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ARTICLE

A 3-week nonalcoholic steatohepatitis mouse model 
shows elafibranor benefits on hepatic inflammation and 
cell death

François Briand1,*, Christophe Heymes2, Lucile Bonada1, Thibault Angles2, Julie Charpentier2, Maxime Branchereau2,  
Emmanuel Brousseau1, Marjolaine Quinsat1, Nicolas Fazilleau3, Rémy Burcelin2 and Thierry Sulpice1

The long duration of animal models represents a clear limitation to quickly evaluate the efficacy of drugs targeting nonalco-
holic steatohepatitis (NASH). We, therefore, developed a rapid mouse model of liver inflammation (i.e., the mouse fed a high-
fat/high-cholesterol diet, where cyclodextrin is co-administered to favor hepatic cholesterol loading, liver inflammation, and 
NASH within 3 weeks), and evaluated the effects of the dual peroxisome proliferator-activated receptor alpha/delta agonist 
elafibranor (ELA). C57BL6/J mice were fed a 60% high-fat, 1.25% cholesterol, and 0.5% cholic acid diet with 2% cyclodextrin 
in drinking water (HFCC/CDX diet) for 3 weeks. After 1 week of the diet, mice were treated orally with vehicle or ELA 20 mg/kg  
q.d. for 2 weeks. Compared with vehicle, ELA markedly reduced liver lipids and nonalcoholic fatty liver disease activity scor-
ing, through steatosis, inflammation, and fibrosis (all P < 0.01 vs. vehicle). Flow cytometry analysis showed that ELA signifi-
cantly improved the HFCC/CDX diet-induced liver inflammation by preventing the increase in total number of immune cells 
(CD45+), Kupffer cells, dendritic cells, and monocytes population, as well as the reduction in natural killer and natural killer T 
cells, and by blocking conversion of T cells in regulatory T cells. ELA did not alter pyroptosis (Gasdermin D), but significantly 
reduced necroptosis (cleaved RIP3) and apoptosis (cleaved caspase 3) in the liver. In conclusion, ELA showed strong benefits 
on NASH, including improvement in hepatic inflammation, necroptosis, and apoptosis in the 3-week NASH mouse. This pre-
clinical model will be useful to rapidly detect the effects of novel drugs targeting NASH.

As obesity and diabetes continue to be a growing epi­
demic worldwide, the prevalence of nonalcoholic fatty 
liver diseases (NAFLD), is increasing in parallel.1 NAFLD 
includes simple steatosis, which can turn out to be nonal­
coholic steatohepatitis (NASH), characterized by hepatic 
steatosis, necro-inflammation, and various stages of 
fibrosis, that may lead to cirrhosis and ultimately to hepa­
tocellular carcinoma.2 Indeed, NASH is the most rapidly 

growing indication for liver transplantation in the United 
States.3

Therefore, a tremendous effort is put in developing novel 
therapies targeting NASH, which requires the use of animal 
models that may mimic the human disease. Many animal 
models are currently available and are based on diet inter­
vention (amino acids deficient diet and high-fat/cholesterol/
fructose diet), chemical intoxication (streptozotocin, carbon 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  A large effort is put in developing novel therapies tar­
geting nonalcoholic steatohepatitis (NASH), as this comor­
bidity related to obesity and type 2 diabetes is growing 
worldwide. However, the long duration of animal models of 
NASH represents a clear limitation to quickly evaluate the 
efficacy of drugs before their translation into clinical trials.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  This study addressed whether a nutritional 3-week 
mouse model could enable the rapid evaluation of drugs 
targeting NASH.

WHAT DOES THIS STUDY ADD TO OUR KNOWL- 
EDGE?
✔  The study demonstrates the possibility of a rapid drug 
efficacy evaluation in a 3-week NASH mouse model, as 
highlighted with the effects of elafibranor showing similar 
benefits as observed in humans.
HOW MIGHT THIS CHANGE CLINICAL PHARMA- 
COLOGY OR TRANSLATIONAL SCIENCE?
✔  The 3-week NASH mouse model will favor a faster 
translation of novel therapies into the clinical setting.
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tetrachloride, or thioacetamide intoxication), or genetic alter­
ation (Lepob/ob and foz/foz mice).4

Although the genetic and chemical models show clear lim­
itations to represent the human disease, a translational NASH 
animal model should be ideally set up on a nutritional basis and 
should present the progressive hepatic metabolic disturbances 
leading to NASH (i.e., liver fat accumulation, hepatic steato­
sis, cell death, and inflammation, and ultimately fibrosis). An 
important component in the pathogenesis of NASH (i.e., tran­
sition from simple steatosis to cell death and inflammation), is 
cholesterol.5 In fact, a 1–2% cholesterol diet in mice is required 
for a diet-induced liver inflammation and fibrosis in mice, which 
cannot be achieved with a regular high-fat diet.4 Despite this 
very high percentage of dietary cholesterol, a 2536-week pe­
riod of high-fat/cholesterol diet is needed to reach similar levels 
of liver lesions observed in human patients with NASH, likely 
because raising dietary cholesterol substantially reduces in­
testinal cholesterol absorption.6 This long duration represents 
a major limitation in drug development, whereas no therapies 
are indicated for NASH yet.7 Liver inflammation is another im­
portant contributor in the transition from simple steatosis to 
NASH. Hepatocytes injured by the accumulation of lipids (lipo­
toxicity) play a central role in the induction of innate immunity 
through Toll-like receptors and the activation and recruitment 
of Kupffer cells, lymphocytes, and neutrophils, as well as the 
inflammasome.8 Therefore, nutritional mouse models present­
ing this inflammation component are clearly needed to better 
investigate and target inflammatory processes in NASH.

In this context, we have set up a novel nutritional mouse 
model, which develops NASH within only 3  weeks under 
a high-fat diet supplemented with cholesterol and cholic 
acid, two components known to favor intestinal choles­
terol absorption, hepatic steatosis, and lipotoxicity,9,10 and 
2-hydroxypropyl-β-cyclodextrin (CDX), a cyclic oligosac­
charide showing high affinity for sterols,11 in drinking water. 
To demonstrate its relevance, our aim was to characterize 
NASH and the hepatic inflammation profile in this 3-week 
mouse model, and to perform a pharmacological validation 
with Elafibranor (ELA), a dual peroxisome-proliferator acti­
vated receptor (PPAR) α/δ agonist, currently evaluated in the 
clinic for the treatment of NASH.12

METHODS
Animals and experimental design
All animal protocols were reviewed and approved by the 
local (Comité régional d’éthique de Midi-Pyrénées) and 
national (Ministère de l’Enseignement Supérieur et de la 
Recherche) ethics committees (protocol number CEEA-
122–2014-15). C57BL6/J mice, male, 8-week old at delivery, 
were housed in groups of four to five mice in enriched and 
ventilated mouse cages (Tecniplast GM500, 500 cm2 sur­
face, 12.7 cm height) in a room with 22 ± 2°C, and 50 ± 10% 
relative humidity, and a 12-hour day/night cycle.

The experimental design is shown in Figure S1. 
After a 5-day acclimation period and during the exper­
imental period, mice had free access to a chow diet 
(reference RM1 (E) 801492; Special Diets Services, Essex, 
UK) with normal tap water or a high-fat (60  kcal%), cho­
lesterol (1.25%), and cholic acid (0.5%) diet (reference 
D11061901, from Research Diets, New Brunswick, NJ) 

with 2-hydroxypropyl-β-cyclodextrin (reference 10175600; 
Fisher Scientific, Cedex, France) at 2% in drinking water 
(HFCC/CDX diet) for up to 3 weeks.

After 1 week of diet, mice were either euthanized for fluo­
rescence-activated cell sorting, biochemical and histological 
analysis, as described below, or randomized according to their 
alanine aminotransferase (ALT) and aspartate aminotransferase 
(AST) plasma levels and body weight into homogenous treat­
ment groups. In this mouse model fed the HFCC/CDX diet, 
~  10–20% of total individuals show extremely high ALT and 
AST levels (i.e., > 500–1000 U/L) and/or a > 20% body weight 
loss after the 1-week diet. These individuals were, therefore, 
excluded from the study and before the start of the 2-week 
treatment period.

Vehicle (0.1% Tween 80 and 1% carboxymethyl cellu­
lose in 98.9% distilled water) or ELA (reference BE163306; 
Carbosynth, Compton, UK) at 20 mg/kg q.d. were then admin­
istrated by oral gavage once a day in the morning for 2 weeks.

At the end of the 1-week diet period or 2-week treatment 
period, 4-hour fasted mice were anesthetized with isoflurane, 
blood was taken on EDTA from the retro-orbital plexus to iso­
late plasma, and animals were euthanized and exsanguinated 
by intracardiac perfusion with a sterile PBS1X solution. Liver 
was collected and processed for fluorescence-activated cell 
sorting analysis or weighted before liver sample dissections 
from the left lateral lobe for biochemical and histology analysis.

Biochemical analysis
Plasma biochemistry was performed by the Genotoul 
Anexplo platform in Toulouse, France. Plasma ALT and AST, 
total cholesterol, and triglycerides were assayed, using a 
Horiba Pentra 400 machine and related Pentra assay kits 
(Horiba France SAS, Longjumeau, France). Plasma cyto­
kines were assayed using a multiplex assay kit (reference 
M6000007, NYBio-Plex Pro Mouse Cytokine Th17 Panel A 
6-Plex; BioRad, Hercules, CA).

Hepatic lipids levels were determined from liver homoge­
nate after lipid solubilization with deoxycholate, as described 
previously.13

Hepatic gene expression and Western blot analysis
Hepatic gene expression of IL-1β, MCP-1, collagen 1α1, 
and α-smooth muscle actin was performed by quantitative 
polymerase chain reaction, as described previously.13 List 
of primers used, including the house keeping gene 18S, are 
provided in Table S1.

Western blot analysis was performed by the We-Met plat­
form, Toulouse, France. Commercial primary antibodies for 
Gasdermin D (reference ab209845; Abcam, Cambridge, UK), 
cleaved caspase 3 (reference 9664; Cell Signaling Technology, 
Danvers, MA), cleaved receptor interacting protein 3 (RIP3; 
reference ab56164; Abcam) and actin (reference 4970; Cell 
Signaling Technology) for control, were used on the WES au­
tomated western blot system (Proteinsimple, San Jose, CA). 
Original noncropped/cut Western blots with molecular weight 
marker and the full get/membranes are shown in Figure S3.

Fluorescence-activated cell sorting analysis
Analysis of immune cells was performed by the I2MC 
Institute, Toulouse, France, using flow cytometry, as 
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previously described.14 Fixable Viability Dye was used for 
dead cells’ exclusion. Data were collected on a BD LSRII/
Fortessa (BD Biosciences, Franklin Lakes, NJ) and ana­
lyzed using FlowJo software (Tree Star).

Histology analysis and NAFLD activity scoring
Histology analysis and blinded NAFLD activity scoring 
(NAS) was performed by Sciempath Labo, Larcay, France, 
based on an adapted scoring system of Kleiner et al.15 
Hepatocellular steatosis was scored from hematoxylin and 
eosin staining as 0 (< 5% of liver parenchyma), 1 (5–33%), 
2 (33–66%), and 3 (>66%). Lobular inflammation was also 
scored with hematoxylin and eosin staining as 0 (no inflam­
matory foci), 1 (< 2 foci per 20× field), 2 (foci per 20× field), 
and 3 (>  4 foci per 20× field). Fibrosis was scored from 
Sirius red staining as 0 (none), 1 (perisinusoidal or peripor­
tal), 2 (perisinusoidal and periportal), 3 (bridging fibrosis), 
and 4 (cirrhosis). Total NAS was then calculated for each 
animal by summing up the scores.

Statistical analysis
Data are presented as mean ± SEM, with n = 6–10 mice per 
experimental group, as indicated in the legends. Two-way 
analysis of variance with Bonferroni post-test, Mann–
Whitney U-test, or unpaired two-tailed Student’s t-test were 
used for statistical analysis using GraphPad Prism software 
(GraphPad Software, La Jolla, CA). A P < 0.05 was consid­
ered significant.

RESULTS
HFCC/CDX diet rapidly promotes hepatic steatosis 
and inflammation within 1 week
The 3-week HFCC/CDX mouse model was set up based 
on preliminary experiments indicating that the HFCC 
diet combined with CDX was better at promoting plasma 
transaminases elevation, liver lipids accumulation, and 
expression of genes involved in inflammation and fibrosis, 
than the HFCC diet alone (Figure S2). As our objective 
was to use this 3-week model to rapidly evaluate the 
curative effects of drugs targeting NASH over a 2-week 
period, we first evaluated the effects of the HFCC/CDX 
diet for 1 week.

After 1 week of diet, mice fed the HFCC/CDX diet showed 
a lower body weight (8%; P  <  0.05), higher plasma ALT 
and AST levels (369% and 123%; both P < 0.01), and total 
cholesterol (80%; P  <  0.001), as compared with control 
chow-fed mice (Table 1). In contrast, plasma triglycerides 
levels were significantly lower (−38%; P < 0.001 vs. chow), 
whereas plasma free fatty acids levels remained unchanged. 
Compared with chow-fed mice, plasma cytokines IFN-γ and 
IL-10 levels were significantly increased by 85% and 56% 
(Table 1). Plasma IL-1β, IL-6, IL-17, and TNF-α were either 
undetectable or not different vs. control chow-fed mice (data 
not shown).

Within only 1 week, microvesicular steatosis and mul­
tifocal mixed inflammation were observed in the liver, 
as shown by hematoxylin and eosin staining (Figure 1), 
and confirmed by histopathological scoring (Table 1). 
However, fibrosis (Sirius red staining) was yet not ob­
served (Figure 1).

Hence, a 1-week HFCC/CDX diet period was sufficient to 
already induce liver lipids accumulation and advanced liver 
inflammation at treatment start.

ELA markedly improves liver lesions in HFCC/CDX fed 
mice
We next evaluated whether the dual PPAR α/δ agonist 
ELA would be beneficial in this HFCC/CDX diet-induced 
NASH mouse model. After 2  weeks of treatment, mice 
under ELA treatment tended to have lower body weight, 
although this effect was not found to be significant 
(Table 2). ELA increased plasma ALT levels (+158%; 
P < 0.001 vs. vehicle), but not AST. Plasma total choles­
terol and high-density lipoprotein (HDL)-cholesterol levels 
were significantly higher by 68% and 94% (both P < 0.001 
vs. vehicle) with ELA, wheres it reduced triglyceride lev­
els by 48% (P < 0.01 vs. vehicle). Plasma-free fatty acids 
remained unchanged. Compared with vehicle, ELA sig­
nificantly reduced plasma cytokines IL-6, IL-1β, IL-17, and 
TNF-α, INF-γ, and IL-10 levels by 66, 55, 48, 52, 48, and 
47% (Table 2).

ELA induced hepatic hypertrophy with a 38% higher 
liver mass (P < 0.001 vs. vehicle). ELA significantly reduced 
hepatic total cholesterol, triglycerides, and fatty acids by 
63%, 30%, and 74% (Table 2). Additionally, hepatic gene 
expression of IL-1β, MCP-1, coll1α1, and α-smooth mus­
cle actin was significantly reduced by 93%, 87%, 45%, 
and 73% (Table 2).

As shown in Figure 2, mice fed a 3-week HFCC/CDX 
diet and treated with vehicle showed aggravated liver le­
sions, as compared with those observed after 1 week of 
HFCC/CDX diet: steatosis (as shown by hematoxylin and 
eosin staining) ranged from score-2, limited to zone-2/3, 
to a score-3 pan-lobular steatosis (see Figure 2), which 
was microvesicular in appearance. Maximal inflamma­
tion (score 3) was observed in all individuals treated with 
vehicle (see hematoxylin and eosin staining). This was 
characterized by the presence of a large number of vari­
ably-sized interstitial foci composed of lymphocytes and 
macrophages. Portal fibrosis (score 2) was also observed 

Table 1  Body weight, plasma parameters, and liver histopathology 
scoring in mice fed a chow or HFCC/CDX diet for 1 week

Parameters Chow HFCC/CDX

Body weight, g 24 ± 1 22 ± 2*

Plasma ALT (U/L) 46 ± 2 216 ± 27**

Plasma AST (U/L) 90 ± 14 201 ± 29**

Plasma total cholesterol, mmol/L 3.05 ± 0.04 5.50 ± 0.36***

Plasma triglycerides, mmol/L 1.77 ± 0.11 1.09 ± 0.09***

Plasma free fatty acids, mmol/L 0.79 ± 0.06 1.13 ± 0.23

Plasma IFN-γ, pg/mL 10.6 ± 1.0 19.6 ± 1.8***

Plasma IL-10, pg/mL 38.6 ± 3.7 60.2 ± 8.9*

Hepatic steatosis score, 0–3 0 1.3 ± 0.3

Hepatic inflammation score, 0–3 0 1.9 ± 0.2

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HFCC/
CDX, 60% high-fat, 1.25% cholesterol, and 0.5% cholic acid diet with 2% 
cyclodextrin in drinking water.
Data are shown as mean ± SEM, n = 8–10 per group.
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. chow.
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(see Sirius red staining, Figure 2). In line with the im­
provement in plasma and hepatic parameters above, mice 
treated with ELA showed major reduction in steatosis and 
inflammation, as shown by liver sections stained with 
hematoxylin and eosin (Figure 2). Hepatic fibrosis was 
also markedly reduced, as shown by Sirius red staining 
(Figure 2). Accordingly, significant reduction in hepatic 
steatosis, inflammation, fibrosis, and total NAS scores was 
observed with ELA (Table 2).

Overall, the present data indicate that a 3-week HFCC/
CDX period induces NASH, including major inflammation 
and portal fibrosis, and that ELA markedly reverses these 
diet-induced liver lesions.

ELA improves diet-induced liver immune cells 
alteration in HFCC/CDX fed mice
As ELA showed marked improvement in liver inflamma­
tion, we further studied the effects on liver immune cells 

Figure 1  Hematoxylin and eosin and Sirius red stained liver section in mice fed a chow or a 60% high-fat, 1.25% cholesterol, and 0.5% 
cholic acid diet with 2% cyclodextrin in drinking water (HFCC/CDX) diet for 1-week at ×10 (a) and ×20 (b) magnification. Black squares 
localize the area of the ×20 magnification shown in panel b. Dashed white squares indicate liver steatosis and inflammatory foci.
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population by flow cytometry. Compared with chow-fed 
mice, the total number of immune cells (CD45+) in the 
liver gradually increased after 1  week-HFCC/CDX diet 
(Figure 3a) and was even higher in vehicle-treated mice, 
which corresponds to 3 weeks of HFCC diet (P < 0.05 vs. 
1-week diet). ELA treatment significantly reduced the total 
number of immune cells (P < 0.05 vs. vehicle).

The number of Kupffer cells (i.e., liver macrophages), sig­
nificantly increased during the 3-week HFCC/CDX diet, as 
compared with chow-fed mice, whereas this increase was 
blunted with ELA (Figure 3b). Phagocytic Kupffer cells fre­
quency was significantly reduced with HFCC/CDX diet and 
unchanged with ELA (Figure 3c).

As shown in Figure 3d, a gradual increase in mono­
cytes was observed during the 3-week HFCC/CDX period 
(P  <  0.01 vs. chow-fed mice), whereas ELA treatment in­
duced a reduction (P < 0.05). HFCC + CDX diet for 3 weeks 
significantly increased the frequency of conventional den­
dritic cells (Figure 3e), whereas ELA treatment induced a 

decrease of this cell subset (P < 0.001 vs. vehicle). Among 
those cells, the proportion of conventional dendritic cells 1 
was significantly reduced with HFCC/CDX diet, but not al­
tered by ELA (Figure 3f).

We next tracked lymphoid immune cells as a marker of 
liver inflammation. The HFCC/CDX diet for 3  weeks sig­
nificantly reduced the frequency of natural killer (NK) cells, 
compared with chow-fed mice (Figure 3g), wheres ELA had 
the opposite effect (P < 0.01 vs. vehicle). The HFCC + CDX 
diet for 3  weeks significantly decreased the frequency of 
NKT cells (Figure 3h), which was restored by ELA (P < 0.01 
vs. vehicle). The frequencies of unconventional γδ T cells 
were similar between groups (Figure 3i).

Although the HFCC/CDX diet showed no effect, ELA sig­
nificantly increased B cells frequency (Figure 3j). Frequency 
of conventional T cells was similar in all groups (Figure 3k). 
Frequency of cytotoxic T cells was also similar (Figure 3l), but 
the 3-week HFCC + CDX diet induced a large increase of the 
Treg population (Figure 3m), while it decreased the proportion 
of effector Th cells among conventional T cells (Figure 3n). 
ELA treatment blocked this process, with similar frequencies 
of Treg and effector Th cells compared with chow-fed mice.

Taken together, these data indicate that the 3-week 
HFCC + CDX diet induced liver inflammation with significant 
alteration in the immune cell’s population, which was mark­
edly improved by ELA treatment.

ELA treatment reduces necroptosis and apoptosis in 
HFCC/CDX fed mice
We also investigated whether ELA benefits observed at the 
liver level may alter hepatic cell death pathways (i.e., py­
roptosis, necroptosis, and apoptosis) in HFCC/CDX mice. 
Compared with vehicle-treated mice, Western blot analy­
sis showed no change in the protein levels of Gasdermin 
D (a marker of pyroptosis) in ELA-treated mice (data not 
shown). However, ELA treatment resulted in a significant 
increase in cleaved RIP3 levels (P < 0.05 vs. vehicle), indi­
cating lower necroptosis (Figure 4a,b). Additionally, ELA 
inhibited the protein expression of cleaved caspase 3, in­
dicating lower apoptosis (Figure 4a,c). Overall, our data 
indicate that ELA also has major benefits on necropto­
sis and apoptosis in the liver, although it does not alter 
pyroptosis.

DISCUSSION

As effective therapies for the treatment of NASH are ur­
gently needed, we have developed and pharmacologically 
validated a rapid NASH mouse model for drug efficacy 
studies. Although other available animal models require 
chemical, genetic, or long dietary interventions, the HFCC/
CDX diet-fed mouse develops NASH in 3 weeks, with cho­
lesterol and liver inflammation as major drivers.

Our flow cytometry analysis indicated an increase in the 
number of Kupffer cells, monocytes, and dendritic cells. 
Notably, this increase was concomitant with a raise in INF-γ 
and IL-10 plasma levels, two cytokines secreted by Kupffer 
cells, whereas hepatic dendritic cells mostly secrete IL-10.8,16 
Increased activation of hepatic Kupffer cells and recruitment 
of monocytes, both representing above 80% of the body’s 

Table 2  Body weight, plasma parameters, and liver histopathology 
scoring in HFCC/CDX mice treated p.o. q.d. with vehicle or 
elafibranor 20 mg/kg for 2 weeks

Parameters Vehicle Elafibranor

Body weight, g 23 ± 1 22 ± 1

Plasma ALT, (U/L) 173 ± 23 446 ± 23***

Plasma AST, (U/L) 289 ± 26 245 ± 25

Plasma total cholesterol, mmol/L 4.78 ± 0.17 8.03 ± 0.18***

Plasma HDL-cholesterol, mmol/L 2.19 ± 0.18 4.26 ± 0.10***

Plasma triglycerides, mmol/L 0.73 ± 0.09 0.38 ± 0.07**

Plasma free fatty acids, mmol/L 0.76 ± 0.06 0.78 ± 0.08

Plasma IL-6, pg/mL 5.8 ± 0.8 2.0 ± 0.3***

Plasma IL-1β, pg/mL 27.8 ± 3.5 12.5 ± 1.8***

Plasma IL-17A, pg/mL 61.4 ± 10.3 32.2 ± 4.2*

Plasma TNF-α, pg/mL 59.9 ± 5.5 28.7 ± 3.6***

Plasma IFN-γ, pg/mL 21.7 ± 3.0 11.4 ± 1.5**

Plasma IL-10, pg/mL 68.5 ± 9.3 36.5 ± 3.5**

Liver weight, g 1.51 ± 0.04 2.07 ± 0.07***

Hepatic total cholesterol, µg/mg 74.3 ± 3.3 19.3 ± 0.7***

Hepatic triglycerides, µg/mg 31.3 ± 2.5 22.0 ± 2.3*

Hepatic fatty acids, nmol/mg 44.8 ± 1.8 16.6 ± 0.6***

Hepatic IL-1β gene expression  
(fold change vs. vehicle)

1.00 ± 0.19 0.07 ± 0.01***

Hepatic MCP-1 gene expression  
(fold change vs. vehicle)

1.00 ± 0.25 0.13 ± 0.03***

Hepatic α-smooth muscle actin gene 
expression (fold change vs. vehicle)

1.00 ± 0.19 0.55 ± 0.11*

Hepatic coll1α1 gene expression  
(fold change vs. vehicle)

1.00 ± 0.17 0.27 ± 0.06***

Hepatic steatosis score, 0–3 2.80 ± 0.13 0.90 ± 0.10***

Hepatic inflammation score, 0–3 3.00 ± 0.00 0.40 ± 0.16***

Hepatic fibrosis score, 0–4 2.00 ± 0.00 0.10 ± 0.10***

Total NAS score, 0–10 7.80 ± 0.13 1.40 ± 0.27***

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL, 
high-density lipoprotein; HFCC/CDX, 60% high-fat, 1.25% cholesterol, and 
0.5% cholic acid diet with 2% cyclodextrin in drinking water; NAS, nonalco­
holic fatty liver disease activity scoring.
Data are shown as mean ± SEM, n = 8–10 per group.
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. vehicle.
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Figure 2  Hematoxylin and eosin and Sirius red stained liver sections at ×10 (a) and ×20 (b) magnification, in 3-week 60% high-
fat, 1.25% cholesterol, and 0.5% cholic acid diet with 2% cyclodextrin in drinking water diet fed mice treated orally with vehicle or 
elafibranor 20 mg/kg q.d. for 2 weeks. Black squares localize the area of the ×20 magnification shown in panel  (b). Dashed white 
squares indicate liver steatosis and inflammatory foci, blue arrows indicate portal fibrosis.

Figure 3  Quantification of liver immune cells by flow cytometry analysis in mice fed with a chow or a 60% high-fat, 1.25% cholesterol, 
and 0.5% cholic acid diet (HFCC) diet for 1-week or HFCC with 2% cyclodextrin in drinking water (CDX) fed mice treated with vehicle or 
elafibranor for 2 weeks: total CD45+ cell counts (a), F4/80+ Kupffer cells (b), CD68+ phagocytic Kupffer cells (c), CX3CR1+ monocytes 
(d), CD11c+ conventional dendritic (CD) cells (e), CD8a+ conventional dendritic cells 1 (f), NK1.1+ TCRab- natural killer (NK) cells (g), 
NK1.1+ TCRab+ NK T cells (h), TCRgd+ γδ T cells (i), CD19+ B220+ B cells (j), CD4+/CD8+ T cells (k), CD8+ cytotoxic T lymphocytes 
(l), FoxP3+ regulatory T lymphocytes (m), and CD4+ helper T lymphocytes (n). Data are shown as mean ± SEM, n = 8–10 per group. 
*P < 0.05, **P < 0.01, and ***P < 0.001.
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macrophages,17 has been shown to play a role in the transi­
tion from NAFLD to NASH.16 Additionally, phagocytic Kupffer 
cells, which are the main players in defending the organism in 
a healthy liver,16 were reduced with the HFCC/CDX diet. We 
also observed a reduced frequency of NK cells, which play 
an important role in inhibiting the development of fibrosis, by 
directly killing newly activated and senescent hepatic stel­
late cells.18 As well, NKT cells’ frequency was reduced after 
3 weeks of diet, which would be in line with human studies 
indicating decreased frequencies of NKT cells in C57BL6/J 
mice and patients with NASH.19 Meanwhile, other studies 

have shown opposite results with NKT cell accumulation in 
NAFLD and patients with NASH.20 Indeed, the liver disease 
stage together with the kinetics of NKT cell infiltration in the 
liver should be considered carefully to compare and interpret 
the present results. In the same line, the HFCC/CDX diet in­
duced a marked increase in Treg cells frequency in the liver, 
whereas the opposite effect is observed in other animal or 
human studies investigating the role of Treg cells in NASH.21 
As the frequency of conventional T cells remained unchanged, 
we also observed a reduction in Th cells after 3 weeks of the 
HFCC/CDX diet. Although this would require further investiga­
tions, it is possible that the maximal levels of liver inflammation 
in our 3-week NASH mouse model, as shown by the histo­
pathological inflammation scoring, may actually favor the 
plasticity of effector Th cells to become induced Treg cells.

By activating PPARα, ELA modulates fatty acids trans­
port and β-oxidation, reduces plasma triglycerides, and 
increases HDL-cholesterol, and inhibits inflammatory 
genes.22 ELA also activates PPARδ, resulting in improved 
fatty acid transport and oxidation, increased HDL levels, 
and anti-inflammatory effects in macrophages and Kupffer 
cells.23,24 Our data suggest that all these metabolic benefits 
occurred in our 3-week NASH mouse model, resulting in re­
duced steatosis and inflammation, thereby preventing cell 
death and fibrosis. Interestingly, ELA also resolved NASH, 
without fibrosis worsening, and demonstrated clear reduc­
tion in systemic inflammatory markers in the GOLDEN-505 
human clinical trial.12 Although it does reduce plasma ALT 
in human patients with NASH, ELA induced a significant 
increase in the 3-week HFCC/CDX diet fed mice. However, 
this effect is actually expected in rodents treated with 
PPARα and PPARδ agonist,25,26 as well as the hepatic hy­
pertrophy,27 observed in the present study. An increase in 
ALT levels can occur without any liver damage,28 as demon­
strated in rats and humans showing elevated serum ALT 
activity when treated with fibrates,26,29 which are PPARα 
agonists.

The pronounced hepatoprotective effects of ELA in the 
3-week HFCC/CDX fed mice also resulted in reduced necro­
ptosis and apoptosis in the liver, as tracked with cleaved 
RIP3 and cleaved caspase 3 protein levels. Although this 
obviously results from a drastic improvement in NASH, a di­
rect effect of ELA on necroptosis and apoptosis may not 
be excluded, as other mouse studies have indicated reduc­
tion in apoptosis in adipose tissue and kidneys in models 
of alcoholic liver disease and NASH.30,31 Studies in mice 
have suggested a direct link between IL-1β secretion and 
pyroptosis through Gasdermin D, which would play an im­
portant role in NASH-related cell death.32 Despite the major 
improvement in liver lesions, the significant reduction in 
IL-1β hepatic gene expression and plasma IL-1β levels with 
ELA, hepatic Gasdermin D protein levels still remained un­
affected. Hence, the contribution of pyroptosis in liver cell 
death and its eventual alteration by ELA treatment remain to 
be clarified in other NASH models.

Although other reference drugs targeting NASH will have 
to be evaluated in our 3-week HFCC/CDX fed mice, the im­
paired inflammatory profile and the positive effects of ELA 
suggest that this model will be useful to rapidly detect the 
efficacy of novel therapies targeting NASH prior to clinical 

Figure 4  Western blots (a) and protein levels of hepatic cleaved 
receptor interacting protein 3 (RIP-3), cleaved caspase 3, and 
actin from 3-week 60% high-fat, 1.25% cholesterol, and 0.5% 
cholic acid diet with 2% cyclodextrin in drinking water (HFCC/
CDX) diet fed mice treated orally with vehicle or elafibranor 
20 mg/kg q.d. for 2 weeks. Data are shown as mean ± SEM, n = 6 
per group. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. vehicle.
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trials. To our knowledge, there are few models developing 
advanced liver lesions in such a short period of time, and 
they have limitation for translating data to human NASH, 
because they require chemical intoxication (e.g., carbon tet­
rachloride)33 or amino acids depleted diets, inducing severe 
body weight loss (e.g., methionine choline deficient diet).34 
However, the amino acids depleted diet-induced weight 
loss effect may be compensated with the use of genetically 
modified obese mice. In the db/db mouse model fed a me­
thionine choline deficient diet and simultaneously treated 
with ELA for 7 weeks, significant reduction in steatosis and 
inflammation, but not fibrosis, was observed Staels et al.35 
The diet-induced obese NASH models have also been used 
to demonstrate the benefits of ELA. When administered for 
8 weeks, ELA induced significant reduction in steatosis, in­
flammation, and fibrosis scores in both C57BL6/J and Lepob/ob  
mice fed a high-fat/cholesterol/fructose diet for 30 and 
21  weeks, respectively, Tolbol et al.36 Thus, other models 
also demonstrated similar benefits of ELA, but a substantial 
duration of diet and treatment were required. In contrast, the 
sensitivity of the HFCC/CDX diet fed mouse model, which 
rapidly develops NASH, enabled to detect the benefits of 
ELA within 3 weeks.

One major limitation of this very short HFCC/CDX diet 
period is the lack of weight gain, obesity, and diabetes, 
which are important factors in favoring NAFLD and NASH. 
Although the high fat content of the diet compensates for 
the weight loss, the diet supplementation with cholic acid 
certainly prevents any weight gain induction in mice, likely 
through higher energy expenditure.37

In conclusion, the present study indicates that our 3-week 
NASH mouse model allows a rapid evaluation of the efficacy 
of drugs targeting NASH and will also be helpful to dissect 
the inflammatory mechanisms shifting simple steatosis into 
more complicated liver disease states, including liver cell 
death and fibrosis.
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