-exposed Caco-2 cells. A previous report showed that EFN 



Koizumi A et al. PPARα and δ on ALD-related fibrosis

WJG https://www.wjgnet.com 3442 July 28, 2024 Volume 30 Issue 28

Figure 7 Elafibranor on the ethanol-stimulated human intestinal epithelial cells. A: Intracellular mRNA levels of tight junction proteins (TJPs) including 
zonula occludens-1 (ZO-1), Ocln, and Cldn2 in ethanol (EtOH)-stimulated Caco-2 cells (n = 6); B: Integrity of the epithelial cellular barrier in EtOH-stimulated Caco-2 
cells determined as transepithelial electrical resistance (TEER) (n = 6). Cells were incubated with different concentration of EtOH (0, 10, 25, and 50 mmol/L) for 120 
minutes (A) and 0, 30, 60, and 120 minutes (B); C: Effect of elafibranor (EFN) on the TJPs mRNA expression in the EtOH-stimulated Caco-2 cells (n = 6); D: Effect of 
EFN on the TEER in the EtOH-stimulated Caco-2 cells (n = 6). Cells were incubated with EtOH (0 or 50 mmol/L) and EFN (0, 5, 10, 30 μM) for 120 minutes (C) or 0, 
30, 60, and 120 minutes (D) following pretreatment with GW7647 (10 μM) or GSK3787 (10 μM) for 15 minutes; E: Effect of EFN on the intracellular caspase 3/7 
activity in the EtOH-stimulated Caco-2 cells (n = 6); F: Effect of EFN on mRNA expression of the markers related to autophagy in the EtOH-stimulated Caco-2 cells (n 
= 6). Cells were incubated with EtOH (0 or 50 mmol/L) and EFN (0 or 30 μM) for 48 hours following pretreatment with a peroxisome proliferator activated receptor 
(PPAR)α antagonist, GW7647 (10 μM) or a PPARδ antagonist, GSK3787 (10 μM) for 6 hours (E and F). Glyceraldehyde-3-phosphate dehydrogenase was used as 
an internal control for real-time quantitative polymerase chain reaction (A, C, and F). Quantitative values are indicated as fold changes to the values of EtOH (-)/EFN 
(0 μM)-treated group (A, C, E, and F). Data are the mean ± SD. bP < 0.01 vs ethanol (-)/elafibranor (0 μM)-treated group; cP < 0.05 vs ethanol (+)/elafibranor (0 μM)-
treated group; dP < 0.01 vs ethanol (+)/elafibranor (0 μM)-treated group; eP < 0.05 vs ethanol (+)/elafibranor (30 μM)-treated group; fP < 0.01 vs ethanol (+)/elafibranor 
(30 μM)-treated group. EtOH: Ethanol; EFN: Elafibtanor; TEER: Transepithelial electrical resistance; ZO-1: Zonula occludens-1.
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restored intestinal integrity in a mouse model of nonalcoholic steatohepatitis; this may be relevant to the findings of the 
present study[46]. Moreover, a recent animal study has demonstrated that EFN increased the Beclin-1 and LC3-II levels 
and autophagy flux and decreased the p62 and caspase levels in the gut of a different ALD model[49]. Interestingly, in 
our study, the effects of EFN on intestinal barrier function were mainly mediated by PPARδ activation. Several 
mechanisms are involved in the regulatory effect of PPARδ activation on intestinal barrier function. PPARδ activation can 
suppress macrophage-driven inflammation by downregulating the intestinal expressions of proinflammatory mediators, 
including monocyte chemotactic protein-1 and IL-1β, and upregulating the expression of various anti-inflammatory genes
[19]. Furthermore, PPARδ activation was reported to augment antiapoptotic pathways in intestinal epithelial cells[49] and 
was suggested to enhance autophagy by increasing Beclin-1 and LC3II expressions in several types of cells[50]. These 
findings supported our results on the prevention of intestinal barrier disruption through EFN-mediated PPARδ 
activation.

Our findings showed that EFN could affect hepatocytes and intestinal epithelial cells by activating PPARα and PPARδ, 
respectively. However, some studies have reported that PPARα activation affects intestinal epithelial cells[51,52]. PPARα 
activation ameliorated chemical-induced colitis and enhanced intestinal barrier function in a rodent model of inflam-
matory bowel disease[51]. In Caco-2 cells, treatment with the PPARα activator fenofibrate protected barrier function, 
attenuated junctional flexure, and increased Claudin-1 expression after exposure to high glucose levels or inflammatory 
cytokines[52]. Meanwhile, PPARδ has also been implicated in lipid metabolism and energy homeostasis in the liver[53]. 
Recent clinical studies demonstrated that treatment with PPARδ agonists reduced the hepatic fat content in overweight 
patients with mixed dyslipidemia[54,55]. Likewise, Tong et al[17] reported that the pharmacological and genetic 
activation of PPARδ had a beneficial effect in attenuating hepatic steatosis by activating autophagy in the hepatocytes of 
obese mice. Despite this reported evidence, our in vitro study on EtOH-stimulated HepG2 or Caco-2 cells suggested that 
the effects of PPARα on intestinal barrier function and PPARδ on hepatocytes were limited. However, the effectiveness of 
EFN might have differed, depending on the experimental model; we did not identify the mechanism for the imbalanced 
effect of EFN. Therefore, further studies using different ALD models are needed to focus on the EFN-mediated effects of 
PPARα on the intestine and of PPARδ on hepatocytes.

In addition to the aforementioned limitation, the role of EFN in bile acid metabolism was not fully examined in the 
current study. A PPARα agonist was reported to inhibit the expression of farnesoid X receptor target genes, thereby, 
reducing hepatic bile acid levels[56]. Furthermore, a PPARδ agonist was found to reduce bile acid accumulation in the 
liver and small intestine, leading to attenuated EtOH-induced liver disease in mice[19]. Because the regulation of bile acid 
is closely associated with both lipid metabolism and intestinal barrier homeostasis, further analysis of the relationship 
between the EFN effect on bile acid metabolism and its ameliorative effect on alcoholic liver injury using the present 
model would be important. Second, our results showed that EFN suppressed the LPS/TLR4 signaling in the liver tissue 
of ALD mice, but the status of TLR4 activation were not specifically evaluated at the macrophage level. It has been 
recognized that LPS/TLR4 pathway also plays a key role in HSC activation[57]. Thus, further studies are needed to prove 
that the reduction of LPS influx into the liver by EFN mainly affects the activation of macrophages, including analysis of 
macrophages and HSCs isolated from experimental mouse models.

Third, we found that EFN had a preventive effect on ALD alongside EtOH + CCl4 exposure. In practice, however, 
pharmacologic treatment is usually given when liver fibrosis has already developed. Thus, further investigation is needed 
using a model of drug administration at the stage of advanced cirrhosis.

CONCLUSION
Taken together, EFN appeared to prevent the development of liver fibrosis in EtOH + CCl4-induced ALD mice. Notably, 
EFN can exert dual pharmacological actions by activating PPARα, which mediated the inhibition of lipid accumulation 
and apoptosis and the enhanced autophagic activity and antioxidative capacity of hepatocytes, and PPARδ, which 
mediated the protection of intestinal barrier function, resulting in suppression of the LPS/TLR4/NF-κB signaling 
pathway in the liver. Although the safety of EFN has been proven in clinical trials on primary biliary cholangitis, our 
results suggested that this drug may eventually emerge as a viable treatment option for ALD.
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