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Abstract

AIM

To evaluate the pharmacodynamics of compounds in
clinical development for nonalcoholic steatohepatitis
(NASH) in obese mouse models of biopsy-confirmed
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NASH.

METHODS

Male wild-type C57BL/6] mice (DIO-NASH) and Lep™”
(obyob-NASH) mice were fed a diet high in trans-fat (40%),
fructose (20%) and cholesterol (2%) for 30 and 21
wk, respectively. Prior to treatment, all mice underwent
liver biopsy for confirmation and stratification of liver
steatosis and fibrosis, using the nonalcoholic fatty
liver disease activity score (NAS) and fibrosis staging
system. The mice were kept on the diet and received
vehicle, liraglutide (0.2 mg/kg, SC, BID), obeticholic
acid (OCA, 30 mg/kg PO, QD), or elafibranor (30 mg/kg
PO, QD) for eight weeks. Within-subject comparisons
were performed on changes in steatosis, inflammation,
ballooning degeneration, and fibrosis scores. In
addition, compound effects were evaluated by
quantitative liver histology, including percent fractional
area of liver fat, galectin-3, and collagen 1al.

RESULTS

Liraglutide and elafibranor, but not OCA, reduced body
weight in both models. Liraglutide improved steatosis
scores in DIO-NASH mice only. Elafibranor and OCA
reduced histopathological scores of hepatic steatosis
and inflammation in both models, but only elafibranor
reduced fibrosis severity. Liraglutide and OCA reduced
total liver fat, collagen 1lal, and galectin-3 content,
driven by significant reductions in liver weight. The
individual drug effects on NASH histological endpoints
were supported by global gene expression (RNA
sequencing) and liver lipid biochemistry.

CONCLUSION

DIO-NASH and ob/0b6-NASH mouse models show distinct
treatment effects of liraglutide, OCA, and elafibranor,
being in general agreement with corresponding findings
in clinical trials for NASH. The present data therefore
further supports the clinical translatability and utility of
DIO-NASH and ob/0b-NASH mouse models of NASH
for probing the therapeutic efficacy of compounds in
preclinical drug development for NASH.

Key words: Nonalcoholic steatohepatitis; Disease
models; Pathology; Fibrosis; Liver biopsy; Tran-
scriptomics; Pharmacodynamics; Glucagon-like pe-
ptide-1 receptor; Peroxisome proliferator-activated
receptor; Farnesoid X receptor

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The pharmacodynamics of three compounds
in advanced clinical development for the treatment
of nonalcoholic steatohepatitis (NASH), including
liraglutide, elafibranor and obeticholic acid, were
evaluated in wild-type and genetically (ob/0b)
obese mouse models of NASH. Prior to treatment,
all mice underwent liver biopsy for confirmation and
stratification of liver steatosis and fibrosis. Within-
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subject comparisons were performed on changes in
liver histopathology. Wild-type and ob/06-NASH obese
mice showed distinct treatment effects of liraglutide,
OCA, and elafibranor, being in general agreement with
corresponding findings in clinical trials for NASH. In
conclusion, the two obese mouse models of NASH show
clinical translatability with respect to disease etiology,
histopathology and drug treatment effects, which
supports their utility in preclinical drug development.

Tolbel KS, Kristiansen MN, Hansen HH, Veidal SS, Rigbolt KT,
Gillum MP, Jelsing J, Vrang N, Feigh M. Metabolic and hepatic
effects of liraglutide, obeticholic acid and elafibranor in diet-
induced obese mouse models of biopsy-confirmed nonalcoholic
steatohepatitis. World J Gastroenterol 2018; 24(2): 179-194
Available from: URL: http://www.wjgnet.com/1007-9327/full/

v24/i2/179.htm DOI: http://dx.doi.org/10.3748/wjg.v24.i2.179

INTRODUCTION

Nonalcoholic steatohepatitis (NASH) is characterized
by varying degrees of hepatic steatosis, cytoskeletal
damage, and lobular inflammation with or without
fibrosis™, The pathogenesis of NASH is complex with
current hypotheses involving fatty acid-mediated
lipotoxicity exhausting hepatocyte adaptive and rege-
nerative responses, whereby accumulating oxidative
stress can trigger hepatocyte necroinflammation,
fibrosis, and disruption of hepatic cytoarchitecture®?.
Immunopathological alterations likely also play a key role
in NASH, presumably driven by maladaptive responses
in the innate and adaptive immune system®™?,

The primary drivers of NASH are obesity and
diabetes, and the high prevalence of these major
metabolic diseases is expected to make NASH one of
the most common causes of advanced liver disorders
in the coming decade'®. NASH is therefore rapidly
emerging as a major public health problem, however,
with currently no evidence-based approved drug
therapies. This has prompted substantial efforts to
identify novel pharmacological concepts for correcting
the underlying metabolic deficits and alleviate, or
prevent, hepatic fibrosis in NASH”®!. To improve the
understanding of NASH pathogenesis and facilitate the
development of novel therapeutics for NASH, several
mouse models have been employed™®. A number of
diet-induced obesity (DIO) models mimic the natural
history of NASH and have demonstrated relatively good
clinical translatability with respect to key metabolic and
liver pathological changes with mild- to moderate-grade
liver fibrosis, and these models have therefore been
increasingly used in preclinical drug development®*?,
In comparison, non-physiological diets that are low or
devoid of certain essential amino acids promote more
severe liver fibrosis, but also result in significant weight
loss, making these NASH models more applicable for
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probing drug treatment efficacy on hepatic injury and
regeneration!**®,

Notably, NASH show spontaneous and unpredictable
onset with varying disease severity and different
rates of progression!'!. Today, liver biopsy-confirmed
pathology is the mainstay for clinical trials which allows
for stratification of disease severity/stage and within-
subject evaluation of endpoint liver histology!’*®,
In agreement with the clinical findings, DIO mouse
models of NASH show variable disease severity. Recent
reports have demonstrated that all stages of NASH
are represented in mice fed Western-type obesogenic
diets for any period = 20 wk, and a significant pro-
portion of up to 30% of the animals fail to develop
steatohepatitis and liver fibrosis™®"*'¥, indicating that
individual baseline disease stage is also a critical factor
in the assessment of treatment effects in DIO mouse
models of NASH. However, disease state heterogeneity
is often overlooked in preclinical NASH studies which
may result in unintentional large variability in endpoint
histopathology and narrow the window for detection
of therapeutic effects. Another factor to be considered
in preclinical drug development for NASH is that drug
treatment periods in mouse models of NASH have
varied from subacute to chronic dosing settings with
histological endpoints evaluated by different qualitative
and quantitative methods. Comparison of preclinical
treatment effects of potential anti-NASH compounds is
therefore misleading in the absence of head-to-head
pharmacological studies in experimental models of
NASH.

We have recently reported liver biopsy-confirmed
histopathology in wild-type (DIO-NASH) and genetically
obese (ob/ob-NASH) mouse models of NASH™, Both
models display hallmarks of NASH, i.e. steatosis,
lobular inflammation, hepatocellular ballooning, but are
distinguished histologically by the representation of mild
(DIO-NASH) or moderate (ob/ob-NASH) grade hepatic
fibrosis®®*l. The present comparative study in the
DIO-NASH and ob/ob-NASH mouse models of biopsy-
confirmed histopathology aimed to characterize within-
subject treatment responses of compounds in current
advanced clinical development for NASH, including
liraglutide™”', obeticholic acid (OCA, INT-747)%Y,
and elafibranor (GFT-505)"?. Liraglutide is a long-
acting glucagon-like peptide 1 (GLP-1) analogue with
picomolar GLP-1 receptor binding potency'®!, and
is approved for the management of type 2 diabetes
and obesity. Whereas liraglutide improves glycemia
by stimulating pancreatic cell function, its anti-obesity
effects are predominantly centrally mediated through
suppression of hypothalamic appetite signaling™*!.
OCA is a semi-synthetic bile acid currently approved
for the treatment of primary biliary cholangitis'®®!. OCA
acts as a transcriptional activator through high-affinity
binding to the nuclear farnesoid X receptor (FXR)™”
to regulate bile acid synthesis and transport, hepatic
lipid and carbohydrate metabolism, as well as immune
function™®., Elafibranor is a selective dual agonist
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for peroxisome proliferator-activated a/d receptors
(PPAR-0./0)*1, another group of ligand-activated
nuclear receptors with particularly highly abundancy
in the liver. As for OCA, elafibranor exerts its major
effects through transcriptional regulation of key genes
involved in hepatic lipid and glucose metabolism, but
also modulates hepatic inflammation and collagen
turnover®, Liraglutide, OCA and elafibranor therefore
influences different disease mechanisms in NASH,
making these compounds well-suited for comparing the
treatment efficacy of different therapeutic concepts in
the two mouse models of NASH.

MATERIALS AND METHODS

Animals

All animal experiments were conducted according to
internationally accepted principles for the care and use
of laboratory animals (licence no. 2013-15-2934-00784,
The Animal Experiments Inspectorate, Denmark).
The animal protocol was designed to minimize pain or
discomfort to the animals. Male mice were obtained
from Janvier Labs (Le Genest Saint Isle, France) and
housed in a controlled environment (12 h light/dark
cycle, light on at 3 AM, 21 + 2°C, humidity 50% =+
10%). Each animal was identified by an implantable
microchip (PetID Microchip, E-vet, Haderslev, Den-
mark). Mice had ad libitum access to tap water and
either regular rodent chow (Altromin 1324, Brogaarden,
Hoersholm, Denmark), or a diet high in fat (40%,
containing 18% trans-fat), 40% carbohydrates (20%
fructose) and 2% cholesterol (AMLN diet; D09100301,
Research Diets, New Brunswick, NJ)''®), Disease
progression was characterized in wild-type DIO-NASH
mice, 5 wk-old at the arrival at Gubra, and fed AMLN
diet for up to 50 wk (n = 8-10 animals per time point).
Effects of drug treatment were evaluated in wild-type
C57BL/6] and B6.V-Lep®/IRj (ob/ob) mice 5-6 wk-
old at the arrival at Gubra. C57BL/6] mice were fed
chow (controls) or AMLN diet (DIO-NASH mice) for 30
wk prior to treatment start. ob/ob mice were fed chow
(ob/ob controls) or AMLN diet (ob/ob-NASH mice)
for 21 wk prior to treatment start. Body weight was
measured daily during the treatment period.

Baseline liver biopsy

All animals included in the drug treatment experiments
underwent liver biopsy, as described in detail
previously®®*l, In brief, the mice were anesthetized
with isoflurane (Vetflurane®, Virbac, Kolding, Denmark)
in atmospheric air. A midline abdominal incision was
made to expose the left lateral lobe, and a cone-shaped
biopsy of 50-100 mg liver tissue was collected and fixed
in 4% paraformaldehyde overnight and subsequently
used for histological assessment. The cut surfaces
were electrocoagulated using an electrosurgicial unit
(ERBE VIO 100C, ERBE, Marietta, GA, United States),
whereupon the liver was returned to the abdominal
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cavity, the abdominal wall was sutured and the skin
was stapled. The animals received 5 mg/kg carprofen
(Norodyl®, ScanVet, Fredensborg, Denmark) prior to
surgery and on post-operative day 1 and 2. Animals
were single-housed after the procedure and allowed to
recover for 3 wk prior to treatment start. Only mice with
fibrosis stage = 1 and steatosis score = 2, evaluated
using the clinical criteria outlined by Kleiner et a4,
were included in the study.

Drug treatment

Liraglutide (Victoza™ pen) was from Novo Nordisk
(Bagsvaerd, Denmark), elafibranor and OCA were from
SunshineChem (Shanghai, China). Vehicles were 0.5%
carboxymethyl cellulose with 0.01 % Tween-80 (PO
dosing) or phosphate-buffered saline with 0.1% bovine
serum albumin (SC dosing), administered in a dosing
volume of 5 mL/kg. Animals were stratified (n = 9-12
per group) based on mean fibrosis and steatosis score,
and treated for 8 wk with vehicle (PO, QD), liraglutide
(0.2 mg/kg, SC, BID), OCA (30 mg/kg, PO, QD), or
elafibranor (30 mg/kg, PO, QD). Vehicle-dosed chow-
fed mice (PO, QD) served as additional controls. The
compound doses used in the present study were within
the dose range reported efficacious in other mouse
models of diet-induced obesity and NASH™%*2331 A
terminal blood sample was collected from the tail vein
in non-fasted mice and used for plasma biochemistry.
Animals were sacrificed by cardiac puncture under
isoflurane anesthesia. Liver samples were processed as
described below.

Biochemical and histological analyses

Biochemical and histological analyses were per-
formed as reported previously™™. Plasma analytes
included alanine aminotransferase (ALT), aspartate
aminotransferase (AST), triglycerides (TG) and total
cholesterol (TC). Liver homogenates were analyzed
for TG and TC. Paraformaldehyde-fixed liver pre- and
post-biopsies were paraffin-embedded, sectioned,
and stained with hematoxylin-eosin (Dako, Glostrup,
Denmark), Picro-Sirius red (Sigma-Aldrich, Broendby,
Denmark), anti-type I collagen (Collal; Southern
Biotech, Birmingham, AL), or anti-galectin-3 (Biolegend,
San Diego, CA, United States). The NAFLD activity
score (NAS) and fibrosis staging system was applied to
liver pre-biopies and terminal samples (drug treatment
experiments) or only terminal samples (disease
progression experiment) for scoring of steatosis, lobular
inflammation, hepatocyte ballooning, and fibrosis
outlined by Kleiner et a/®". All histological assessments
were performed by a pathologist blind to treatment.
Because all treatment paradigms affected total liver
weight, quantitative data on liver biochemistry (liver
TG, TC) and histology (liver lipid, galectin-3, Collal)
were expressed as whole-liver amounts by multiplying
individual terminal liver weight with the corresponding
liver lipid concentration (biochemistry data) or percent
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fractional area (histology data), respectively.

RNA sequencing

Hepatic transcriptome analysis was performed by
RNA sequencing on RNA extracts from terminal liver
samples (15 mg fresh tissue), as described in detail
previously™®. The RNA quantity was measured using
Qubit® (Thermo Scientific, Eugene, OR, United States).
The RNA quality was determined using a bioanalyzer
with RNA 6000 Nano kit (Agilent, Waldbronn,
Germany). RNA sequence libraries were prepared
with NeoPrep (Illumina, San Diego, CA, United States)
using Illumina TruSeq stranded mRNA Library kit for
NeoPrep (Illumina, San Diego, CA, United States)
and sequenced on the NextSeq 500 (Illumina, San
Diego, CA, United States) with NSQ 500 hi-Output KT
v2 (75 CYS, Illumina, San Diego, CA, United States).
Reads were aligned to the GRCm38 v84 Ensembl Mus
musculus genome using STAR v.2.5.2a with default
parameters®., Differential gene expression analysis was
performed with DEseq2™”. Genes with a Benjamini and
Hochberg adjusted P < 0.05 (5% False Discovery Rate)
were regarded as statistically significantly regulated.
Enrichment analysis of KEGG pathways were performed
using the clusterProfiler package for RP*®,

Statistical analyses

Except from RNA sequencing, data were analyzed
using GraphPad Prism v5.02 software (GraphPad,
La Jolla, CA, United States). All results are shown
as mean £+ SE. A two-way ANOVA with Bonferroni’
s post-hoc test was performed for body weight
analysis. Fisher’s exact test was used to test for within-
subject changes in histology scores before and after
treatment, compared to vehicle controls. A one-way
ANOVA with Dunnett’s post-hoc test was used for all
other parameters. A P-value < 0.05 was considered
statistically significant.

RESULTS

Disease progression in wild-type DIO-NASH mice
Terminal samples were assessed for analysis of plasma
and liver biochemistry, as well as liver morphology and
quantitative histology.

Metabolic data are shown in Supplemental Figure
1. Body weight in DIO-NASH mice gradually increased
over the feeding period and reached a plateau
(approximately 40 g) after approximately 35 wk of
dieting (Supplemental Figure 1, panel A). DIO-NASH
mice developed hepatomegaly and fatty liver from
dietary week 10 and onwards (panel B, F). Plasma ALT
and AST increased during the dieting period, with the
effect on AST being transient (panel C, D). Onset of
hypercholesterolemia was evident from dieting week
10 (panel E), and liver TC levels were elevated even
earlier (panel G). Liver, but not plasma, TG levels were
increased from dieting wk 10-50 (panel F, H).
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Histology data are presented in Figure 1. Steatosis
developed gradually in DIO-NASH mice and became
severe after 20-25 wk of dieting (panel A). Lobular
inflammation was observed after 15 wk and progressed
in severity with increasing dieting periods (panel B).
Hepatocyte ballooning was detected in a few mice
after 30 wk, increasing in prevalence over time, but
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did not progress beyond stage 1 (panel C). Manifest
NASH (NAS 4-5) was consistently observed after
20-30 wk of dieting and increase in severity during the
remainder of the monitoring period (panel D). Fibrosis
(stage 1) was consistently detected from 20 wk of
dieting. All DIO-NASH mice developed fibrosis after
35 wk (predominantly stage 2), but 20%-30% of the
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Figure 2 Metabolic effects of liraglutide, obeticholic acid, and elafibranor treatment in DIO-nonalcoholic steatohepatitis mice. *P < 0.05, °P<0.01,°P < 0.001
vs vehicle controls; OCA: Obeticholic acid; NASH: Nonalcoholic steatohepatitis.

mice remained at stage 1 after 50 wk of dieting (panel groupings representative of monocyte/macrophage
E). Hepatic lipid amounts significantly increased from infiltration, inflammation, extracellular matrix (ECM)
dieting week 10 and reached a maximal level from turnover, and apoptosis execution peaked at 35-50 wk
week 15 (panel F). Liver galectin-3 immunoreactivity of dieting (panel I-K).
increased after 20 wk of dieting and progressed
further with increasing dieting periods (panel G). Drug treatment in DIO-NASH mice
Collal immunoreactivity was elevated after 35 wk As expected, DIO-NASH mice gained more weight than
of dieting and did not change further (panel H). Late- chow-fed controls (Figure 2A). Treatment with liraglutide
stage complications were rare in DIO-NASH mice, and and elafibranor, but not OCA, resulted in weight loss (and
occurred only after = 40 wk on AMLN diet (cirrhosis loss of terminal whole-body fat, data not shown) which
and hepatic nodular formation, n = 1/19; extensive bile reached a maximal effect after approximately 2 wk of
duct proliferation, n = 1/19, animals not included in treatment (Figure 2A and B). Liraglutide and elafibranor,
data analysis). but not OCA, induced a transient reduction in daily food
A heatmap was generated for a panel of prototypical intake (from treatment d 1-3), whereupon food intake
gene candidates associated with NASH pathology remained similar to vehicle-dosed DIO-NASH mice (data
(Supplementary Figure 1, panel I). Signatures were not shown). Whereas liraglutide and OCA reduced liver
markedly different during the study period, with  weight, elafibranor had the opposite effect (Figure 2C).
an upregulation of genes involved in lipid handling, Biochemical (plasma, liver) and quantitative histological
inflammation, fibrosis and cell death occurring over (liver) analyses were applied. Liraglutide and OCA
time. Expression of genes involved in lipid handling reduced total liver TG and TC content (Figure 2D and
were gradually upregulated from week 20, with highest E). Only liraglutide significantly reduced plasma ALT and
expression from week 35 wk and onwards. Gene AST (Figure 2F and G). Liraglutide and OCA, but not
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elafibranor, reduced plasma TC levels (Figure 2I). None total Collal levels were reduced following liraglutide
of the compounds affected plasma TG levels (Figure and OCA, but not elafibranor, treatment (Figure 4C-F).

2H). Liver morphometry was compared in pre- vs. post- Principal component analysis (PCA) indicated distinct
treatment liver biopsies. All DIO-NASH mice included uniform and stable gene transcriptional responses
in the experiment showed pre-biopsy confirmed NASH in the experimental groups. The major proportion of

(composite NAS 4-6) and liver fibrosis (stage 1-2), variance correlated with separation of the chow-fed
see Figure 3B and Supplementary Figure 2. All three and DIO-NASH controls (Figure 5A). PCA on the minor
compounds significantly improved NAS in DIO-NASH proportion of variance yielded a more mixed profile with
mice (Figure 3A and B), mainly due to reduced steatosis partial separation of liraglutide and OCA effects (Figure
score (Supplementary Figure 2). In correspondence, 5B). Overall, liraglutide and OCA treatment resulted
all drug treatments also reduced total liver lipid content in transcriptome signatures partially resembling the
(Figure 4A and B). Only elafibranor improved fibrosis lean control signature. Transcriptome changes also
stage in pre- vs. post-treatment liver biopsies (P < markedly overlapped between drug treatment groups.
0.05, Figure 3D-F). In contrast, total galectin-3 and Notably, elafibranor induced the highest number of
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Figure 4 Quantitative histological assessment of liver lipids, collagen deposition and inflammation in DIO-nonalcoholic steatohepatitis mice. °P < 0.05, °P
<0.01, P < 0.001 vs vehicle controls. OCA: Obeticholic acid; NASH: Nonalcoholic steatohepatitis.

differentially expressed genes and evoked transcriptome
modifications distinct from all other experimental groups
(Figure 5A and C). Liraglutide induced conspicuous
changes in transcriptional pathways associated with
glucose metabolism, but had virtually no impact on
gene groupings representing other liver metabolic
pathways (Figure 5D). OCA modulated gene groupings
linked to glucose metabolism, but also affected signaling
pathways associated with NAFLD, ECM-receptor
interaction, PI3 kinase signaling, and focal adhesion.
Pathways perturbations promoted by elafibranor
treatment mapped to NAFLD, lipid metabolism,
oxidative phosphorylation, PPAR and peroxisome sig-
naling. All drug treatments reduced expression of gene
markers involved in inflammation, fibrogenesis, and
apoptosis (Figure 5E and F).

Drug treatment in ob/ob-NASH mice

ob/ob-NASH controls were obese prior to treatment
(51.7 £ 1.1 g, n = 12), but showed lower body weight
compared to age-matched chow-fed ob/ob controls
(60.1 £ 1.3 g, n = 9) (Figure 6A). Terminal liver weight
was markedly higher in ob/ob-NASH control mice
compared to chow-fed controls (Figure 6A-C). Liraglutide
and elafibranor treatment progressively reduced body
weight with a maximal weight loss of approximately
10% compared to baseline (approximately 20% vs
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vehicle-dosing), see Figure 6B. OCA did not affect body
weight in ob/ob-NASH mice. Liraglutide, but not OCA
and elafibranor, induced a transient reduction in daily
food intake (from treatment d 1-7), whereupon food
intake remained similar to vehicle-dosed ob/ob-NASH
mice (data not shown). Liraglutide and OCA, but not
elafibranor, reduced terminal liver weight (Figure 6C).
Liraglutide reduced total liver TG content (Figure 6D) as
well as plasma TG levels (Figure 6H), while elafibranor
and OCA reduced total liver TC content (Figure 6E).
All compounds lowered plasma TC levels (Figure 6I).
Liraglutide and elafibranor, but not OCA, reduced
plasma ALT and AST (Figure 6F and G). All ob/ob-
NASH mice included in the experiment showed pre-
biopsy confirmed NASH (composite NAS 4-7) and liver
fibrosis (stage 2-3), see Figure 7B and Supplementary
Figure 3. Elafibranor and OCA significantly reduced
composite NAS, total liver fat and galectin-3 content
in ob/ob-NASH mice (Figure 7A, B, E and F). Liver
morphometry was compared in pre- vs. post-treatment
liver biopsies. While elafibranor reduced NAS largely by
improving steatosis and inflammation scores, OCA also
consistently reduced ballooning (Supplementary Figure
3). Only elafibranor significantly reduced hepatic fibrosis
stage (Figure 7C and D), but did not change total levels
of Collal (Figure 7F). Liraglutide had no effect on any
individual NAS component, as well as composite NAS,
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and did not alter the fibrosis stage (Figure 7A and significantly reduced total liver levels of lipids, galectin-3
B, Supplementary Figure 3). In contrast, liraglutide and Collal (Figure 7E-G).
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Figure 6 Metabolic effects of liraglutide, obeticholic acid, and elafibranor treatment in ob/ob-nonalcoholic steatohepatitis mice. °P < 0.05, °P < 0.01, °P < 0.001

vs vehicle controls. OCA: Obeticholic acid; NASH: Nonalcoholic steatohepatitis.

DISCUSSION

We and others have previously reported that DIO-NASH
mice develop low-grade liver fibrosis when maintained
on a trans-fat containing obesogenic diet®'***!, To obtain
further information on the pathology in this translational
mouse model of NASH we initially performed a detailed
investigation on the disease onset and progression
in DIO-NASH mice, followed by comparison of the
treatment effects of liraglutide, OCA and elafibranor in
both DIO-NASH and ob/ob-NASH mice.
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DIO-NASH mice exhibited a relatively rapid onset
of body weight gain with concurrent liver TG and
TC accumulation and progressive development of
hepatomegaly. DIO-NASH mice developed hyper-
cholesterolemia, but not hypertriglyceridemia. This
is a consistent finding DIO-NASH mice®*, as well
as in ob/ob-NASH mice!*®*®! and other Western diet-
based mouse models of NASH"**, In contrast, high-
fat diets with lower cholesterol content (0.2%) are
reported to induce combined hypertriglyceridemia and
hypercholesterolemia in obese mice!"**¥, suggesting
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°P < 0.001 vs vehicle controls. OCA: Obeticholic acid; NASH: Nonalcoholic steatohepatitis.

that elevated dietary cholesterol influences hepatocyte
TG secretion, perhaps by modifying cholesterol ester
and lipoprotein synthesis!*®**, Hepatopathology
was further indicated by increased levels of plasma
transaminases, most consistently observed for ALT.
As persistently elevated ratios of AST:ALT has been
reported to associate to advanced fibrotic NASH
but not at milder disease stages™, the moderate
changes in ALT and AST levels in DIO-NASH (and
ob/ob-NASH) mice presumably reflects the mild-
to-moderate disease severity in these two models.
Histological morphometry suggested a sequential
onset of NASH pathology in DIO-NASH mice, with
initial steatosis progressing to inflammation and
ballooning degeneration (from week 30). Quantitative
histology on steatosis (HE staining), inflammation
(galectin-3) and fibrosis (Collal) supported a distinct
temporal sequence of hepatopathological events in
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DIO-NASH mice. In correspondence, transcriptome
pathway analyses revealed initial gene signatures of
upregulated hepatic lipid synthesis and handling, over
enhanced inflammation signaling to recruitment of
monocytes/myofibroblasts, stimulation of fibrogenesis
and extracellular matrix turnover. These findings are
in general concordance with recent hypotheses that
mounting lipotoxicity constitutes a triggering event for
progression of NAFLD into NASH™ >,

In agreement with previous findings™ ", all mor-
phological hallmarks of NASH were consistently present
in DIO-NASH mice at = 25 wk of dieting (NAS = 4-5,
corresponding to the clinical criteria for NASHPY),
NAS was largely driven by progressive changes in
hepatosteatosis and inflammation as affected mice
only exhibited marginal hepatocyte ballooning. The
absence of conspicuous hepatocyte ballooning is in
accordance with a recent comprehensive histological

[9,19]
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scoring study concluding that obese rodent models
of NASH do not entirely meet the histomorphological
criteria for human hepatocyte ballooning'*”’. As is seen
in the clinic, DIO-NASH mice represented all stages
of NAFLD and fibrosis for any dieting period = 20 wk,
which confirms the highly individual fibrosis progression
in this model®*’, Notably, up to 30% of the animals
failed to develop steatohepatitis and fibrosis, and
the severity in histopathology did not become more
homogenous by extending AMLN dieting periods.
Similar disease variability has been reported in other
DIO mouse models of NASH!****8 "which therefore
likely generalizes to all obese mouse models of fibrotic
steatohepatitis. Therefore, the use of a prebiopsy for
selection and stratification of in DIO-NASH models
not only substantiates the efficacy readouts, but also
allows for the employment of clinically relevant inclusion
criteria and stratification procedures.

In the present pharmacological study, inherent di-
fferences in NASH pathology were therefore considered
by introducing liver biopsy-based histology for evaluating
NASH severity in all individual mice prior to introduction
of treatment. Only mice with biopsy-confirmed fibrotic
NASH were included in the study, and randomization
and stratification procedures were applied to equalize
mean levels of baseline NAS and fibrosis stage across
treatment groups. The present study evaluated the
pharmacodynamics of three individual compounds in
current advanced clinical development for NASH. The
selected compounds are representative of different drug
classes and therapeutic concepts and included agonists
for the GLP-1 receptor (liraglutide), FXR (OCA) and
PPAR-0/3 (elafibranor)®®??, We have recently reported
a comparative liver biopsy study on DIO-NASH and ob/
ob-NASH mice, which confirmed that ob/ob-NASH mice
generally display more marked fibrotic steatohepatitis'®.
Thus, potential differences in therapeutic efficacies as
a function of overall severity in hepatopathology were
addressed by applying identical treatment protocols to
both DIO-NASH and ob/ob-NASH mice.

The GLP-1 analog, liraglutide, which is currently
approved for the treatment of type 2 diabetes and
obesity®**!, reduced weight gain in both DIO-NASH
and ob/ob-NASH mice with concurrent improvements
in whole-body fat mass, hepatomegaly, liver lipid
deposition, and hypercholesterolemia, which is con-
sistent with findings in other obese mouse models
of NASH™**"), The intrahepatic lipid-lowering effects
of liraglutide are likely secondary to the progressive
weight loss promoted by the GLP-1 agonist'*®.. This is
relevant, as weight loss per se is known to mediate
benefits on NAFLD endpoints™®. The present findings
are also in agreement with a previous study assessing
the effect of an exendin-4 analogue in ob/ob-NASH
mice™. Liraglutide showed most marked effects on
hepatic gene transcriptional signatures associated
to the canonical effects of GLP-1 receptor agonists
on hepatic glucose metabolism and production. The
liver transcriptome analyses in DIO-NASH mice also
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suggested that liraglutide-induced improvements in
lipid metabolism was linked to activation of signaling
pathways involved in fatty acid degradation, oxidative
phosphorylation and cholesterol handling. Perturbations
in these signaling pathways could therefore potentially
trigger gene expression programs that favored reduced
hepatic free fatty acid uptake, as well as improving the
clearance of cholesterol and fatty acids, all of which
have been implicated in the pathogenesis of NASH.
In contrast to OCA and elafibranor, liraglutide did
not improve composite NAS in ob/ob-NASH mice. In
addition, liraglutide treatment did not influence fibrosis
and low-grade hepatocyte ballooning in either model,
indicating that GLP-1 receptor mediated amelioration
of hepatic lipid overload was perhaps not sufficient
to reduce morphological indices of more advanced
NASH. In contrast, total hepatic galectin-3 and Collal
levels were significantly lowered in both DIO-NASH
and ob/ob-NASH mice after liraglutide treatment,
consistent with the reduction in hepatomegaly. Overall,
the pharmacodynamics of liraglutide in the DIO-NASH
mice are in general agreement with a recent phase-
IT (LEAN) trial for NASH, where liraglutide treatment
promoted a significant weight loss (approximately 5%)
and improved NAS (lowered steatosis score) without
worsening of fibrosis stage™. GLP-1 receptor agonists
have not shown significant effects on liver fibrosis
morphology in various mouse models of NASH™. Future
studies must therefore aim to dlarify if extended dosing
periods are required for detecting antifibrotic efficacy of
liraglutide, or whether the lack of a direct hepatic action
could be a limiting factor for influencing liver fibrosis in
obese mouse models of NASH.

OCA is a first-in-class selective synthetic FXR
agonist that is approximately 100-fold more potent
than its natural bile acid homologue™. Nuclear FXRs
are abundantly expressed in the liver, intestine,
and adipose tissue, serving as primary sensors for
regulating enterohepatic bile acid flow. In the present
study, OCA reduced hepatomegaly and NAS scores
in both DIO-NASH and ob/ob-NASH mice. FXR
agonists, including OCA, have shown similar effects
in genetic and methinonine-choline deficient (MCD)
dietary models of NASH™**!, The improvement of
steatohepatitis in DIO-NASH mice corresponded to
reduced expression of genes that are important tran-
scriptional targets of FXRs and regulate hepatocyte
lipid metabolism and macrophage activity™™. Whereas
several genes involved in cholesterol and lipoprotein
metabolism are transcriptional targets of hepatocyte
FXRs™, it is not resolved whether FXR stimulation
directly activates master transcription factors that
controls the expression of genes involved in fatty acid
biosynthesis™. As FXRs also suppress transcriptional
activity of several carbohydrate responsive genes, it is
assumed that FXR reduces TG levels mainly through
increasing plasma lipoprotein clearance and improving
hepatic insulin resistance®® %, The anti-inflammatory
effects of FXR are well-established. Accordingly, several
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studies have reported that FXR agonists, including
OCA, attenuate hepatic inflammation in high-fat fed
obese rodents!>*"*>*®1 "and Fxr-null mice are highly
sensitive to develop severe steatohepatitis when fed
an obesogenic diet®”). OCA treatment also reversed
mild-stage hepatocyte ballooning in affected ob/ob-
NASH mice. OCA has previously been reported to
reverse low-grade hepatocyte ballooning in mice fed
an atherogenic diet™, and a different semisynthetic
FXR agonist (INT-767) has shown a similar effect in
non-fibrotic db/db mice™". Interestingly, enhanced
hepatocyte ballooning is also reported in FXR-deficient
hypercholesterolemic mice®™”, thus lending further
support to FXR-dependent hepatocyte protective effects.
As for liraglutide, OCA treatment did not influence
fibrosis morphometry, but reduced total hepatic Collal
expression due to reduced liver weight. A recent study
in ob/ob-NASH mice (fed AMLN diet for 8 wk) and
treated with a similar daily dose of OCA for 4 wk also
indicated no effect on liver fibrosis®®®. In contrast,
antifibrotic effects of synthetic FXR agonists, including
OCA, have been demonstrated in more aggressive
models of fibrotic NASH™>*?!, It should, however, be
noted that OCA reduced all NAS components in ob/ob-
NASH mice, suggesting that prolonged OCA treatment
might lead to improved fibrosis stage in this model. The
present data are in accordance with a recent phase-II
(FLINT) trial on OCA treatment for NASH™®", reporting
significant improvements of all NAS components
without worsening of fibrosis. The FLINT trial also
indicated no anti-obesity potential of OCA, analogous to
the observations in the present study.

PPARs constitute another family of ligand-activated
nuclear receptors. PPARs are abundantly expressed
in the liver (PPAR-a, PPAR-B/d) and adipose tissue
(PPAR-, PPAR-y), being prominent regulators of lipid
and glucose metabolism, but are also functional in
immune cells, including monocytes and macrophages
(PPAR-y)™, Several subtype-selective PPAR agonists
have been demonstrated to reduce experimental
fibrotic steatohepatitis, particularly in MCD mice'®. In
contrast, there is a sparsity in studies addressing effects
of PPAR agonists in more translational mouse models
of NASH. In DIO-NASH mice, elafibranor showed
similar efficacy in reducing body weight and steatosis
compared to liraglutide, however, the metabolic effects
of elafibranor were not accompanied by improvements
in liver weight. Accordingly, hepatomegaly was
either accentuated (DIO-NASH mice) or unaltered
(ob/ob-NASH mice) with elafibranor treatment. RNA
sequencing analysis indicated stimulation of PPAR and
peroxisomal signaling pathways in DIO-NASH mice, and
hepatocyte peroxisome proliferation and tumorigenesis
have been consistent findings in rodent studies with
PPAR-o agonists (including elafibranor)®®, but not
in humans'®'!. Notably, elafibranor improved NAS
scores with concomitant reductions in fibrosis stage,
also supported by corresponding liver transcriptome
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changes. In contrast, total Collal and galectin-3
immunoreactivity was unaffected in elafibranor-
treated DIO-NASH mice due to the liver hypertrophic
effect. Elafibranor treatment also promoted marked
effects on hepatic signaling pathways associated with
lipid metabolism, mitochondrial energy harvesting,
inflammation, fibrogenesis and execution of cell
death programs. Other PPAR agonists, including
fibrates (bezafibrate, Wy-14,463; PPAR-a ligands),
thiazolidinediones (rosiglitazone, PPAR-y ligand) and
GW501516 (PPAR-B/d ligand), have been reported to
reduce fibrotic steatohepatitis in MCD mice!****%*, PPAR
stimulation is suggested to ameliorate NASH primarily
by enhancing B-oxidation associated hepatic fatty
acid disposal, but anti-inflammatory and antifibrotic
mechanisms might also contribute to improvements
in liver histology independent on reduced hepatocyte
lipid accumulation*®¥, In the present study, dual
PPAR-a,/® stimulation by elafibranor may thus improve
fibrosis stage in DIO-NASH and ob/ob-NASH mice by
resolving intrahepatic lipid deposition but also through
engagement of lipid metabolism-independent signaling
pathways. The pharmacokinetics of elafibranor has not
been reported in detail, but a preliminary study in rats
indicated elafibranor excretion in the bile suggestive
of extensive enterohepatic cycling'®'. Elafibranor may
therefore be considered liver-targeted, which could
enhance treatment efficacy in DIO-NASH and ob/ob-
NASH mice. The present data are in overall agreement
with a recent clinical phase-II study (GOLDEN-505)
on elafibranor treatment for NASH!?. Interestingly,
the improvements in mean NAS (approximately 2.5
points) and fibrosis score (approximately 0.5 points)
in elafibranor-treated NASH patients achieving the
modified primary outcome (no fibrosis worsening) was
on par with the reductions in NAS and fibrosis scores
determined in DIO-NASH and ob/ob-NASH mice. In
contrast to the weight neutral effect of elafibranor in
NASH patients, elafibranor markedly reduced body
weight in both DIO-NASH and ob/ob-NASH mice.
Whereas body weight loss has not been reported with
PPAR agonist treatment in humans'®®, stimulated
PPAR-o. and PPAR-® function has been associated with
weight loss, appetite suppression and reduced tissue
lipid deposition in obesity-prone mice®*®, which could
imply species-dependent metabolic effects of PPAR
agonists.

In conclusion, the present comparative pharma-
cological study in diet-induced and genetically obese
mouse models of biopsy-confirmed NASH indicated
both shared and distinct anti-NASH effects of liraglutide,
OCA, and elafibranor. The anti-NASH effects of the
compounds corresponded well to their individual modes
of action, and were also in concordance to histological
findings in clinical trials for NASH. The present data
therefore further supports the clinical translatability and
utility of DIO-NASH and ob/ob-NASH mouse models of
NASH in preclinical drug development.
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ARTICLE HIGHLIGHTS

Research background

Although various diet-induced obese mouse models of nonalcoholic stea-
tohepatitis (NASH) are highly applicable in preclinical drug development,
none of these models have so far been systematically evaluated with respect
to comparing individual pharmacodynamics of several important compound
classes in current clinical development for NASH.

Research motivation

Comparison of preclinical treatment effects of potential anti-NASH compounds
is currently hampered by the absence of head-to-head pharmacological
studies in experimental models of NASH. Moreover, baseline NASH disease
heterogeneity is often overlooked in pharmacological studies which may
introduce unintentional variability in treatment responses, thereby narrowing the
window for detection of therapeutic effects of potential anti-NASH compounds.

Research objectives

The present study aimed to characterize within-subject treatment responses
to liraglutide, obeticholic acid and elafibranor in two obese mouse models of
biopsy-confirmed NASH.

Research methods

Comparative treatment studies were conducted in male wild-type mice (DIO-
NASH) and Lep™® (ob/ob-NASH) mice fed a diet high in trans-fat, fructose
and cholesterol. Liver biopsy was applied for stratification of liver steatosis
and fibrosis, using the nonalcoholic fatty liver disease activity score (NAS) and
fibrosis staging system. Individual biopsy-confirmed histopathology also allowed
for evaluation of within-subject treatment responses based on differences in
baseline vs. endpoint histomorphometry. DIO-NASH and ob/ob-NASH mice
were treated with vehicle, liraglutide, obeticholic acid, or elafibranor for 8
weeks. Metabolic, histomorphological and quantitative histological effects of
each compound were compared in the two models of biopsy-confirmed NASH.

Research results

Only liraglutide and elafibranor reduced body weight in DIO-NASH and ob/ob-
NASH mice. Liraglutide improved steatosis scores in DIO-NASH mice only.
Whereas elafibranor and OCA both reduced hepatic steatosis and inflammation
scores in both models, only elafibranor also improved fibrosis stage. Owing
to a marked reduction in liver weight, liraglutide and OCA lowered total liver
fat, collagen 1a1 and galectin-3 content. Individual drug effects on NASH
histological endpoints were supported by global gene expression (RNA
sequencing) and liver lipid biochemistry.

Research conclusions

DIO-NASH and ob/ob-NASH mice show good clinical translatability with respect
to disease etiology, histopathology and therapeutic effects of compounds in
late-stage clinical development for NASH.

Research perspectives

The present data supports the utility of DIO-NASH and ob/ob-NASH mice for
preclinical evaluation of the treatment efficacy of potential novel anti-NASH
compounds. As also applied in clinical trials for NASH, biopsy-confirmed
histopathology in the two obese mouse models of NASH allows for stratification
of disease severity prior to treatment start and improves detection of treatment
efficacy of test compounds by considering within-subject responses.
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Supplementary Figure 1 Progression of metabolic deficits in DIO-NASH mice. *P < 0.05, **P < 0.01, ***P < 0.001 (vs week
0).
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Supplementary Figure 2 Histomorphological effects of liraglutide, obeticholic acid (OCA), and elafibranor treatment in

DIO-NASH mice. Individual steatosis, inflammation and ballooning scores. *P < 0.05, ***P < 0.001 (vs vehicle controls).
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Supplementary Figure 3 Histomorphological effects of liraglutide, obeticholic acid (OCA), and elafibranor in ob/ob-

NASH mice. Individual steatosis, inflammation and ballooning scores. *P < 0.05, ***P < 0.001 (vs vehicle controls).
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