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A B S T R A C T   

Elafibranor is a dual peroxisome proliferator-activated receptor (PPAR)α and β/δ agonist that has reached a 
phase III clinical trial for the treatment of metabolic dysfunction-associated steatotic liver disease (MASLD). 
Here, we examined the effects of elafibranor in mice fed a choline-deficient high-fat diet (CD-HFD), a model of 
metabolic dysfunction-associated steatohepatitis (MASH) that presents obesity and insulin resistance. Our 
findings revealed that elafibranor treatment ameliorated steatosis, inflammation, and fibrogenesis in the livers of 
CD-HFD-fed mice. Unexpectedly, elafibranor also increased the levels of the epithelial-mesenchymal transition 
(EMT)-promoting protein S100A4 via PPARβ/δ activation. The increase in S100A4 protein levels caused by 
elafibranor was accompanied by changes in the levels of markers associated with the EMT program. The S100A4 
induction caused by elafibranor was confirmed in the BRL-3A rat liver cells and a mouse primary hepatocyte 
culture. Furthermore, elafibranor reduced the levels of ASB2, a protein that promotes S100A4 degradation, while 
ASB2 overexpression prevented the stimulating effect of elafibranor on S100A4. Collectively, these findings 
reveal an unexpected hepatic effect of elafibranor on increasing S100A4 and promoting the EMT program.   

Abbreviations: ASB2, ankyrin repeat and suppressor of cytokine signaling box containing 2 protein; CD-HFD, choline-deficient high-fat diet; COL1A1, collagen 
type I α1; CRISPR/dCas9, clustered regularly interspaced short palindromic repeats/deactivated CRISPR-associated protein 9; EMT, epithelial-mesenchymal tran-
sition; ERK, extracellular signal-regulated kinases; FSP1, fibroblast-specific protein 1; GTT, glucose tolerance test; ITT, insulin tolerance test; MASLD, metabolic 
dysfunction-associated steatotic liver disease; MASH, metabolic dysfunction-associated steatohepatitis; PPAR, peroxisome proliferator-activated receptor; siRNA, 
small interfering RNA; α-SMA, α-smooth muscle actin; S100A4, S100 calcium binding protein A4; 16:0/18:1-PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. 
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1. Introduction 

Metabolic dysfunction-associated steatotic liver disease (MASLD) is 
the most common cause of chronic liver disease in individuals without 
significant alcohol consumption. Its major drivers are obesity and in-
sulin resistance. The global prevalence of MASLD in the general popu-
lation is 25% [1], with this percentage increasing to 90% in subjects 
with morbid obesity [2]. MASLD ranges from hepatic steatosis (without 
hepatocyte injury in the form of hepatocyte ballooning) to a more severe 
condition known as metabolic dysfunction-associated steatohepatitis 
(MASH, steatosis with ballooning, inflammation, with or without 
fibrosis). MASH increases the risk of developing more serious diseases 
such as cirrhosis, hepatocellular carcinoma (HCC), and cardiovascular 
disease [3–5]. 

Although many pharmacotherapies are being evaluated for the 
treatment of MASH, there are currently no US Food and Drug Admin-
istration (FDA) approved specific pharmacological drugs for the treat-
ment of this condition. As a result, given the complexity of its 
pathophysiology, the best treatment for this disease might be the use of 
compounds activating several targets or a combination of drugs target-
ing different mechanistic pathways [6]. Following this rationale, elafi-
branor (also known as GFT505), a dual peroxisome 
proliferator-activated receptor α (PPARα) and β/δ agonist was devel-
oped, and has reached a phase III clinical trial. In humans, elafibranor 
was observed to show a modest effect on the histological resolution of 
MASH, but did not demonstrate any significant effect on fibrosis [7], the 
main driver of all-cause and liver-related mortality in MASH patients 
[8]. As a result, elafibranor was discontinued in 2020 because it did not 
meet the predefined primary surrogate endpoint of MASH resolution 
without the worsening of fibrosis [9]. Despite this negative outcome, the 
efficacy of elafibranor will be evaluated in combination with other drugs 
for the treatment of MASH [10]. In PPARα knockout mice, elafibranor 
prevents liver steatosis and inflammation, suggesting that these actions 
are mediated by PPARβ/δ activation [11]. PPARβ/δ is expressed in the 
main liver cell types (hepatocytes, Kupffer cells, cholangiocytes and 
hepatic stellate cells) [12] and its activation hinders the progression of 
MASLD by ameliorating insulin resistance, reducing lipogenesis, and 
alleviating inflammation and endoplasmic reticulum stress [13]. How-
ever, the use of PPARβ/δ agonists as therapeutic agents needs to be 
performed with caution as the activation of this nuclear receptor may 
have tumorigenic effects, although the role of PPARβ/δ in cancer is 
controversial [14]. 

An important process propagating the progression of liver fibrosis is 
the epithelial-mesenchymal transition (EMT). This is a program by 
which epithelial cells, such as hepatocytes and cholangiocytes, lose their 
epithelial phenotype (polarity and adherence) and acquire mesen-
chymal characteristics (motility and invasiveness) [15]. Hepatocyte 
EMT is induced by transforming growth factor β (TGF-β) and carbon 
tetrachloride (CCl4), and is characterized by the downregulation of 
epithelial markers (e.g. E-cadherin) and the upregulation of mesen-
chymal markers such as vimentin and S100 calcium binding protein A4 
(S100A4, also known as fibroblast-specific protein 1, FSP1). Indeed, 
S100A4 is considered an inducer of the EMT program [16]. Interest-
ingly, S100A4-knockout mice fed a methionine-choline-deficient (MCD) 
diet show attenuated liver fibrosis and inflammation, as well as an in-
hibition of hepatocyte apoptosis [17]. S100A4 also seems to play a role 
in liver tumorigeneses, since S100A4-deficient mice develop signifi-
cantly fewer and smaller liver tumor nodules, while showing decreases 
in liver fibrosis and the expression of stem cell markers in the HCC tis-
sues [15]. In fact, increased S100A4 protein levels correlate with poor 
prognosis in several cancers, with S100A4 promoting the development 
of metastasis in mouse models of cancer [17]. The effects of S100A4 
have been associated with the formation of oligomers of this protein, 
which is stimulated by oxidation [18]. Moreover, S100A4 does not 
possess enzymatic activity, but rather interacts with target proteins and 
regulates their activity. Intracellular targets of S100A4 include p53 and 

non-muscle myosin IIA (NMIIA) [19]. Overall, these findings suggest 
that S100A4 is a regulator of both fibrogenesis and tumorigenesis in the 
liver. 

In the present study, we examined the effects of elafibranor in mice 
fed a choline-deficient high-fat diet (CD-HFD), a model of MASH that 
presents obesity and insulin resistance and thus closely resembles 
human MASH [20,21]. Elafibranor treatment improved steatosis, 
inflammation, and fibrogenesis in these mice, but, surprisingly, it 
increased protein level of the EMT-inducer S100A4 through PPARβ/δ 
activation and this increase was accompanied by changes in the levels of 
the markers associated with the EMT program. Our findings also 
revealed that elafibranor reduced levels of the S100A4-degrading E3 
ubiquitin ligase, ankyrin repeat and suppressor of cytokine signaling box 
containing protein 2 (ASB2). Likewise, the increased S100A4 levels 
caused by elafibranor was prevented by the overexpression of ASB2, 
indicating that the reduction of this E3 ubiquitin ligase is the underlying 
mechanism involved in S100A4 upregulation. Overall, these findings 
indicate that PPARβ/δ is a new player in the control of hepatic EMT in 
mice, with potential implications in the regulation of MASH develop-
ment and the promotion of liver tumors. 

2. Materials and methods 

2.1. Reagents 

Control siRNA and S100A4 siRNA were purchased from Santa Cruz 
(Dallas, TX, USA). GW501516, GSK0660 and U0126 were purchased 
from Sigma-Aldrich (Madrid, Spain) and elafibranor from AXON Med-
chem (Groningen, the Netherlands). 

2.2. Mice 

Male C57BL/6 mice (10–12 weeks old) (Envigo, Barcelona, Spain) 
were housed and maintained under a constant temperature (22 ± 2 ◦C) 
and humidity (55%). The mice had free access to water and food and 
were subjected to 12-h light-dark cycles. After 1 week of acclimatiza-
tion, the mice were randomly distributed into three experimental groups 
(n = 6 each) and fed either standard chow (one group) or a choline- 
deficient high-fat diet (CD-HFD; 44.9 kcal% fat, 35.1 kcal% carbohy-
drates, and 20.0 kcal% protein, without added choline; D05010402, 
Research diets, New Brunswick, NJ, USA) (two groups) for 12 weeks. 
Mice fed standard chow and one of the groups of mice fed the CD-HFD 
received one daily p.o. gavage of vehicle (0.5% w/v carboxymethyl-
cellulose), while the remaining group fed the CD-HFD received one daily 
p.o. dose of 10 mg/kg/day of elafibranor dissolved in the vehicle (vol-
ume administered, 1 ml/kg) during the last 4 weeks. In a second study, 
the mice were randomly distributed in three experimental groups (n = 6 
each) and fed either standard chow (one group) or the CD-HFD 
(D05010402, Research Diets) for 12 weeks. Mice fed standard chow 
and one of the groups fed the CD-HFD received one daily p.o. gavage of 
vehicle (0.5% w/v carboxymethylcellulose), while the remaining group 
fed the CD-HFD received one daily p.o. dose of 5 mg/kg/day of the 
PPARβ/δ agonist GW501516 dissolved in the vehicle (volume admin-
istered, 1 ml/kg) during the last 4 weeks. At the end of the treatment, the 
mice were sacrificed, and liver samples were frozen in liquid nitrogen 
and then stored at − 80ºC. In a third study, male (8–9 weeks old) Ppard- 
knockout (Ppard-/-) mice (n = 6) and their wild-type littermates (Ppard+/ 

+) (n = 6) with the same genetic background (C57BL/6 ×129/SV) [50], 
all fed a control diet, were used. The mice were sacrificed, and liver 
samples were frozen in liquid nitrogen and then stored at − 80ºC. 

For the glucose tolerance test (GTT) and insulin tolerance test (ITT), 
the animals received 2 g/kg body weight of glucose and 0.75 IU/kg body 
weight of insulin respectively through an intraperitoneal injection. 
Blood was collected from the tail at 0, 15, 30, 60, and 120 min 

All experiments were performed in accordance with European 
Community Council directive 86/609/EEC. The experimental protocols 
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as well as the number of animals, determined based on the expected 
effect size, were approved by the Institutional Animal Care and Use 
Committee of the University of Barcelona. The reporting of the animal 
studies complied with the ARRIVE guidelines [51]. 

2.3. Liver histology 

For histological staining studies, 4-μm sections obtained from 
formalin-fixed paraffin-embedded samples were stained with hematox-
ylin and eosin (H&E) to assess liver histology, as well as Sirius Red to 
assess fibrosis. Oil Red O staining (Sigma-Aldrich) to assess lipid content 
was performed in frozen 10-μm liver sections. Fifteen images at a 
magnification of 20x were captured to quantify the red-stained collagen 
or lipid droplets, with the red-stained area evaluated per total area using 
Image J. 

2.4. Analysis of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/ 
18:1-PC) 

Total lipids from liver homogenates were extracted according to 
Bligh and Dyer [52], evaporated, and redissolved in methanol-water 
(9:1). Total lipid separation, identification, and quantification were 
carried out by liquid chromatography/mass spectrometry using a Hita-
chi LaChrom Elite L-2130 binary pump and a Hitachi autosampler 
L-2200 (Merck, Darmstadt, Germany) coupled to a Bruker esquire6000 
ion-trap mass spectrometer [53]. The effluent was split, entering at 0.2 
ml/min into the electrospray interface of the mass spectrometer. The 
nebulizer was set to 30 ψ, the dry gas to 8 l/min, and the dry temper-
ature to 350ºC. A Supelcosil LC-18 column of 5 µm particle size, 
measuring 250 × 2.1 mm and with a particle size of 5 µm (Sigma-Al-
drich) was used, protected with by a Supelguard LC-18 guard cartridge 
column measuring 20- × 2.1 -mm guard cartridge column (Sigma-Al-
drich). The mobile phase used was a gradient of solvent A [meth-
anol/water/hexane/ammonium hydroxide, 87.5:10.5:1.5:0.5 
(vol/vol/vol/vol)], solvent B [methanol/hexane/ammonium hydroxide, 
87.5:12:0.5 (vol/vol/vol)], and solvent C [methanol/water, 9:1 (vol/-
vol)]. The gradient started at 100% A, decreased linearly to 50% A (50% 
B) in 17.5 min and to 0% A (100% B) in 12.5 min, before being main-
tained at 100% B for 5 min, changed to 100% C in 3 min, maintained at 
100% C for 9 min, and then changed to 100% B in 3 min. The flow rate 
was 0.5 ml/min and the injection volume was 80 μl. Data acquisition 
was carried out in the full scan and positive mode, detecting PC species 
as [M+H]+ ions with the capillary current set at − 4000 V. The PC 
(16:0/18:1) species were characterized by tandem mass spectrometry in 
the multiple reaction monitoring and negative mode, with a postcolumn 
addition of acetic acid for [M + CH3CO2]-adduct formation (100 μl/h). 
1,2-Dinonadecanoyl-sn-glycero-3-phosphocoline (m/z = 818.6) was 
used as the internal standard and in a calibration curve for 
quantification. 

2.5. Cell culture 

The rat hepatocyte cell line BRL-3 A (P9–13, RRID:CVCL_0606) was 
purchased from the European Collection of Authenticated Cell Cultures 
(ECACC, Salisbury, United Kingdom). Cells were cultured under stan-
dard culture conditions (37 ◦C, 5% CO2) in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin/streptomycin. BRL-3 A cells were incubated in serum-free 
DMEM in the absence (control cells) or presence of elafibranor (different 
concentrations), U0126 (different concentrations), GW501516 (10 µM), 
or GSK0660 (60 µM). 

BRL-3A cells were transiently transfected with 100 nM siRNA against 
S100A4 or the control siRNA in Opti-MEM medium (Thermo Fisher, MA, 
USA) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) (13.2 μl 
per 2.2-ml well) according to the manufacturer’s instructions. 

Mouse primary hepatocytes were isolated from non-fasting male 

C57BL/6 mice (10–12 weeks old) by perfusion with collagenase, as 
described elsewhere [54], and incubated in either the absence (control 
cells) or presence of drugs (elafibranor or GW501516). 

All the cell experiments were repeated at least 4 times and there were 
2 replicates in each experiment. 

2.6. Transfection of the Asb2 CRISPR/dCas9 activation plasmids in BRL- 
3A cells 

To overexpress Asb2 in the BRL-3A cells, the CRISPR/dCas9 activa-
tion system was used. The Asb2 CRISPR/dCas9 activation plasmid (sc- 
425766-ACT; Santa Cruz Biotechnology) consisted of a pool of three 
plasmids designed to overexpress the Asb2 gene. The control CRISPR/ 
dCas9 activation plasmid (sc-437275; Santa Cruz Biotechnology) was 
used as a negative control. Plasmid transfection medium and Lipofect-
amine 2000 were used according to the manufacturer’s protocol. Briefly, 
cells (1 ×105 cells per well) were seeded in 6-well culture plates of 1.5 
ml antibiotic-free DMEM 24 h before transfection and grown to 50–60% 
confluence. Cells were transfected with 1.5 µg of the Asb2 CRISPR/ 
dCas9 activation system (Santa Cruz Biotechnology), using Lipofect-
amine 2000 in Opti-MEM medium (Santa Cruz Biotechnology) and 
incubated at 37ºC with 5% CO2. Three days after transfection, the cells 
were used for evaluation. 

2.7. Reverse transcription-polymerase chain reaction and quantitative 
polymerase chain reaction 

Isolated RNA was reverse transcribed to obtain 1 μg of complemen-
tary DNA (cDNA) using Random Hexamers (Thermo Scientific), 10 mM 
deoxynucleotide (dNTP) mix and the reverse transcriptase enzyme 
derived from the Moloney murine leukemia virus (MMLV, Thermo 
Fisher). The experiment was run in a thermocycler (BioRad) and con-
sisted of a program with different steps and temperatures: 65 ◦C for 5 
min, 4 ◦C for 5 min, 37 ◦C for 2 min, 25 ◦C for 10 min, 37 ◦C for 50 min, 
and 70 ◦C for 15 min. The relative levels of specific mRNAs were 
assessed by real-time RT-PCR in a Mini 48-Well T100™ thermal cycler 
(Bio-Rad), using the SYBR Green Master Mix (Applied Biosystems), as 
previously described [55]. Briefly, samples had a final volume of 20 μl, 
with 20 ng of total cDNA, 0.9 μM of the primer mix, and 10 μl of 2x SYBR 
Green Master Mix. The thermal cycler protocol for real-time PCR 
included a first step of denaturation at 95 ◦C for 10 min followed by 40 
repeated cycles of 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s for 
denaturation, primer annealing, and amplification respectively. Primer 
sequences were designed using the Primer-BLAST tool (NCBI), based on 
the full mRNA sequences to find the optimal primers for amplification, 
and evaluated with the Oligo-Analyzer Tool (Integrated DNA Technol-
ogies) to ensure an optimal melting temperature (Tm) and avoid the 
formation of homo/heterodimers or non-specific structures that can 
interfere with the interpretation of the results. The primer sequences 
were designed specifically to span the junction between the exons. The 
primer sequences used are provided in Supplementary Table 1. Values 
were normalized to the glyceraldehyde 3-phosphate dehydrogenase 
(Gapdh) or adenine phosphoribosyltransferase (Aprt) expression levels, 
and measurements were performed in triplicate. All changes in expres-
sion were normalized to the untreated control. 

2.8. Immunoblotting 

The isolation of total protein extracts was performed as described 
elsewhere [25]. Immunoblotting was performed with antibodies against 
β-actin (Sigma, A5441), E-cadherin (Santa Cruz, sc-8426), COL1A1 (Cell 
Signaling, 91144 S), phosphorylated (p)44/42 MAPK (Erk1/2) (Cell 
Signaling, 9194 s), phosphorylated (p) p44/42 MAPK (Erk1/2) 
Thr202/Tyr204 (Cell Signaling, 9101 s), filamin A (Santa Cruz, 
sc-376241), GAPDH (G-9) (Santa Cruz, sc-365062), α-SMA (Invitrogen, 
14–9760–82), S100A4/FSP1 (EMD Millipore, o7–2274), α-tubulin 
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(Sigma, T6074), and vimentin (Santa Cruz, sc-6260). The serum raised 
against a peptide common to the ASB2α and ASB2β isoforms was pro-
vided by C. Moog-Lutz (IPBS, Toulouse, France) [32]. Signal acquisition 
was conducted using the Bio-Rad ChemiDoc apparatus and quantifica-
tion of the immunoblot signal was performed with the Bio-Rad Image 
Lab software. The results for protein quantification were normalized to 
the levels of a control protein (GAPDH, α-tubulin or β-actin) to avoid 
unwanted sources of variation. 

2.9. Statistical analysis 

Results are expressed as the mean ± SEM. Significant differences 
were assessed by either Student’s t-test or one-way and two-way 
ANOVA, according to the number of groups compared, using the 
GraphPad Prism program (version 9.0.2) (GraphPad Software Inc., San 
Diego, CA, USA). When significant variations were found by ANOVA, 
Tukey’s post-hoc test for multiple comparisons was performed only if F 
achieved a p value < 0.05. Differences were considered significant at p 
< 0.05. 

3. Results 

3.1. The dual PPARα and β/δ agonist elafibranor improves MASLD, but 
upregulates hepatic S100A4 levels in mice fed a CD-HFD 

First, we evaluated the effects of elafibranor on body weight and 
glucose metabolism. Elafibranor treatment did not reduce the body 
weight gain caused by the CD-HFD, but it did improve the glucose 
intolerance and peripheral insulin resistance caused by the CD-HFD 
(Fig. 1A-C). Although PPARβ/δ activation has been reported to in-
crease hepatic levels of the PPARα endogenous ligand 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphocholine (16:0/18:1-PC) [22], it is un-
known whether elafibranor affects the amount of this ligand that may 
potentiate the beneficial actions of the drug via PPARα. We found that 
the CD-HFD did not affect hepatic levels of 16:0/18:1-PC (Fig. 1D). 
However, elafibranor markedly increased the levels of this PPARα ligand 
in the liver. This effect of elafibranor has been reported previously for 
the PPARβ/δ activator GW501516 [23]. Therefore, the fact that 
16:0/18:1-PC levels were reduced in the livers of Ppard-/- mice 
compared with wild-type (WT) mice (Fig. 1E) suggests that the effect of 
elafibranor on 16:0/18:1-PC levels is mediated by PPARβ/δ. These 
findings indicate that elafibranor, besides its direct effect on PPARα, 
may also indirectly activate this nuclear receptor by increasing the 
amount of 16:0/18:1-PC. Since fibroblast growth factor 21 (FGF21) is a 
target in the treatment of MASH and given that PPARα activation in-
creases its levels [24], we determined the hepatic mRNA levels of 
FGF21. The CD-HFD did no present a significant increase in Fgf21 mRNA 
levels, whereas treatment with elafibranor significantly raised Fgf21 
expression (Fig. 1F). 

Hematoxylin-eosin and Oil Red O (ORO) staining showed that the 
CD-HFD caused significant hepatic lipid accumulation, which was 
reduced by elafibranor (Fig. 2A-B). The CD-HFD led to a non-significant 
increase in the accumulation of collagen in the liver, as demonstrated by 
the Sirius Red staining, suggesting that a longer exposure to the CD-HFD 
is required to induce clear fibrosis. Notably, elafibranor decreased 
collagen accumulation (Fig. 2C). Consistent with findings of the Sirius 
Red staining, the CD-HFD did not significantly increase the protein 
levels of the fibrosis markers α-smooth muscle actin (α-SMA) and 
collagen type I α1 (COL1A1), but treatment with elafibranor caused a 
significant reduction of their levels (Fig. 2D-E). 

When we examined the effects of elafibranor on S100A4 expression, 
we observed that the CD-HFD in mice treated with vehicle and in those 
administered elafibranor did not significantly affect the mRNA levels of 
this gene (Fig. 3A). The S100A4 protein can be detected either as a 
monomer or a dimer, the latter being S-glutathionylated, with apparent 
molecular weights of 11.5 kDa and approximately 21–29 kDa 

respectively [25,26]. No changes were observed in the hepatic protein 
levels of S100A4 in mice fed the CD-HFD. By contrast, mice fed the 
CD-HFD and treated with elafibranor displayed a robust increase in the 
protein with a molecular weight of ~ 23 kDa (Fig. 3B). The effect of 
elafibranor on S100A4 was probably the result of PPARβ/δ activation, 
since the mice treated with the selective agonist for this receptor, 
GW501516, also showed increased hepatic protein levels of S100A4 
(Fig. 3C). Moreover, the band corresponding to S100A4 was reduced in 
the livers of Ppard-/- mice compared to their wild-type littermates, 
indicating that S100A4 is regulated by PPARβ/δ (Fig. 3D). Since an in-
crease in the mesenchymal marker S100A4 might indicate that elafi-
branor activates the EMT program, we analyzed other markers of this 
program such as the epithelial marker E-cadherin and the mesenchymal 
marker vimentin. In agreement with the increase in S100A4 levels and 
the subsequent induction of the EMT program, elafibranor reduced the 
protein levels of E-cadherin and increased those of vimentin (Fig. 3E, F). 
These findings suggest that PPARβ/δ activation by elafibranor increases 
the hepatic protein levels of S100A4 and activates the EMT program in 
the liver. 

3.2. Elafibranor increases S100A4 protein levels in BRL-3A rat liver cells 
and in a mouse primary hepatocyte culture 

Treatment of the rat liver cell line BRL-3A with either GW501516 (a 
selective agonist of PPARβ/δ at concentrations of up to 10 μM [27]), or 
elafibranor (at a concentration of 30 or 60 µM) did not increase S100A4 
mRNA levels compared to control cells (Fig. 4A). By contrast, elafi-
branor at both concentrations increased S100A4 protein levels, whereas 
GW501516 had no effect (Fig. 4B). The S100A4 protein upregulated by 
elafibranor in the rat BRL-3A cells showed a higher molecular weight 
than that detected in mice, suggesting interspecies differences in the 
S-glutathionylation of this protein [28]. S100A4 knockdown by siRNA 
transfection in the BRL-3A cells caused a reduction in the protein levels 
of S100A4, confirming that the protein band detected was S100A4 
(Supplementary Figure 1 A). Elafibranor at 60 µM reduced E-cadherin 
protein levels (Fig. 4C) and increased vimentin protein levels (Fig. 4D), 
while GW501516 only increased vimentin levels without affecting 
E-cadherin levels (Fig. 4C, D). The increase in S100A4 protein levels 
caused by elafibranor was prevented by the PPARβ/δ antagonist 
GSK0660 (Fig. 4E), confirming the involvement of PPARβ/δ in the 
changes caused by its activation. The effects of elafibranor were 
confirmed in a mouse primary culture of hepatocytes, where elafibranor 
increased S100A4 protein levels (Fig. 4F). In these primary hepatocytes, 
GW501516 increased S100A4 protein levels, in contrast to the obser-
vations in the BRL-3A cells, suggesting that the primary hepatocytes 
respond better than the rat BRL-3A cells (Fig. 4G). Overall, these find-
ings indicate that elafibranor increases the protein levels of S100A4 in 
hepatocytes via PPARβ/δ. 

3.3. Elafibranor increases S100A4 by reducing the protein levels of the E3 
ubiquitin ligase ASB2 

Next, we examined whether, as suggested by the results above, there 
was a potential post-transcriptional mechanism by which elafibranor 
increased S100A4 protein levels. Since reactive oxygen species (ROS) 
modify S100A4 activity and dimerization [20], we explored the 
involvement of ROS in the effects of elafibranor. Under our conditions, 
the incubation of BRL-3A cells with H2O2 or the co-incubation of 
elafibranor-exposed cells with the antioxidant N-acetylcysteine did not 
affect S100A4 protein levels, indicating that ROS were not involved 
(Supplementary Figure 1B). 

Interestingly, it has been reported that the inhibition of the activities 
of extracellular signal- regulated kinases 1 and 2 (ERK1/2) reduces the 
activity of several E3 ubiquitin ligases [29]. Since we have previously 
reported that PPARβ/δ activation inhibits ERK1/2 activity [30], we 
evaluated whether the inhibition of this kinase mediated the effects of 
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Fig. 1. Elafibranor improves insulin sensitivity in mice fed a CD-HFD. (A) Final body weight in mice (n = 6 animals) fed a standard diet (control) or a choline- 
deficient high-fat diet (CD-HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. (B) Glucose tolerance test (GTT) and 
area under the curve (AUC) (n = 6 animals). (C) Insulin tolerance test (ITT) and AUC (n = 6 animals). (D) Hepatic levels of the PPARα endogenous ligand 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/18:1-PC). (E) 16:0/18:1-PC hepatic levels in wild-type (WT) and Ppard-/- mice (n = 5 animals). (F) Fgf21 mRNA 
levels in mice (n = 6 animals) fed a standard diet (control) or a CD-HFD and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. Data are 
presented as the mean ± SEM. *p < 0.05, * *p < 0.01, and * **p < 0.001 versus control or WT. ##p < 0.01 and ###p < 0.001 versus CD-HFD-fed mice. p-values 
determined by one-way ANOVA with Tukey’s post hoc test (A, B, C, D, and F) or two-tailed unpaired Student’s t-test (E). 
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elafibranor on S100A4. Consistent with the previous findings reported 
for PPARβ/δ activation [30,31], elafibranor reduced phosphorylated 
ERK1/2 levels in the livers of mice fed the CD-HFD (Fig. 5A). However, 
the ERK1/2 inhibitor U0126, which reduced phosphorylated ERK1/2 
levels even more than elafibranor (Fig. 5B), did not increase the protein 
levels of S100A4 in the BRL-3A cells (Fig. 5C), thereby indicating that 
ERK1/2 inhibition was not the mechanism responsible for the 
elafibranor-induced increase in S100A4 levels. 

ASB2β is the specificity subunit of a multimeric E3 ubiquitin ligase 
[32] that has been reported to induce the degradation of S100A4 [31]. 
We therefore speculated that the increased S100A4 protein levels 
induced by elafibranor were due to a reduced expression of ASB2β. In 
the protein lysates of both mouse livers and BRL-3A cells, a 70-kDa band 
corresponding to ASB2β was detected with an antibody raised against a 
peptide common to both the ASB2α and ASB2β isoforms (Fig. 6A, B). The 
amount of this protein was reduced in the livers of the CD-HFD-fed mice 

Fig. 2. Elafibranor decreases markers of fibrosis in mice fed a CD-HFD. (A) Hematoxylin–eosin (H&E), (B) Oil Red O (ORO) and (C) Sirius Red staining of liver 
sections and quantification of ORO and Sirius Red staining of samples from mice (n = 6 animals) fed a standard diet (control) or a choline-deficient high-fat diet (CD- 
HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. Scale bar: 100 µm. Liver cell lysate extracts were assayed via 
western blot analysis with antibodies against α-SMA (D) and COL1A1 (E) (n = 6 animals). Data are presented as the mean ± SEM. *p < 0.05 versus control. 
#p < 0.05, ##p < 0.01, and ###p < 0.001 versus CD-HFD-fed mice. p-values determined by one-way ANOVA with Tukey’s post hoc test. 
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treated with elafibranor (Fig. 6A). Likewise, elafibranor reduced the 
amount of this protein in the BRL-3A cells (Fig. 6B), and a similar 
behavior was observed in the mouse primary hepatocyte culture 
(Fig. 6C). Since ASB2α but not ASB2β induces the proteasomal degra-
dation of filamin A [32,33], we examined the levels of filamin A in the 
BRL-3A cells. We observed that elafibranor did not affect filamin A levels 
(Fig. 6D), suggesting that this isoform of ASB2 was not affected by 

elafibranor, but rather the ASB2β isoform. These findings suggested that 
elafibranor increases S100A4 protein levels by reducing its 
ASB2β-mediated degradation. To confirm this, we used CRISPR/dCas9 
activation plasmids designed to specifically upregulate the Asb2 gene. 
Overexpression of Asb2 (Supplementary Figure 1C-D) in the BRL-3A 
cells treated with vehicle reduced the basal protein levels of S100A4, 
confirming that this E3 ubiquitin ligase degrades S100A4 (Fig. 6E). 

Fig. 3. Elafibranor upregulates S100A4 protein levels in the liver. (A) mRNA levels of S100A4 in the livers of mice (n = 6 animals) fed a standard diet (control) 
or a choline-deficient high-fat diet (CD-HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. (B) Liver cell lysate 
extracts were assayed via western blot analysis with antibodies against S100A4 (n = 6 animals). (C) S100A4 protein levels in the livers of mice (n = 6 animals) fed a 
standard diet (control) or a CD-HFD for 12 weeks and treated with vehicle or 5 mg/kg/day of GW501516 during the last 4 weeks. (D) S100A4 protein levels in the 
livers of WT and Ppard-/- mice (n = 5 animals). E-cadherin (E) and vimentin (F) protein levels in the livers of mice (n = 6 animals) fed a standard diet (control) or a 
CD-HFD for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. Data are presented as the mean ± SEM. *p < 0.05 and 
* **p < 0.001 versus control. ##p < 0.01 and ###p < 0.001 versus CD-HFDfed mice. p-values determined by one-way ANOVA with Tukey’s post-hoc test. 
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Interestingly, the increase in S100A4 levels caused by elafibranor was 
prevented by Asb2 overexpression, indicating that ASB2 is involved in 
the effects of elafibranor on S100A4 levels. Altogether, these results 
suggest that elafibranor reduces the ASB2β-mediated degradation of 
S100A4. 

4. Discussion 

The development of new drugs for the treatment of MASH is chal-
lenging since findings from animal models have not been fully repro-
duced in clinical trials. This has also been the case of elafibranor, a drug 
which presented promising findings in preclinical studies, but which was 
discontinued in 2020 as it failed to show a statistically significant effect 
in patients with MASH during the phase III RESOLVE-IT clinical trial. 
Several factors can explain why promising preclinical drugs have failed 
in humans. For example, many of these compounds often target a few of 
the many pathways involved in the development of MASH. This limited 
action may result in a modest effect, or it might be attenuated by the 
activation of compensatory mechanisms. Therefore, no single agent is 
likely to control all the aspects of this complex liver disease. After the 
negative outcome for elafibranor in monotherapy, the efficacy of elafi-
branor will be evaluated in combination with other drugs for the 
treatment of MASH [10]. Moreover, the efficacy of this drug is also 
currently being examined in primary biliary cholangitis [34]. 

In agreement with previous studies reporting the beneficial effects of 
elafibranor on glucose metabolism [7], we show here that the admin-
istration of this drug to mice fed a CD-HFD, improves glucose intoler-
ance and insulin resistance, which are among the main drivers of MASH. 
These changes were observed without a reduction in body weight. In 
addition, consistent with the findings of previous studies [35], elafi-
branor reduced the levels of markers of fibrosis such as α-SMA and 
COL1A1. Surprisingly, we observed that elafibranor increased the pro-
tein levels of S100A4, but barely affected its mRNA levels. This points to 
the involvement of a post-transcriptional mechanism that affects protein 
levels without interfering with mRNA levels. This is an unexpected 
finding, since S100A4 upregulation was reported to induce EMT [36], 
which in turn promotes fibrosis. Consistent with the role of S100A4 in 
liver fibrosis, S100A4-knockout mice show an attenuation in hepatic 
fibrosis induced by different stimuli [17,37]. S100A4 regulates the tissue 
fibrosis associated with type II EMT via various signaling pathways [38]. 
In fact, S100A4 is commonly used as a marker to identify epithelial cells 
undergoing EMT during tissue fibrogenesis [39], and is used as proof of 
EMT in hepatocytes and cholangiocytes [40–42]. In line with its in-
duction of EMT, elafibranor upregulated the mesenchymal marker 
vimentin and downregulated the epithelial marker E-cadherin in the 
mouse liver. Moreover, the increase in S100A4 protein levels caused by 
elafibranor was mediated by PPARβ/δ, since an antagonist of this re-
ceptor attenuated the increase in S100A4 protein levels, while the 
amount of this protein was reduced in the livers of Ppard-null mice 
compared to their WT littermates. The induction of EMT in the liver by 
elafibranor via PPARβ/δ is in accordance with the regulation of EMT by 
PPARβ/δ in the human colorectal carcinoma cell line HCT116 [43]. 
Ppard knockdown in these cells upregulates E-cadherin and down-
regulates vimentin. Likewise, a PPARβ/δ antagonist was previously re-
ported to block the EMT-promoting effect of stromal cell-derived 
factor-1 on lung cancer cells [44], while increases in EMT markers have 
been reported in keratinocytes by the PPARβ/δ-Src pathway [45]. 

The effects of PPARβ/δ on liver fibrosis are controversial. While it 

has been demonstrated that Ppard-/- mice show exacerbated hepato-
toxicity when treated with CCl4 [46], and that PPARβ/δ agonists 
attenuate hepatic fibrosis in MASLD [12], other studies have reported 
that these compounds enhance the proliferation of hepatic stellate cells 
and promote liver fibrosis [47,48]. These differences indicate that 
PPARβ/δ agonists may activate anti- and pro-fibrotic pathways and, 
depending on the model used to promote fibrosis or other factors yet to 
be determined, the effects of these compounds may result in either the 
improvement or the promotion of liver fibrosis. Given the relationship 
between increased S100A4 protein levels and the development of 
fibrosis, the increase in S100A4 protein levels and the induction of EMT 
might be among the factors contributing to fibrosis in mice treated with 
PPARβ/δ agonists. Further studies are needed to explore this possibility 
and to determine whether the induction of S100A4 and EMT contributes 
to liver fibrosis and outweighs the beneficial effects of PPARβ/δ agonists 
in this condition. 

The present study also indicates a potential mechanism by which 
elafibranor increases the protein levels of S100A4. This protein is a 
target of ASB2, which mediates its proteasomal degradation [31]. We 
observed that elafibranor reduced the protein levels of ASB2 in vivo and 
in vitro, thereby providing an explanation for the increase in S100A4 
protein levels following elafibranor treatment. In fact, Asb2 over-
expression prevented the elafibranor-mediated increase in S100A4 
protein levels. Therefore, we propose that elafibranor increases S100A4 
protein levels by reducing the amount of ASB2, thereby attenuating its 
proteasomal degradation. 

S100A4 also promotes cancer progression and metastasis [17]. 
Although the anti-inflammatory effects of PPARβ/δ can attenuate cancer 
development, PPARβ/δ activation after the development of cancer can 
stimulate angiogenesis and tumor growth [49]. Moreover, PPARβ/δ 
modulation in cancer cells profoundly influences metastasis develop-
ment in commonly used preclinical models in vivo [43]. It remains to be 
determined to what extent S100A4 upregulation by PPARβ/δ impacts 
cancer progression and metastasis. 

Collectively, the findings of this study highlight a regulatory mech-
anism by which elafibranor increases the hepatic protein levels of 
S100A4. Further studies are needed to evaluate the consequences of the 
drug’s induction of S100A4 and EMT, particularly in the context of 
MASH and cancer. 
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presented as the mean ± SEM. * *p < 0.01 and * **p < 0.001 versus control. #p < 0.05, ##p < 0.01, and ###p < 0.001 versus GW501516-treated cells. 
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Fig. 5. ERK1/2 inhibition is not likely to be involved in the increase in S100A4 protein levels caused by elafibranor. (A) Total and phosphorylated ERK1/2 
levels in the livers of mice (n = 6 animals) fed a standard diet (control) or a choline-deficient high-fat diet (CD-HFD) for 12 weeks and treated with vehicle or 10 mg/ 
kg/day of elafibranor during the last 4 weeks. Total and phosphorylated ERK1/2 levels (B) and S100A4 protein levels (C) in the BRL-3A cells exposed to 60 µM 
elafibranor or the ERK1/2 inhibitor U0126 (10 or 20 µM). Data are presented as the mean ± SEM. *p < 0.05, * *p < 0.01, and * **p < 0.001 versus control cells. 
#p < 0.05, ##p < 0.01, and ###p < 0.001 versus CD-HFD or control cells. &&p < 0.01 and &&&p < 0.001 versus U0126-treated cells. p-values determined by one-way 
ANOVA with Tukey’s post-hoc test. 
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Fig. 6. ASB2 overexpression prevents the upregulation of S100A4 by elafibranor. (A) ASB2 protein levels in the livers of mice (n = 6 animals) fed a standard 
diet (control) or a choline-deficient high-fat diet (CD-HFD) for 12 weeks and treated with vehicle or 10 mg/kg/day of elafibranor during the last 4 weeks. ASB2 
protein levels in the BRL-3A cells exposed to 60 µM elafibranor for 24 h (B) or in the mouse primary culture of hepatocytes exposed to 30 µM elafibranor for 24 h (C). 
Filamin A protein levels (D) in the BRL-3A cells exposed to 60 µM elafibranor for 24 h. S100A4 protein levels (E) in the BRL-3A cells transfected with the ASB2 
CRISPR/dCas9 activation plasmids or control CRISPR/dCas9 activation plasmids and treated with either vehicle or 60 µM elafibranor for 24 h. Data are presented as 
the mean ± SEM. *p < 0.05 and * **p < 0.001 versus control. #p < 0.05 and ##p < 0.01 versus CD-HFD-fed mice or CT CRISPR and elafibranor. p-values deter-
mined by one-way ANOVA with Tukey’s post-hoc test (A, E) or two-tailed unpaired Student’s t-test (B, C, D). 
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