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Beneficial effects of elafibranor
on NASH in E3L.CETP mice
and differences between mice
and men
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Non-alcoholic steatohepatitis (NASH) is the most rapidly growing liver disease that is nevertheless
without approved pharmacological treatment. Despite great effort in developing novel NASH
therapeutics, many have failed in clinical trials. This has raised questions on the adequacy of
preclinical models. Elafibranor is one of the drugs currently in late stage development which had
mixed results for phase 2/interim phase 3 trials. In the current study we investigated the response of
elafibranor in APOE*3Leiden.CETP mice, a translational animal model that displays histopathological
characteristics of NASH in the context of obesity, insulin resistance and hyperlipidemia. To induce
NASH, mice were fed a high fat and cholesterol (HFC) diet for 15 weeks (HFC reference group) or

25 weeks (HFC control group) or the HFC diet supplemented with elafibranor (15 mg/kg/d) from

week 15-25 (elafibranor group). The effects on plasma parameters and NASH histopathology were
assessed and hepatic transcriptome analysis was used to investigate the underlying pathways affected
by elafibranor. Elafibranor treatment significantly reduced steatosis and hepatic inflammation and
precluded the progression of fibrosis. The underlying disease pathways of the model were compared
with those of NASH patients and illustrated substantial similarity with molecular pathways involved,
with 87% recapitulation of human pathways in mice. We compared the response of elafibranor in the
mice to the response in human patients and discuss potential pitfalls when translating preclinical
results of novel NASH therapeutics to human patients. When taking into account that due to species
differences the response to some targets, like PPAR-a, may be overrepresented in animal models, we
conclude that elafibranor may be particularly useful to reduce hepatic inflammation and could be a
pharmacologically useful agent for human NASH, but probably in combination with other agents.

Abbreviations

ALT Alanine aminotransferase

AST Aspartate aminotransferase

DEP Differentially expressed pathways

E3L.CETP  APOE*3Leiden.human cholesteryl ester transfer protein
FDR False discovery rate

GEO Gene expression omnibus

H&E Hematoxylin and eosin

HDL High-density lipoprotein

HEC High fat and cholesterol

HOMA-IR Homeostasis model assessment for insulin resistance
LDL Low-density lipoprotein

NAFLD Non-alcoholic fatty liver disease

NASH Non-alcoholic steatohepatitis

PPAR Peroxisome proliferator-activated receptor

SEM Standard error of the mean
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VLDL Very low-density lipoprotein
WAT White adipose tissue

Non-alcoholic fatty liver disease (NAFLD) is closely associated with obesity, insulin resistance and hyperlipidemia
and is considered as the hepatic manifestation of the metabolic syndrome. NAFLD is defined by the accumula-
tion of fat in the liver, in the absence of excessive alcohol consumption. A more severe form of NAFLD is non-
alcoholic steatohepatitis (NASH), characterized by steatosis in concert with inflammation, which can lead to
liver fibrosis and cirrhosis. Current management is primarily focused on promoting weight loss through lifestyle
interventions. Although NASH has emerged as a rising and major form of chronic liver disease worldwide,
there is still no approved pharmacotherapy for NASH. Therefore a tremendous effort is put worldwide in the
development of novel NASH therapeutics’. This development requires the use of animal models that adequately
mimic the human disease. However, several preclinical models do not have the same metabolic syndrome-like
context seen in most NASH patients or do not represent the underlying disease pathways>*. Since many novel
NASH therapeutics have failed in clinical trials®, this has raised questions on the adequacy of preclinical models.

Elafibranor is one of the drugs that showed beneficial effects in different animal models® and was lately tested
in patients with NASH and fibrosis in a clinical phase 3 trial. Elafibranor is a dual agonist acting upon the peroxi-
some proliferator-activated receptors (PPARs) a and §, nuclear receptors that play a key role in cellular processes
regulating lipid metabolism and fatty acid transport and oxidation, but affect glucose metabolism and inflam-
mation as well®. Elafibranor revealed beneficial effects in NASH patients during a phase 2 trial'®, but interim
results of the ongoing RESOLVE-IT phase 3 trial with monotreatment of elafibranor have reported a failure to
demonstrate a significant effect on NASH resolution'!. However, the RESOLVE-IT study will be continued and
combination therapies of elafibranor with other NASH therapeutics are still being launched'%.

In the current study we investigated the response of elafibranor in APOE*3Leiden.human Cholesteryl
Ester Transfer Protein (E3L.CETP) mice. E3L.CETP mice are a well-established model for hyperlipidemia
and atherosclerosis!>'*. When fed a high fat diet the mice display characteristics of the metabolic syndrome'®
and with cholesterol supplementation they develop NASH in the context of obesity, insulin resistance and
hyperlipidemia'®~°. The model has been proven to respond to several hypolipidemic and anti-diabetic drugs
similarly as in humans®->”. Using this translational model, we evaluated the response of elafibranor on plasma
parameters and NASH histopathology, and hepatic transcriptome analysis was used to investigate the underly-
ing pathways affected by elafibranor. The underlying disease pathways of the model were compared with those
of NASH patients and we discuss the response of elafibranor in the mice as compared to the response in human
patients, as well as potential pitfalls when translating preclinical results of novel NASH therapeutics to human
patients.

Methods

Animals and experimental design.  All animal care and experimental procedures were approved by the
Ethical Committee on Animal Care and Experimentation (Zeist, The Netherlands), and were in compliance
with European Community specifications regarding the use of laboratory animals. The study was carried out in
compliance with ARRIVE guidelines. Homozygous human cholesteryl ester transfer protein (CETP) transgenic
mice (strain 5203)'>*® were obtained from Jackson Laboratories (Bar Harbor, ME, USA) and cross-bred with
E3L mice® in our local animal facility at TNO to obtain heterozygous E3L.CETP mice'****!. Mice were group
housed in a temperature-controlled room on a 12 h light-dark cycle and had free access to food and heat steri-
lized water. For the experiment 20-22 week old male APOE*3Leiden.CETP mice were matched on age, body
weight, blood glucose and plasma cholesterol and triglycerides into one age-matched healthy reference group
of 8 mice that were kept on the healthy chow diet (R/M-H, Ssniff Spezialdieten GmbH, Soest, Germany) and
a group of 36 mice that were given a high fat and cholesterol diet (HFC) containing 45 kcal% fat derived from
lard (Cat. no. 12451), supplemented with 1% (w/w) cholesterol (Research Diets, New Brunswick, NJ, USA)
for 15 weeks to induce NASH. After 15 weeks mice on the HFC diet were matched on age, body weight, blood
glucose and plasma cholesterol and triglycerides into one group that was left untreated (HFC control group,
n=15) and one group of mice that were treated with the PPAR-a/8 agonist elafibranor (Bio-Connect, Huissen,
The Netherlands) provided as diet admix (15 mg/kg/d) from week 15-25 (n=15). In addition, a small (n=6)
HEFC reference group was added that was sacrificed at t=15 weeks to indicate the severity of NASH and fibrosis
at the start of the treatment. Comparison of the elafibranor treated group with this small reference group led to
an indication whether elafbibranor treatment could improve certain NASH/fibrosis characteristics beyond the
levels at the start of the treatment or merely blocked the further progression. Animals were sacrificed unfasted
by gradual-fill CO, asphyxiation in week 15 (HFC reference group) or week 25 (other groups). Body weight and
food intake per cage were measured regularly during the study (at t=0, 15, 20 and 25 weeks). Blood samples were
taken from the tail vein after 4 h fasting (with blood withdrawn around 08.00 h) in EDTA coated tubes (Sarstedt,
Niimbrecht, Germany). Terminal blood was collected through cardiac heart puncture to prepare EDTA plasma
and livers and perigonadal, visceral and subcutaneous white adipose tissue (WAT), were collected, weighed and
fixed in formalin and paraffin-embedded (lobus sinister medialis hepatis and lobus dexter medialis hepatis)
for histological analysis or (remaining liver lobes) fresh-frozen in N, and subsequently stored at -80 °C for bio-
chemical analysis and gene expression analysis.

Plasma and liver biochemical analysis. Blood glucose was measured at the time of blood sampling
using a hand-held glucometer (Freestyle Disectronic, Vianen, The Netherlands). Plasma insulin was analysed by
ELISA (Mercodia AB, Uppsala, Sweden). Plasma cholesterol and triglycerides were determined using enzymatic
assays (CHOD-PAP and GPO-PAP, respectively; Roche Diagnostics, Almere, The Netherlands). HDL-choles-
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terol was also quantified for each mouse individually in plasma after precipitation of apoB-containing lipopro-
teins using PEG/glycine, as previously described*!. The distribution of cholesterol of the various lipoproteins
was determined in plasma pooled per group after separation of lipoproteins by fast-performance liquid chro-
matography (FPLC) using a Superose 6 column®. Plasma alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) were measured using a spectrophotometric activity assay (Reflotron-Plus, Roche). Hepatic
collagen content was measured via a hydroxyproline based colorimetric assay as marker of fibrosis using the
Sensitive total collagen assay (Quickzyme, Leiden, The Netherlands). Intrahepatic concentration of triglycerides,
free cholesterol and cholesteryl esters was determined as described previously®?. Briefly, approximately 50 mg of
tissue was homogenized in phosphate buffered saline and samples were taken for measurement of protein con-
tent. Lipids were extracted and separated by high performance thin layer chromatography (HPTLC) on silica gel
plates. Lipid spots were stained with colour reagent (5 g MnCl2.4H20, 32 mL 95-97% H2SO4 added to 960 mL
of CH30H:H20 1:1 v/v) and quantified using Image Lab software (version 5.2.1, Bio-Rad Laboratories B.V.,
Veenendaal, The Netherlands).

Histology. Liver samples (lobus sinister medialis hepatis and lobus dexter medialis hepatis) were collected
(from non-fasted mice), fixed in formalin and paraffin embedded, and 3 um sections were stained with hematox-
ylin and eosin (H&E) and Sirius Red. NASH was scored blindly by a board-certified pathologist in H&E stained
cross sections using an adapted grading system of human NASH***%. In short, the level of macrovesicular and
microvesicular steatosis was determined (in two separate cross-sections of medial lobe mounted on one glass)
at 40x to 100x magnification relative to the total liver area analysed and expressed as a percentage. Inflamma-
tion was scored by counting the number of aggregates of inflammatory cells per field using a 100x magnifica-
tion (view size of 4.2 mm?). The average of five random fields were taken within those two cross-sections and
values were expressed per mm?. Hepatic fibrosis was identified using Sirius Red stained slides and evaluated
as well using two cross-sections by computerized image analysis of hepatic collagen content (as percentage of
liver surface area and including blood vessels). In addition a qualitative analysis regarding the fibrosis stage was
performed by a certified pathologist using the protocol of Tiniakos et al.**, in which the presence of pathologi-
cal collagen staining was scored within two cross-sections of medial lobe as either absent (F0), observed within
perisinusoidal/perivenular or periportal area (F1), within both perisinusoidal and periportal areas (F2), bridging
fibrosis (F3) or cirrhosis (F4).

Transcriptome analysis. Nucleic acid extraction was performed as described previously in detail*. Total
RNA was extracted from individual lobus dexter lateralis samples using glass beads and RNA-Bee (Campro
Scientific, Veenendaal, The Netherlands). RNA integrity was examined using the RNA 6000 Nano Lab-on-a-
Chip kit and a bioanalyzer 2100 (Agilent Technologies, Amstelveen, The Netherlands). The NEBNext Ultra II
Directional RNA Library Prep Kit (NEB #E7760S/L, New England Biolabs, Ipswich, MA, USA) was used to
process the samples. Briefly, mRNA was isolated from total RNA using the oligo-dT magnetic beads. After frag-
mentation of the mRNA, cDNA synthesis was performed, cDNA was ligated with the sequencing adapters and
amplified by PCR. Quality and yield of the amplicon was measured (Fragment Analyzer, Agilent Technologies,
Amstelveen, The Netherlands ) and was as expected (broad peak between 300 and 500 bp) and a concentration of
1.1 nM of amplicon-library DNA was used. Clustering and DNA sequencing, using the Illumina NovaSeq6000,
was performed according to manufacturer’s protocols by service provider GenomeScan B.V (Leiden, the Neth-
erlands), yielding 15-30 million sequencing clusters per sample and 2 x 150 bp Paired-End reads (PE) per clus-
ter. The genome reference and annotation file Mus_musculus. GRCm38.gencode.vM19 was used for analysis in
FastA and GTF format. The reads were aligned to the reference sequence using the STAR 2.5 algorithm with
default settings (https://github.com/alexdobin/STAR). Based on the mapped read locations and the gene anno-
tation HTSeq-count version 0.6.1p1 was used to count how often a read was mapped on the transcript region.
These counts serve as input for the statistical analysis using DEseq2 package®’. Selected differentially expressed
genes (DEGs), corrected for multiple testing, were used as an input for pathway analysis (P value <0.000001)
through Ingenuity Pathway Analysis suite (www.ingenuity.com, accessed 2020).

To evaluate the representation of human pathophysiological pathways in HFC-fed E3L.CETP mice, murine
hepatic gene expression profiles were compared with published data on hepatic gene expression profiles in human
NASH patients versus control. To this end, hepatic gene expression of NASH patients and controls of four differ-
ent human studies from the Gene Expression Omnibus (GEO) with accession numbers GSE48452, GSE61260,
GSE89632 and GSE33814%-*! were used. A unique gene symbol list over all studies was used to identify com-
mon expression results over the various studies and 2logR and P-values were calculated using NCBI GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE48452 or GSE89632 or GSE33814). For study GSE61260
normalised counts-data were used to calculate P-vales and 2logR. Only the differentially expressed genes that
were found in at least two studies AND had the same 2logR direction were used as an input for pathway analysis
(P values <0.01) through Ingenuity Pathway Analysis suite (www.ingenuity.com, accessed 2020). In addition,
the representation in E3L.CETP mice of human pathophysiological pathways specific for severe fibrosis, was
evaluated by comparing the murine gene expression with published data of a study that differentiates NASH
patients with severe fibrosis (fibrosis stage F3 or 4) from NASH patients with mild fibrosis (fibrosis stage F0 or
1) (GEO accession number GSE31803)*2,

Statistical analysis. All values shown represent means + SEM. Statistical differences between groups were
determined by using non-parametric Kruskal-Wallis followed by Mann-Whitney U test for independent sam-
ples using SPSS software. A P value <0.05 was considered statistically significant. Two-tailed p values were used.
In the case of transcriptome analysis we selected differentially expressed genes using p-values, adjusted for mul-
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tiple testing (False Discovery Rate, FDR) <0.01 AND abs2logRatio > 0.5. The differentially expressed pathways
(DEP) were selected based on Fischer’s exact test in the Ingenuity Pathway Analysis Software.

Results

Elafibranor reduces features of the Metabolic Syndrome in E3L.CETP mice. E3L.CETP mice
fed the HEC diet developed pronounced obesity (as compared to age-matched control mice fed a low fat chow
diet) within 15 weeks that remained stable until 25 weeks (Fig. 1A). Treatment with elafibranor resulted in
a significant lowering of body weight (with —24%, p<0.001 at t=25) as compared to the HFC control group
(Fig. 1A), despite receiving the same HFC diet and food intake being similar or slightly higher during the study
in the elafibranor group (data not shown: 3.2+0.1 g/mouse/day vs. 2.9 +0.2 g/mouse/day, p=0.126, respectively;
average food intake values of >5 cages at t=20 and t=25 weeks). The HFC diet resulted in a gradual increase
in perigonadal, visceral and subcutaneous WAT weights after 15 weeks (HFC reference group) and 25 weeks
(HFC control group), while treatment with elafibranor resulted in significantly lower WAT weights as compared
to the HFC control group (with —55%, —52% and —63%, all p<0.001 for perigonadal, visceral and subcutane-
ous WAT, respectively; Fig. 1B). Plasma insulin levels significantly increased on the HFC diet after 15 weeks
and then decreased again at t=20 to remain at a stable hyperinsulinemic level until t=25 weeks, while glucose
levels remained similar to the chow fed animals (Fig. 1C, D). Elafibranor treatment resulted in a significant
decrease in both insulin and glucose levels as compared to the HFC control group (insulin with -71% and -78%,
both p<0.001, at t=20 and t=25, respectively; glucose with —18%, p<0.01 and —11%, p=0.026 at t=20 and 25,
respectively; Fig. 1C, D).

In response to the HFC diet, mice developed stable hypercholesterolemia and severe hypertriglyceridemia
(cholesterol: 11.6 and 12.2-fold increase, both p <0.001, vs. chow diet at t =20 and t =25, respectively; triglycer-
ides: 3.9-fold, p=0.001 and 4.4-fold, p=0.013, increase vs. chow diet for t=20 and t =25, respectively) (Fig. 1E,
F). The increase in cholesterol was primarily due to an increase in very low-density lipoprotein (VLDL), although
low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol were increased as well (Fig. 1G,
H). Elafibranor treatment significantly lowered plasma cholesterol and triglyceride levels as compared to the HFC
control group (cholesterol with —45%, p=0.009 and —52%, p=0.001, at t =20 and t=25, respectively; triglycerides
with —84%, p<0.001 and —71%, p=0.011, at t=20 and t =25, respectively; Fig. 1E, F). The decrease in cholesterol
with elafibranor was primarily due to a reduction in VLDL and LDL, while HDL-cholesterol was significantly
increased and a larger cholesterol ester (CE)- and apoE-rich HDL-particle?”** was formed (Fig. 1G, H).

The HFC diet led to an increased liver weight as compared to the chow diet (data not shown: 3.7+0.3 g vs.
1.7+0.1 g, p<0.001) and analysis of liver enzymes showed a concomitant increase in plasma ALT (5.9-fold,
p=0.005 and 7.1-fold, p<0.001, at t=20 and t=25, respectively) and AST (5.6-fold, p=0.035 and 7.2-fold,
p<0.001, at t=20 and t=25, respectively) as compared to the chow diet, indicating that the HFC diet caused
liver damage (Fig. 11, J). Elafibranor treatment increased liver weight even further, typical for a compound with
PPARa-agonistic activity (to 5.2+0.1 g, p<0.001 both vs. chow and HFC control), and did not significantly
affect plasma ALT levels, while plasma AST levels were significantly decreased (with —42%, p=0.029 and —60%,
Pp=0.004, at t=20 and t =25, respectively) as compared to the HFC control group (Fig. 11, 7).

Elafibranor reduces steatosis and hepatic inflammation and blocks progression of fibrosis in
E3L.CETP mice. HFC feeding induced pronounced steatosis after 15 weeks (HFC reference group) and
25 weeks (HFC control group) of diet feeding, while treatment with elafibranor decreased this beyond the lev-
els at the start of the treatment at 15 weeks (Fig. 2A). Quantitative analysis (Fig. 2B, C) revealed that after
15 weeks about 54% of the surface area was steatotic, of which 25% consisted of macrovesicular steatosis and
29% of microvesicular steatosis. After 25 weeks about 71% of the surface area was steatotic, of which 30% con-
sisted of macrovesicular steatosis and 41% of microvesicular steatosis. Treatment with elafibranor fully blunted
the microvesicular steatosis to 0.1% and only a slight macrovesicular steatosis of 5% remained. Biochemical
analysis of intrahepatic liver lipids (Fig. 2D, E and F) was in line with the histological analysis and revealed that
HEFC feeding resulted in a significant increase in hepatic triglycerides and cholesterol esters as compared to the
chow diet (2.1-fold and 3.5-fold increase after 25 weeks, both p <0.001), while free cholesterol levels remained
similar. Elafibranor treatment almost normalized the hepatic triglyceride levels (—~44% decrease vs. HFC con-
trol, p<0.001) and significantly decreased hepatic cholesterol esters as well (-29% decrease vs. HFC control,
p<0.001), while free cholesterol levels remained unchanged.

HFC feeding also strongly induced lobular inflammation, characterized by aggregates of inflammatory cells
comprising mononuclear cells and polymorphonuclear cells. Quantification of the lobular inflammation (Fig. 2G)
showed that the HFC feeding resulted in a robust increase in the number of aggregates as compared to the chow
diet (20.5-fold increase, p=0.029 and 27.8-fold increase, p <0.001, after 15 weeks and after 25 weeks, respec-
tively). Treatment with elafibranor largely decreased the number of inflammatory aggregates (7.4-fold decrease
vs. HEC control, p<0.001).

Fifteen weeks of HFC feeding induced onset of fibrosis, as shown by the patches of collagen deposition and
after 25 weeks the fibrosis was evidently existing (Fig. 2A; Sirius Red staining). Quantification of fibrosis by
computerized analysis of collagen deposition in histological slices (Fig. 2H) revealed a profound increase in col-
lagen deposition after 25 weeks of HFC feeding (3.3-fold increase vs. chow diet, p=0.011) that was confirmed by
biochemical analysis of collagen (Fig. 2I; 3.5-fold increase vs. chow diet, p <0.001). Treatment with elafibranor
precluded this induction of fibrosis, as shown by the significant lower levels as compared to the HFC control
group in biochemical analysis (2.9-fold, p <0.001, respectively) and tendency with histological collagen content
(1.9-fold, p=0.067). Fibrosis evaluation by a board-certified pathologist revealed that after 15 weeks of HFC
feeding for most mice fibrosis was primarily located within perisinusoidal and/or periportal area (score F1-F2)
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Figure 1. Metabolic parameters in E3L.CETP mice improved by elafibranor. Body weight (A), WAT weight

of different adipose tissue depots (B), plasma insulin (C), blood glucose (D), plasma cholesterol (E), plasma
triglycerides (F), plasma HDL-cholesterol (G), lipoprotein profiles in plasma samples pooled per group (H),
plasma ALT (I) and plasma AST (J) from E3L.CETP mice fed a healthy chow diet or fed a HFC diet for 15 weeks
and left untreated or treated with 15 mg/kg/d elafibranor for 10 weeks. Values represent mean + SEM for n=8
chow mice, n=6 HFC reference mice and n= 15 HFC control or HFC + elafibranor treated mice. * p<0.05,
**p<0.01 and **p <0.001 vs. HFC control; #p <0.05 vs. HFC reference.
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Figure 1. (continued)

and after 25 weeks of HFC feeding the majority (60%) of mice revealed bridging fibrosis (F3) (and the remaining
mice had fibrosis in perisinusoidal and/or periportal area, score F1-F2)(Fig. 2]). Almost all mice (87%) with
elafibranor treatment had fibrosis within perisinusoidal and periportal area (score F2) and the remaining mice
revealed bridging fibrosis (F3) (Fig. 2J).

Treatment with elafibranor normalizes metabolic, inflammatory and fibrotic gene expres-
sion. To further investigate the mechanisms and pathways modulated by elafibranor, differentially expressed
pathways of E3L.CETP mice treated with elafibranor were compared with untreated mice. While HFC diet led
to a total of 327 differentially expressed pathways as compared to the mice on a healthy chow diet, elafibranor
treatment resulted in a total of 338 differentially expressed pathways, the majority of which (83%) overlapped
with the differentially expressed pathways that were induced by HFC diet (Fig. 3A). The far majority of those
overlapping pathways were also reversed by elafibranor treatment and only a small portion of the pathways were
attenuated or enhanced by elafibranor treatment per se. The top 15 most significantly enriched pathways for the
overlapping part of the Venn diagram that were induced by HFC diet and reversed by elafibranor treatment, as
well as the top 15 most significantly enriched pathways that were not induced by HFC diet but only affected by
elafibranor treatment, are visualized in Fig. 3A. Among the pathways that were reversed by elafibranor treatment
were important pathways for NASH development, like inflammation pathways such as NF-«kB and IL-8 signal-
ling and metabolism pathways (sirtuin signalling, mitochondrial function and oxidative phosphorylation, LXR/
RXR activation), as well as hepatic fibrosis/hepatic stellate cell activation. Part of the hepatic fibrosis pathway
analysis representing the statistically significant gene expression changes in activated stellate cells is shown in
Fig. 3B and indicates an upregulation for most genes with HFC diet and a reversal of this gene expression upon
elafibranor treatment.

We subsequently performed an upstream regulator analysis as well that determines the activation state
(z-score) of the transcription factors involved, based on the changes in expression of their target genes. All
significant upstream regulators with a z-score < -6 and >4 (arbitrary cut-offs to shorten the list) for elafibranor
vs. HFC are shown in Fig. 3C. The majority of the upstream regulators belonged to biological process categories
with high relevance to NASH development, like ‘Metabolism), ‘Inflammation’ and ‘Connective tissue’ Elafibranor
led to inhibition of inflammatory upstream regulators, and as expected from a PPAR-a/ agonist to upregulation
of PPAR-a and PPAR-§, as well as PPAR-y and other metabolic upstream regulators.

E3L.CETP mice on HFC diet have a transcriptomic profile similar to humans with NASH. On
gene expression level elafibranor in the E3L.CETP mice predominantly reversed pathways that were induced
by HFC. For an appropriate judgement of the translational value of the elafibranor effects in E3L.CETPD, it is
important to investigate to which degree the induction of NASH in E3L.CETP mice by HFC feeding mimics the
human NASH patients. To investigate whether E3L.CETP mice on HFC diet indeed recapitulate the underlying
disease pathways of NASH patients, hepatic gene expression of the mice was compared with a representative
human NASH signature. To this end, the published hepatic gene expression profiles of four independent human
studies with NASH patients and controls**-*! were merged in such a way that only the differentially expressed
genes that were found in at least two studies AND had the same 2logR direction were used for pathway analysis.
In total, 160 differentially expressed pathways were identified in humans that distinguished NASH patients from
controls. Of those, 139 or 87% were recapitulated in E3L.CETP mice on HFC diet (Fig. 4A). As compared to
humans, E3L.CETP mice on HFC diet vs. chow diet had more (n=327) differentially expressed pathways.

The top 15 most significantly enriched pathways for human NASH patients are visualized in Fig. 4B and the
enrichment of those pathways in E3L.CETP mice on HFC diet was plotted herein. The top 15 consisted for the
most part of pathways related to inflammation, followed by pathways involved in lipid metabolism. Furthermore,
blood pressure and cancer related pathways rank high, as well as the hepatic fibrosis signalling pathway. In the
E3L.CETP mice the top 15 of human NASH pathways were all recapitulated as well. Overall the enrichment of
most inflammatory pathways and the hepatic fibrosis signalling pathway was larger in the E3L.CETP mice, while
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Figure 2. Histological photomicrographs and quantitative analysis of NASH in E3L.CETP mice. Representative images of liver

cross sections stained with hematoxylin and eosin (H&E) or Sirius Red (arrows indicate collagen depositions) (A) and quantitative
analysis (B-I) from E3L.CETP mice fed a healthy chow diet or fed a HFC diet for 15 weeks and left untreated or treated with 15 mg/

kg/d elafibranor (ela) for 10 weeks. Macrovesicular (B) and microvesicular (C) steatosis as percentage of total liver area, biochemically
analysed hepatic triglycerides (D), cholesterol esters (E) and free cholesterol (F), inflammation as number of inflammatory aggregates

per mm? microscopic field (G), hepatic fibrosis as percentage Sirius Red of surface area (H) or biochemically analysed hepatic collagen

(I) and hepatic fibrosis stage (J). Values represent mean + SEM for n=8 chow mice, n=6 HFC reference mice and n=15 HFC control or
HFC +elafibranor treated mice. *p <0.05, **p<0.01 and ***p <0.001 vs. HFC control; *p <0.05, *p<0.01 and ***p<0.001 vs. HFC reference.
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Figure 3. Elafibranor normalizes differentially expressed pathways and upstream regulators in E3L.CETP mice »
induced by HFC diet. Venn diagram (A) illustrating the overlap of differentially expressed pathways (pathway
p-val<0.01) of livers between E3L.CETP mice fed a HFC diet vs. healthy chow diet for 25 weeks (white circle)
and E3L.CETP mice on HFC diet and treated with elafibranor vs. untreated mice (blue circle). The top 15 of
significantly enriched pathways (—log(P-value)) for the genes affected by HFC diet and reversed by elafibranor,
as well as for the genes affected by elafibranor but not induced by HFC are shown. Pathway analysis (B) showing
significant gene expression changes in activated hepatic stellate cells in E3L.CETP mice on HFC diet vs. chow
(upper panel) and E3L.CETP mice on HFC diet treated with elafibranor vs. untreated mice (lower panel). Red
colour indicates upregulation and green colour indicates down-regulation. Upstream regulator analysis (C)
showing the predicted activation state (z-score) of the upstream regulators, based on the expression changes

of known target genes. The overlap p-value indicates the significance of the overlap between the known target
genes of a transcription factor and the differentially expressed genes measured in the experiment. Red colour
indicates upregulation and blue colour indicates down-regulation. Ranking is based on the largest upregulation
to the largest downregulation of upstream regulators induced by elafibranor as indicated by the z-score.

the enrichment in the cancer related pathway was lower. Additionally, the E3L.CETP mice on HFC diet had
more (n=188) differentially expressed pathways that were not observed in humans. The top 15 most enriched
pathways of this portion of the Venn diagram is shown in Fig. 4C and reveals predominantly pathways related
to inflammation, but matrix proteins/collagens and mitochondria and signalling pathways as well. Most of those
pathways were enriched in humans as well, but did not reach the -log (p-value) cut-oft of 2.

In addition to the human NASH gene signature, we investigated the recapitulation of fibrosis pathways in
more detail. Hereto, a published human gene profile that specifically differentiates NASH patients with severe
fibrosis (stage F3 or F4) from NASH patients with mild fibrosis (stage FO or F1) was used*. This differential
gene set consists of genes that are all upregulated in the NASH patients with severe fibrosis. This gene set was
significantly upregulated as well, for all except one gene, in the E3L.CETP mice on HFC (Fig. 4D). Treatment
with elafibranor in the E3L.CETP mice predominantly reversed the gene expression of this gene set (Fig. 4D).

Discussion

In this study, we demonstrate that treatment of obese, insulin-resistant and dyslipidemic E3L.CETP mice with
elafibranor markedly ameliorated steatosis and lobular inflammation and blunted the progression of hepatic
fibrosis. Bioinformatics analysis of gene expression identified regulatory pathways and upstream regulators in
the liver that are specifically influenced by elafibranor.

To mimic the human situation of NASH patients as closely as possible, we used a transgenic mouse model
with a lipoprotein metabolism resembling humans and used a dietary induction to represent the obesogenic
diets to which many NASH patients are exposed. E3L.CETP mice, due to their genetic APOE*3Leiden mutation,
have an impaired clearance of apoB-containing lipoproteins, thereby mimicking the slow clearance observed
in humans and resulting in a mouse model that develops hyperlipidemia and atherosclerosis upon saturated fat
and cholesterol feeding!*!'**!. The model is therefore in clear contrast to wild-type C57BL6 mice that have a very
rapid clearance of apoB-containing particles resulting in plasma cholesterol that is primarily contained in the
HDL particle (and do not develop atherosclerosis). The high fat and cholesterol diet that was used in the current
study induced obesity, insulin resistance and hyperlipidemia in the model and the hepatic phenotype of the
mice resembled the human NASH pathology®***. The model developed a substantial amount of macrovesicular
steatosis, a hallmark of NASH patients, besides microvesicular steatosis. In addition, lobular (mixed) inflamma-
tion and increasing fibrosis, progressing to bridging fibrosis, developed in a pattern typical for dietary induction
and resembling the human situation®. Another important feature of the E3L.CETP mice is that in contrast to
wild-type mice they respond well to treatment with hypolipidemic drugs including statins and fibrates similarly
as humans do'*!1519-2325-273031 There is increasing evidence that statins and fibrates may have beneficial effects
on NASH and liver fibrosis™***.

In phase 2a trials in obese and dyslipidemic or obese and prediabetic patients, 80 mg/d elafibranor consistently
improved plasma lipids (decrease in plasma triglycerides and LDL-cholesterol, increase in HDL-cholesterol),
improved glucose homeostasis (decrease in plasma glucose, fructosamine, insulin and HOMA-IR, improve-
ment of hepatic and peripheral insulin resistance during hyperinsulinemic euglycemic clamps) and in addition
improved the levels of liver enzymes (plasma alanine aminotransferase, alkaline phospatase and y-glutamyltr
ansferase)*®*. In the subsequent phase 2 trial in NASH patients, 80 and 120 mg/d elafibranor were evaluated
after 1 year for resolution of NASH without worsening of fibrosis and demonstrated that the 120 mg/d dose (but
not the 80 mg/d dose) improved NAFLD activity score (NAS) without worsening of fibrosis'®. A phase 3 trial
with 120 mg/d elafibranor in NASH patients is currently ongoing and unfortunately, interim results of this trial
reported that after 72 weeks the placebo arm had an unexpectedly high response and elafibranor failed to dem-
onstrate a significant effect on the primary endpoint of NASH resolution without fibrosis worsening (19.2% of the
patients met the primary endpoint in elafibranor treated group vs. 14.7% in placebo treated group, p=0.0659)"".

In the current study in E3L.CETP mice, 15 mg/kg/d elafibranor administered after induction of disease sig-
nificantly decreased plasma triglycerides and total cholesterol, increased HDL-cholesterol and decreased blood
glucose and plasma insulin levels, similarly as seen in the human trials. In addition, we observed in the E3L.CETP
mice a profound improvement in steatosis and hepatic inflammation, while precluding fibrosis development
when treatment was started. These results are in line with the improvement in NAS score (or more specifically
in steatosis and lobular inflammation score) in the GOLDENS505 phase 2 trial and corroborate as well the results
of other reported preclinical rodent studies™*.
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C

HFC vs. chow Elafibranor vs. HFC
Upstream Activationz. 19919 Activationz. 10910 .
regulator score overlap score overlap Function
p-value p-value
Metabolism
PPARA 1.0 27.4 9.2 43.9  Major regulator of lipid metabolism
PPARGC1A 5.0 18.0 7.2 23.1 Regulator of mitochondrial biogenesis and function
INSR 6.1 12.9 7.0 10.0  Insulin receptor that plays a key role in the regulation of glucose homeostasis
PPARG 2.1 1.7 6.2 19.0 PPARG regulates fatty acid storage and glucose metabolism
SCAP 4.3 16.0 5.2 14.3  SREBP cleavage-activating protein, stimulates sterol biosynthesis
PPARGC1B 2.7 4.2 5.0 7.4 Involved in fat oxidation
Nr1h/LXR -3.3 8.4 4.8 7.6 Important regulator of cholesterol, fatty acid, and glucose homeostasis
PPARD -1.3 5.1 4.0 16.5  Regulates the peroxisomal beta-oxidation pathway of fatty acids
APOE -3.0 20.5 4.0 15.9  Protein involved in lipid transport
Inflammation
IL1RN 5.1 4.9 5.1 3.7 IL-1 inhibitor
ACKR2 4.7 8.7 4.0 4.1 A chemokine receptor
SPI 6.0 12.0 -6.0 8.9 Activates gene expression during myeloid and B-lymphoid cell development
RELA 5.9 12.3 -6.0 8.1 Involved in NFkB heterodimer formation, nuclear translocation and activation
TLR7 6.3 6.4 -6.0 2.3 Plays an important role in pathogen recognition and activation of innate immunity
IRF7 6.9 12.2 6.2 7.5 Regulator of many interferon-alpha genes
CSF2 6.0 20.3 -6.2 13.4  Stimulates stem cells to produce granulocytes and monocytes
Ifnar 6.7 15.1 -6.3 10.9  Receptor which binds endogenous type | interferon cytokines
TICAMA 5.0 1.7 -6.3 8.3 Toll like receptor adaptor molecule 1, involved in innate immunity
IKBKB 5.1 17.6 -6.4 12.9  Protein subunit of IkB kinase, blocks NF-kB activation
TGFB1 8.3 59.0 -6.4 38.0 Controls cell growth, cell proliferation, cell differentiation and apoptosis
Interferon alpha 8.1 1.4 6.5 9.0 Mainly involved in innate immune response against viral infection
XBP1 -3.4 5.7 6.5 12.7 A transcription factor involved in immune system and in the cellular stress response
IL1B 8.8 31.9 6.5 23.1  Animportant mediator of the inflammatory response
CHUK 5.7 17.9 -6.7 12.9  Part of the IkB kinase complex, regulates NF-kB transcription factor
MYD88 6.6 16.3 -7.3 8.7 A protein used by almost all TLRs to activate the transcription factor NF-xB
NFkB (complex) 7.6 21.9 7.7 13.3  Key regulator of immune and inflammatory responses
STAT1 7.9 19.4 -7.8 13.8 Important for cell viability in response to different cell stimuli and pathogens
IFNG 8.7 49.4 -8.1 32.8  Cytokine involved in innate and adaptive immune response
TNF 10.0 55.2 -9.6 42.3  Proinflammatory cytokine mainly secreted by macrophages
Connective tissue
Alpha catenin 6.7 16.9 6.4 13.9  Linker between cadherins and actin-containing filaments of the cytoskeleton
COL18A1 2.7 6.2 4.0 3.5 This gene encodes the alpha chain of type XVIII collagen
Other
TRIM24 6.7 15.8 6.2 9.1 Mediates transcriptional control by interaction with several nuclear receptors
SIRT1 4.0 14.9 4.6 8.0 Contributes to cellular regulation (reaction to stressors, longevity)
HBA1/HBA2 -3.8 3.2 4.4 3.4 Hemoglobin subunit
RB1 -3.1 21 4.2 3.7 A tumor suppressor protein that prevents excessive cell growth
MYCN -1.9 3.3 4.2 29 Transcripton factor and oncogene
SMARCA4 6.1 14.1 -6.7 13.8 A chromatin remodeling ATPase
CLPP 2.6 25 6.7 171 A peptidase, associated with the inner mitochondrial membrane
TP53 6.2 57.6 -6.9 49.4  Tumor protein p53, tumor suppressor gene
RICTOR 4.0 5.5 -8.2 19.7  Subunit of mMTORC2 complex, activates Akt/PKB, leading to cell proliferation and sunival

Figure 3. (continued)

Although the responses to elafibranor in our study are in line with the phase 2 clinical trials and with the
results of other preclinical studies, the recent interim results of the clinical phase 3 trial (that report a failure
to meet the endpoint), demand for a critical view on the discrepancy between the very promising results in all
kind of different preclinical models vs. the so far disappointing results of the phase 3 trial. In the clinical trials a
dose of 120 mg/d was used. To translate this dose to the dosing used in mouse studies, the following simplified
calculation can be used as a rough guide: 120 mg in a human of 80 kg would correspond with 1.5 mg/kg/d which
would be equivalent to a dose of 15 mg/kg/d in mice, when taking into account the approximately 10 times faster
metabolism in mice®. Although some preclinical studies used a relative high dose (30 mg/kg/d)>*, in our study
(15 mg/kg/d) and in a db/db mice study (1, 3 and 10 mg/kg/d)* a similar or lower doses, respectively, were used,
suggesting the discrepancy cannot simply be explained by the dose.

In the clinical trials a NAS score is used for evaluation of NASH improvement. The NAS score is a com-
bined score based on scoring of steatosis, ballooning and lobular inflammation. E3L.CETP mice on HFC diet
demonstrate ballooning®. However, the prevalence of ballooning is not the same as seen in NASH patients
and similar as for other mouse models*****° only marginal ballooning was observed. It is therefore important
to realize that rodent NASH models in general, with respect to hepatocyte ballooning, do not entirely meet the
histomorphological criteria and therefore scoring of ballooning in mouse models where ballooning cells are only
occasionally found, can be misleading. Therefore a direct comparison with the NAS score of the clinical trials
remains difficult. The more detailed results of the GOLDEN-505 phase 2 trial report the results for a subset of
the patients with a basal NAS score of >4 (so excluding the patients with a basal NAS score of 3, similarly as
currently has been done in the phase 3 trial) and demonstrate large and significant effects for ballooning and
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Figure 4. Differentially expressed pathways in E3L.CETP mice as compared to NASH patients. Venn diagram (A) illustrating the overlap of
differentially expressed pathways (pathway p-val <0.01) of livers between E3L.CETP mice fed a HFC diet vs. healthy chow diet for 25 weeks
(white circle) and human NASH patients vs. healthy control subjects (green circle). The top 15 of significantly enriched pathways (—log(P-
value)) for the genes affected in NASH patients (green bars) and the enrichment of E3L.CETP mice on HFC diet herein (white bars) (B).
P-values equal to or smaller than —log(P value) of 10 are shown as 10. The top 15 of significantly enriched pathways (~log(P-value)) for the
genes uniquely affected in E3L.CETP mice (white bars) and the (non-significant) enrichment of NASH patients plotted herein (C). P-values
equal to or smaller than —log(P value) of 3 are shown as 3. Heatmap (D) showing recapitulation in E3L.CETP mice, as well as in response

to elafibranor treatment, of hepatic gene expression profile that differentiates NASH patients with mild fibrosis (stage FO or 1) from severe
fibrosis (stage F3 or 4)*% Red colour indicates upregulation and blue colour indicates down-regulation. Gene with # indicates gene with
differential regulation in mice as compared to human regulation.
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Figure 4. (continued)

lobular inflammation, while there is no significant effect on steatosis and fibrosis'’. In contrast, in our and all
other preclinical studies a profound effect on steatosis is reported. A possible clue for this difference might be
given by the other deviant parameters in our study, like the decrease in body weight that is not seen in humans
but has been reported in other mouse studies as well*®. While plasma AST decreased in our study, plasma ALT
was not affected. In the reported clinical trials, plasma AST was not affected while plasma ALT was consistently
decreased. It has been reported that the PPAR-a agonist fenofibrate decreases AST gene expression and plasma
levels in mice whereas the compound increases the expression and levels in human liver cells®!, which may
have counteracted a potential beneficial effect of elafibranor in NASH patients. Also absolute liver weights were
increased in our study by elafibranor (data not shown, 1.4-fold increase vs. HFC control, p <0.001). Weight loss,
hepatomegaly, hepatocyte peroxisome proliferation, as well as increased plasma ALT levels, have been consistent
findings in rodent studies with PPAR-a agonists, but not in humans>*#>>**, Moreover, importantly PPARa expres-
sion in rodents may be much higher as in humans®*-*” and PPARa activation is less pronounced in human liver
compared to mouse liver®®, and this could profoundly impact lipid metabolism and inflammation as well®*>%,
and subsequently development of fibrosis. It is conceivable that species-dependent metabolic effects of PPAR-a
agonists explain the strong effects of elafibranor in preclinical models vs. the more modest effect of elafibranor
in the clinical trials. An apparent contradiction to this postulate is however, that in hAPOE2/PPAR-a knockout
mice’ steatosis has been reported to improve as well, suggesting the effect on steatosis cannot fully be explained
by PPAR-a activation. However elafibranor also exhibits PPAR-§ agonistic thereby inducing peripheral fatty acid
oxidation and energy metabolism and having a positive effect on lipid metabolism.

In summary, we reproduced NASH development with progression to fibrosis in HFC-fed E3L.CETP mice, a
model that is characterized by obesity, metabolic anomalies and histopathological features and underlying dis-
ease pathways similar to those observed in human NASH. In this model, elafibranor exerted beneficial effects on
steatosis and hepatic inflammation and a preventive effect on the progression of fibrosis. Taking into account that
due to species differences the response to some targets, like PPAR-a, may be overrepresented in animal models,
we infer that elafibranor will be particularly useful to reduce hepatic inflammation and could be a pharmacologi-
cally useful agent, probably in combination with other agents, for human NASH.

Received: 13 November 2020; Accepted: 2 February 2021
Published online: 03 March 2021

References

1. Horn, C. L, Ta, A. & Gunn, N. T. Current and emerging treatments for non-alcoholic steatohepatitis. Curr. Hepatol. Rep. https://
doi.org/10.1007/s11901-020-00540-y (2020).

2. Lai, M., Chandrasekera, P. C. & Barnard, N. D. You are what you eat, or are you? The challenges of translating high-fat-fed rodents
to human obesity and diabetes. Nutr Diabetes 4, e135. https://doi.org/10.1038/nutd.2014.30 (2014).

3. Teufel, A. et al. Comparison of gene expression patterns between mouse models of nonalcoholic fatty liver disease and liver tissues
from patients. Gastroenterology 151, 513-525. https://doi.org/10.1053/j.gastro.2016.05.051 (2016).

4. Ratziu, V. & Friedman, S. L. Why do so many NASH trials fail?. Gastroenterology https://doi.org/10.1053/j.gastro.2020.05.046
(2020).

Scientific Reports |

(2021) 11:5050 | https://doi.org/10.1038/s41598-021-83974-8 nature portfolio


https://doi.org/10.1007/s11901-020-00540-y
https://doi.org/10.1007/s11901-020-00540-y
https://doi.org/10.1038/nutd.2014.30
https://doi.org/10.1053/j.gastro.2016.05.051
https://doi.org/10.1053/j.gastro.2020.05.046

www.nature.com/scientificreports/

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

. Staels, B. et al. Hepatoprotective effects of the dual peroxisome proliferator-activated receptor alpha/delta agonist, GFT505, in

rodent models of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. Hepatology 58, 1941-1952. https://doi.org/10.1002/
hep.26461 (2013).

. Fougerat, A., Montagner, A., Loiseau, N., Guillou, H. & Wahli, W. Peroxisome proliferator-activated receptors and their novel

ligands as candidates for the treatment of non-alcoholic fatty liver disease. Cells 9, https://doi.org/10.3390/cells9071638 (2020).

. Liu, Y. et al. The role of PPAR-delta in Metabolism, inflammation, and cancer: many characters of a critical transcription factor.

Int ] Mol Sci 19, https://doi.org/10.3390/ijms19113339 (2018).

. Bougarne, N. et al. Molecular actions of PPARalpha in lipid metabolism and inflammation. Endocr Rev 39, 760-802. https://doi.

0rg/10.1210/er.2018-00064 (2018).

. Souza-Mello, V. Peroxisome proliferator-activated receptors as targets to treat non-alcoholic fatty liver disease. World ] Hepatol 7,

1012-1019. https://doi.org/10.4254/wjh.v7.i8.1012 (2015).

Ratziu, V. et al. Elafibranor, an agonist of the peroxisome proliferator-activated receptor-alpha and -delta, induces resolution of non-
alcoholic steatohepatitis without fibrosis worsening. Gastroenterology 150, 1147-1159. https://doi.org/10.1053/j.gastr0.2016.01.038
(2016).

GENFIT: Announces Results from Interim Analysis of RESOLVE-IT Phase 3 Trial of Elafibranor in Adults with NASH and Fibrosis.
https://ml-eu.globenewswire.com/Resource/Download/38e085e1-66f5-4251-8abe-648d0e7b9ed1; Press release (2020).

Genlfit. Elafibranor in NASH, https://www.genfit.com/pipeline/elafibranor/ (2020).

Zadelaar, S. et al. Mouse models for atherosclerosis and pharmaceutical modifiers. Arterioscler Thromb Vasc Biol 27, 1706-1721.
https://doi.org/10.1161/ATVBAHA.107.142570 (2007).

Westerterp, M. et al. Cholesteryl ester transfer protein decreases high-density lipoprotein and severely aggravates atherosclerosis
in APOE*3-Leiden mice. Arterioscler Thromb Vasc Biol 26, 2552-2559. https://doi.org/10.1161/01.ATV.0000243925.65265.3¢
(2006).

van den Hoek, A. M. et al. APOE*3Leiden.CETP transgenic mice as model for pharmaceutical treatment of the metabolic syn-
drome. Diabetes, obesity & metabolism 16, 537-544, https://doi.org/10.1111/dom.12252 (2014).

Hui, S. T. et al. The genetic architecture of diet-induced hepatic fibrosis in mice. Hepatology 68, 2182-2196. https://doi.org/10.1002/
hep.30113 (2018).

Liang, W. et al. Metabolically induced liver inflammation leads to NASH and differs from LPS- or IL-1beta-induced chronic
inflammation. Lab Invest 94, 491-502. https://doi.org/10.1038/labinvest.2014.11 (2014).

Liang, W. et al. Salsalate attenuates diet induced non-alcoholic steatohepatitis in mice by decreasing lipogenic and inflammatory
processes. Br ] Pharmacol 172, 5293-5305. https://doi.org/10.1111/bph.13315 (2015).

van den Hoek, A. M. et al. icosabutate exerts beneficial effects upon insulin sensitivity, hepatic inflammation, lipotoxicity, and
fibrosis in mice. Hepatol Commun 4, 193-207, https://doi.org/10.1002/hep4.1453 (2020).

Bijland, S. et al. Fenofibrate increases very low density lipoprotein triglyceride production despite reducing plasma triglyceride
levels in APOE*3-Leiden.CETP mice. ] Biol Chem 285, 25168-25175. https://doi.org/10.1074/jbc.M110.123992 (2010).

Dewey, E E. et al. Genetic and pharmacologic inactivation of ANGPTL3 and cardiovascular disease. N Engl ] Med 377, 211-221.
https://doi.org/10.1056/NEJMo0al612790 (2017).

Kuhnast, S. et al. Niacin reduces atherosclerosis development in APOE*3Leiden.CETP Mice Mainly by Reducing NonHDL-
Cholesterol. PLoS One 8, 66467, https://doi.org/10.1371/journal.pone.0066467 (2013).

Kuhnast, S. et al. Alirocumab inhibits atherosclerosis, improves the plaque morphology, and enhances the effects of a statin. J Lipid
Res 55, 2103-2112. https://doi.org/10.1194/jlr.M051326 (2014).

Kuhnast, S. et al. Anacetrapib reduces progression of atherosclerosis, mainly by reducing non-HDL-cholesterol, improves lesion
stability and adds to the beneficial effects of atorvastatin. Eur Heart ] 36, 39-48. https://doi.org/10.1093/eurheartj/ehu319 (2015).
Stokman, G. et al. Dual targeting of hepatic fibrosis and atherogenesis by icosabutate, an engineered eicosapentaenoic acid deriva-
tive. Liver Int https://doi.org/10.1111/liv.14643 (2020).

van der Hoorn, J. W. et al. Niacin increases HDL by reducing hepatic expression and plasma levels of cholesteryl ester transfer
protein in APOE*3Leiden.CETP mice. Arterioscler Thromb Vasc Biol 28, 2016-2022, https://doi.org/10.1161/ATVBAHA.108.17136
3 (2008).

van der Hoogt, C. C. et al. Fenofibrate increases HDL-cholesterol by reducing cholesteryl ester transfer protein expression. J Lipid
Res 48, 1763-1771, https://doi.org/10.1194/jlr.M700108-JLR200 (2007).

Jiang, X. C., Agellon, L. B., Walsh, A., Breslow, J. L. & Tall, A. Dietary cholesterol increases transcription of the human cholesteryl
ester transfer protein gene in transgenic mice. Dependence on natural flanking sequences. J Clin Invest 90, 1290-1295, https://
doi.org/10.1172/JCI115993 (1992).

van den Maagdenberg, A. M. et al. Transgenic mice carrying the apolipoprotein E3-Leiden gene exhibit hyperlipoproteinemia. J
Biol Chem 268, 10540-10545 (1993).

Kuhnast, S., Fiocco, M., van der Hoorn, J. W., Princen, H. M. & Jukema, J. W. Innovative pharmaceutical interventions in car-
diovascular disease: Focusing on the contribution of non-HDL-C/LDL-C-lowering versus HDL-C-raising: a systematic review
and meta-analysis of relevant preclinical studies and clinical trials. Eur ] Pharmacol 763, 48-63. https://doi.org/10.1016/j.ejpha
1.2015.03.089 (2015).

Princen, H. M. G., Pouwer, M. G. & Pieterman, E. ]. Comment on "Hypercholesterolemia with consumption of PFOA-laced Western
diets is dependent on strain and sex of mice" by Rebholz S.L. et al. Toxicol. Rep. 2016 (3) 46-54. Toxicol Rep. 3, 306-309, https://
doi.org/10.1016/j.toxrep.2016.02.002 (2016).

Post, S. M., de Wit, E. C. & Princen, H. M. Cafestol, the cholesterol-raising factor in boiled coffee, suppresses bile acid synthesis
by downregulation of cholesterol 7 alpha-hydroxylase and sterol 27-hydroxylase in rat hepatocytes. Arterioscler Thromb Vasc Biol
17, 3064-3070. https://doi.org/10.1161/01.atv.17.11.3064 (1997).

Kleiner, D. E. et al. Design and validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology 41,
1313-1321. https://doi.org/10.1002/hep.20701 (2005).

Liang, W. et al. Establishment of a general NAFLD scoring system for rodent models and comparison to human liver pathology.
PLoS ONE 9, e115922. https://doi.org/10.1371/journal.pone.0115922 (2014).

Tiniakos, D. G., Vos, M. B. & Brunt, E. M. Nonalcoholic fatty liver disease: pathology and pathogenesis. Annu Rev Pathol 5, 145-171.
https://doi.org/10.1146/annurev-pathol-121808-102132 (2010).

Verschuren, L. et al. A systems biology approach to understand the pathophysiological mechanisms of cardiac pathological hyper-
trophy associated with rosiglitazone. BMC Med Genomics 7, 35. https://doi.org/10.1186/1755-8794-7-35 (2014).

Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15, 550. https://doi.org/10.1186/s13059-014-0550-8 (2014).

Ahrens, M. et al. DNA methylation analysis in nonalcoholic fatty liver disease suggests distinct disease-specific and remodeling
signatures after bariatric surgery. Cell Metab 18, 296-302. https://doi.org/10.1016/j.cmet.2013.07.004 (2013).

Arendt, B. M. et al. Altered hepatic gene expression in nonalcoholic fatty liver disease is associated with lower hepatic n-3 and n-6
polyunsaturated fatty acids. Hepatology 61, 1565-1578. https://doi.org/10.1002/hep.27695 (2015).

Horvath, S. et al. Obesity accelerates epigenetic aging of human liver. Proc Natl Acad Sci USA 111, 15538-15543. https://doi.
org/10.1073/pnas.1412759111 (2014).

Scientific Reports |

(2021) 11:5050 | https://doi.org/10.1038/s41598-021-83974-8 nature portfolio


https://doi.org/10.1002/hep.26461
https://doi.org/10.1002/hep.26461
https://doi.org/10.3390/cells9071638
https://doi.org/10.3390/ijms19113339
https://doi.org/10.1210/er.2018-00064
https://doi.org/10.1210/er.2018-00064
https://doi.org/10.4254/wjh.v7.i8.1012
https://doi.org/10.1053/j.gastro.2016.01.038
https://ml-eu.globenewswire.com/Resource/Download/38e085e1-66f5-4251-8abe-648d0e7b9ed1
https://www.genfit.com/pipeline/elafibranor/
https://doi.org/10.1161/ATVBAHA.107.142570
https://doi.org/10.1161/01.ATV.0000243925.65265.3c
https://doi.org/10.1111/dom.12252
https://doi.org/10.1002/hep.30113
https://doi.org/10.1002/hep.30113
https://doi.org/10.1038/labinvest.2014.11
https://doi.org/10.1111/bph.13315
https://doi.org/10.1002/hep4.1453
https://doi.org/10.1074/jbc.M110.123992
https://doi.org/10.1056/NEJMoa1612790
https://doi.org/10.1371/journal.pone.0066467
https://doi.org/10.1194/jlr.M051326
https://doi.org/10.1093/eurheartj/ehu319
https://doi.org/10.1111/liv.14643
https://doi.org/10.1161/ATVBAHA.108.171363
https://doi.org/10.1161/ATVBAHA.108.171363
https://doi.org/10.1194/jlr.M700108-JLR200
https://doi.org/10.1172/JCI115993
https://doi.org/10.1172/JCI115993
https://doi.org/10.1016/j.ejphar.2015.03.089
https://doi.org/10.1016/j.ejphar.2015.03.089
https://doi.org/10.1016/j.toxrep.2016.02.002
https://doi.org/10.1016/j.toxrep.2016.02.002
https://doi.org/10.1161/01.atv.17.11.3064
https://doi.org/10.1002/hep.20701
https://doi.org/10.1371/journal.pone.0115922
https://doi.org/10.1146/annurev-pathol-121808-102132
https://doi.org/10.1186/1755-8794-7-35
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.cmet.2013.07.004
https://doi.org/10.1002/hep.27695
https://doi.org/10.1073/pnas.1412759111
https://doi.org/10.1073/pnas.1412759111

www.nature.com/scientificreports/

41. Starmann, J. et al. Gene expression profiling unravels cancer-related hepatic molecular signatures in steatohepatitis but not in
steatosis. PLoS ONE 7, e46584. https://doi.org/10.1371/journal.pone.0046584 (2012).

42. Moylan, C. A. et al. Hepatic gene expression profiles differentiate presymptomatic patients with mild versus severe nonalcoholic
fatty liver disease. Hepatology 59, 471-482. https://doi.org/10.1002/hep.26661 (2014).

43. Kooistra, T. et al. Fenofibrate reduces atherogenesis in ApoE*3Leiden mice: evidence for multiple antiatherogenic effects besides
lowering plasma cholesterol. Arterioscler Thromb Vasc Biol 26, 2322-2330. https://doi.org/10.1161/01.ATV.0000238348.05028.14
(2006).

44. Lee, J. I, Lee, H. W, Lee, K. S., Lee, H. S. & Park, J. Y. Effects of statin use on the development and progression of nonalcoholic
fatty liver disease: a nationwide nested case-control study. Am ] Gastroenterol 116, 116-124. https://doi.org/10.14309/ajg.00000
00000000845 (2021).

45. Nascimbeni, F et al. Statins and nonalcoholic fatty liver disease in the era of precision medicine: more friends than foes. Athero-
sclerosis 284, 66-74. https://doi.org/10.1016/j.atherosclerosis.2019.02.028 (2019).

46. Cariou, B, Zair, Y., Staels, B. & Bruckert, E. Effects of the new dual PPAR alpha/delta agonist GFT505 on lipid and glucose homeo-
stasis in abdominally obese patients with combined dyslipidemia or impaired glucose metabolism. Diabetes Care 34, 2008-2014.
https://doi.org/10.2337/dc11-0093 (2011).

47. Cariou, B. et al. Dual peroxisome proliferator-activated receptor alpha/delta agonist GFT505 improves hepatic and peripheral
insulin sensitivity in abdominally obese subjects. Diabetes Care 36, 2923-2930. https://doi.org/10.2337/dc12-2012 (2013).

48. Tolbol, K. S. et al. Metabolic and hepatic effects of liraglutide, obeticholic acid and elafibranor in diet-induced obese mouse models
of biopsy-confirmed nonalcoholic steatohepatitis. World J Gastroenterol 24, 179-194. https://doi.org/10.3748/wjg.v24.i2.179 (2018).

49. Nair, A. B. & Jacob, S. A simple practice guide for dose conversion between animals and human. J Basic Clin Pharm 7, 27-31. https
://doi.org/10.4103/0976-0105.177703 (2016).

50. Abe, N. et al. Longitudinal characterization of diet-induced genetic murine models of non-alcoholic steatohepatitis with metabolic,
histological, and transcriptomic hallmarks of human patients. Biol Open 8, https://doi.org/10.1242/bio.041251 (2019).

51. Edgar, A. D. et al. Fenofibrate modifies transaminase gene expression via a peroxisome proliferator activated receptor alpha-
dependent pathway. Toxicol Lett 98, 13-23. https://doi.org/10.1016/s0378-4274(98)00042-3 (1998).

52. Gonzalez, E. J. & Shah, Y. M. PPARalpha: mechanism of species differences and hepatocarcinogenesis of peroxisome proliferators.
Toxicology 246, 2-8. https://doi.org/10.1016/j.tox.2007.09.030 (2008).

53. Rachid, T. L. et al. Fenofibrate (PPARalpha agonist) induces beige cell formation in subcutaneous white adipose tissue from diet-
induced male obese mice. Mol Cell Endocrinol 402, 86-94. https://doi.org/10.1016/j.mce.2014.12.027 (2015).

54. Auboeuf, D. et al. Tissue distribution and quantification of the expression of mRNAs of peroxisome proliferator-activated recep-
tors and liver X receptor-alpha in humans: no alteration in adipose tissue of obese and NIDDM patients. Diabetes 46, 1319-1327.
https://doi.org/10.2337/diab.46.8.1319 (1997).

55. Kersten, S. & Stienstra, R. The role and regulation of the peroxisome proliferator activated receptor alpha in human liver. Biochimie
136, 75-84. https://doi.org/10.1016/j.biochi.2016.12.019 (2017).

56. Palmer, C. N., Hsu, M. H,, Griffin, K. J., Raucy, J. L. & Johnson, E. E. Peroxisome proliferator activated receptor-alpha expression
in human liver. Mol Pharmacol 53, 14-22 (1998).

57. Tugwood, J. D., Aldridge, T. C., Lambe, K. G., Macdonald, N. & Woodyatt, N. J. Peroxisome proliferator-activated receptors:
structures and function. Ann N'Y Acad Sci 804, 252-265. https://doi.org/10.1111/j.1749-6632.1996.tb18620.x (1996).

58. de la Rosa Rodriguez, M. A. et al. The whole transcriptome effects of the PPARalpha agonist fenofibrate on livers of hepatocyte
humanized mice. BMC Genomics 19, 443, https://doi.org/10.1186/s12864-018-4834-3 (2018).

59. Kleemann, R. et al. Fibrates down-regulate IL-1-stimulated C-reactive protein gene expression in hepatocytes by reducing nuclear
p50-NFkappa B-C/EBP-beta complex formation. Blood 101, 545-551. https://doi.org/10.1182/blood-2002-06-1762 (2003).

Acknowledgements
We thank Simone van der Drift-Droog and Nanda Keijzer for their excellent technical assistance.

Author contributions

Conceptualization, A.M.v.d.H. and H.M.G.P; Data curation, L.V,, A.L. M. and M.P.M.C,; Investigation, N.W,;
Project administration, A.M.v.d.H.; Supervision, A.M.v.d.H.; Visualization, A.M.v.d.H.; Writing-original draft,
A M.v.d.H.; Writing-review and editing, A.M.v.d.H. and H.M.G.P. All authors reviewed the manuscript.

Funding
This research received no external funding. The authors thank the TNO research program ‘Roadmap Biomedical
Health’ for supporting this study.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.M.v.d.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:5050 | https://doi.org/10.1038/s41598-021-83974-8 nature portfolio


https://doi.org/10.1371/journal.pone.0046584
https://doi.org/10.1002/hep.26661
https://doi.org/10.1161/01.ATV.0000238348.05028.14
https://doi.org/10.14309/ajg.0000000000000845
https://doi.org/10.14309/ajg.0000000000000845
https://doi.org/10.1016/j.atherosclerosis.2019.02.028
https://doi.org/10.2337/dc11-0093
https://doi.org/10.2337/dc12-2012
https://doi.org/10.3748/wjg.v24.i2.179
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1242/bio.041251
https://doi.org/10.1016/s0378-4274(98)00042-3
https://doi.org/10.1016/j.tox.2007.09.030
https://doi.org/10.1016/j.mce.2014.12.027
https://doi.org/10.2337/diab.46.8.1319
https://doi.org/10.1016/j.biochi.2016.12.019
https://doi.org/10.1111/j.1749-6632.1996.tb18620.x
https://doi.org/10.1186/s12864-018-4834-3
https://doi.org/10.1182/blood-2002-06-1762
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Beneficial effects of elafibranor on NASH in E3L.CETP mice and differences between mice and men
	Methods
	Animals and experimental design. 
	Plasma and liver biochemical analysis. 
	Histology. 
	Transcriptome analysis. 
	Statistical analysis. 

	Results
	Elafibranor reduces features of the Metabolic Syndrome in E3L.CETP mice. 
	Elafibranor reduces steatosis and hepatic inflammation and blocks progression of fibrosis in E3L.CETP mice. 
	Treatment with elafibranor normalizes metabolic, inflammatory and fibrotic gene expression. 
	E3L.CETP mice on HFC diet have a transcriptomic profile similar to humans with NASH. 

	Discussion
	References
	Acknowledgements


