UCLA
UCLA Previously Published Works

Title
Role of aramchol in steatohepatitis and fibrosis in mice

Permalink
https://escholarship.org/uc/item/9pflg5m4

Journal
Hepatology Communications, 1(9)

ISSN
2471-254X

Authors

Iruarrizaga-Lejarreta, Marta
Varela-Rey, Marta
Fernandez-Ramos, David

Publication Date
2017-11-01

DOI
10.1002/hep4.1107

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9pf1q5mz
https://escholarship.org/uc/item/9pf1q5mz#author
https://escholarship.org
http://www.cdlib.org/

HEPATOLOGY COMMUNICATIONS, VOL. 1, NO. 9, 2017

Role of Aramchol in Steatohepatitis and

Fibrosis in Mice

Marta Iruarrizaga—Lejarreta,l* Marta Varela—Rey,z* David Ferndndez-Ramos,? Ibon Martinez-Arranz,' Teresa C Delgado,2

Jorge Simon,> Virginia Gutiérrez-de Juan,? Laura delaCruz-Villar,> Mikel Azkargorta,2 José L. Lavin,> Rebeca Mayo,1

Sebastiaan M. Van Liempd,2 Igor Aurrekoetxea,® Xabier Buqué,3 Donatella Delle Cave,* Arantza Pena,” Juan Rodriguez—Cuesta,2

Ana M. Aransay,2 Felix Elortza,? Juan M. Falcén-Pérez, > Patricia Aspichueta,3 Liat Hayardeny,6 Mazen Noureddin,’
Arun J. Sanyal,® Cristina Alonso,' Juan Anguita,” Maria Luz Martinez-Chantar,” Shelly C. Lu,” and José¢ M. Mato®

Introduction

Nonalcoholic steatohepatitis (NASH) is the advanced form of nonalcoholic fatty liver disease (NAFLD) that sets the stage
for further liver damage. The mechanism for the progression of NASH involves multiple parallel hits, including oxidative
stress, mitochondrial dysfunction, inflammation, and others. Manipulation of any of these pathways may be an approach to
prevent NASH development and progression. Arachidyl-amido cholanoic acid (Aramchol) is presently in a phase IIb NASH
study. The aim of the present study was to investigate Aramchol’s mechanism of action and its effect on fibrosis using the
methionine- and choline-deficient (MCD) diet model of NASH. We collected liver and serum from mice fed an MCD diet
containing 0.1% methionine (0.1MCD) for 4 weeks; these mice developed steatohepatitis and fibrosis. We also collected liver
and serum from mice receiving a control diet, and metabolomes and proteomes were determined for both groups. The
0.1MCD-fed mice were given Aramchol (5 mg/kg/day for the last 2 weeks), and liver samples were analyzed histologically.
Aramchol administration reduced features of steatohepatitis and fibrosis in 0.1IMCD-fed mice. Aramchol down-regulated
stearoyl-coenyzme A desaturase 1, a key enzyme involved in triglyceride biosynthesis and the loss of which enhances fatty
acid p-oxidation. Aramchol increased the flux through the transsulfuration pathway, leading to a rise in glutathione (GSH)
and the GSH/oxidized GSH ratio, the main cellular antioxidant that maintains intracellular redox status. Comparison of the
serum metabolomic pattern between 0.1MCD-fed mice and patients with NAFLD showed a substantial overlap. Conclusion:
Aramchol treatment improved steatohepatitis and fibrosis by 1) decreasing stearoyl-coenyzme A desaturase 1 and 2) increas-
ing the flux through the transsulfuration pathway maintaining cellular redox homeostasis. We also demonstrated that the
0.1MCD model resembles the metabolic phenotype observed in about 50% of patients with NAFLD, which supports the
potential use of Aramchol in NASH treatment. (Hepatology Communications 2017;1:911-927)

hepatocellular ballooning. " NASH is a progressive dis-
ease that can lead to further liver injury, advanced fibrosis,
cirrhosis, and hepatocellular carcinoma.™ During the
last decades, the incidence of NAFLD has multiplied,

and it is now the most common disease of the liver, with

onalcoholic  steatohepatitis (NASH), the
advanced form of nonalcoholic fatty liver dis-
ease (NAFLD), is defined histologically by the

presence of hepatic fat (steatosis) with inflammation and

a prevalence between 10% and 40% in Western countries

Abbreviations: 0.1MCD, methionine- and choline-deficient diet containing 0.1% methionine; ACG, acetylcoenzyme A carboxylase; ALT, alanine
aminotransferase; Aramchol, arachidyl-amido cholanoic acid; AST, aspartate aminotransferase; CBS, cystathionine ﬁfxynt/m:e; CD, choline-deficient;
CD64, cluster of differentiation 64; Cod, coenzyme A; COL1AI, collagen, type I, alpha 1; CPTI1A, carnitine palmitoyltransferase 14; DG, diglyceride;
DMSO, dimethyl sulfoxide; FA, fatty acid; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate debydrogenase; GPX1, glutathione peroxi-

dase 1; GS, glutathione synthetase; GSH, glutathione; GSR, glutathione reductase;

GSSG, oxidized glutathione; GSTMI1-3, glutathione S-transferases

1-3; Lyso, lysophospholipid; Matla, methionine adenosyltransferase-1a; MCD, methionine and choline deficient; MEEM, minimum essential medium;
mRNA, messenger RNA; MUFA, monounsaturated fasty acid; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; oxLA,
oxidized derivatives of linoleic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PPARy, peroxisome proliferator-
activated receptor gamma; PUFA, polyunsaturated fatty acid; ROS, reactive oxygen species; RT-PCR, quantitative real-time polymerase chain reaction;
SAH, S-adenosylhomocysteine; SAMe, S-adenosylmethionine; SCD1, stearoyl-coenzyme A desaturase 1; TG, triglyceride; TXNRDI, thioredoxin reduc-

tase; VLDL, very low density lipoprotein.
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and approximately 10%-30% of them progressing to
NASH. At present, there is no approved therapy for
NASH; current treatments focus on weight loss and con-
trol of medical conditions associated with the disease,
such as obesity, diabetes, and hyperlipidemia.?

Several therapies with diverse mechanisms of action
are currently in clinical development.”> One of these
therapies is arachidyl-amido cholanoic acid (Ara-
mchol). In a phase Ila, Aramchol administered to
patients with NAFLD for 3 months was shown to be
safe, well tolerated, and significantly reduced liver fat
content.”) Currently, a large phase IIb study in
patients with NASH is ongoing (ARamchol for the
REsolution of STeatohepatitis [ARREST] study,
NCT 02279524). Aramchol targets stearoyl-coenzyme
A (CoA) desaturase 1 (SCD1),” the rate-limiting
step in the synthesis of monounsaturated fatty acids
(MUFAs), the major fatty acid (FA) of triglycerides
(TGs), cholesteryl esters, and membrane phospholi-
pids.”) SCD1 deficiency in mice has been
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demonstrated to reduce lipid synthesis and increase
mitochondrial FA f-oxidation and insulin sensitivity
in various tissues, including the liver.”"® Accordingly,
SCD1 deficiency has been demonstrated to prevent
liver steatosis in several mouse models of NAFLD,
including mice fed high-carbohydrate and high-fat
diets.”” The aim of this study was to investigate Ara-
mchol’s effect in liver lipid metabolism in NASH. To
answer this question, we used mice fed a methionine-
and choline-deficient (MCD) diet, a widely used
mouse model of NASH,? in a treatment mode. Ara-
mchol down-regulated SCD1, which led to a decrease
in hepatic FAs and TGs, ameliorated inflammation,
and reversed fibrosis. Aramchol improved f-oxidation
by increasing the flux through the transsulfuration
pathway, leading to a rise in glutathione (GSH) and
the GSH/oxidized GSH (GSSG) ratio, the main cel-
lular antioxidant that maintains intracellular redox sta-

tus. The data support the potential use of Aramchol in
NASH treatment.
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Materials and Methods

ANIMAL EXPERIMENTS
We purchased C57BL/6 male mice (Charles River,

St Germain sur '’Arbresle, France) at 8 weeks of age
and allowed them to acclimate for a period of 1 week.
The mice were placed in groups of 10 on a diet devoid
of choline and with 0.1% methionine (0.1MCD diet)
for a period of 4 weeks. A control group was main-
tained on a regular diet with 1,030 mg/kg choline and
0.3% methionine (Teklad Global 14% Protein Rodent
Maintenance diet; Envigo RMS Spain, Sant Feliu de
Codines, Spain). A pilot experiment (Supporting Fig.
S1) demonstrated that the mice subjected to the
0.1IMCD diet developed signs of steatosis, inflamma-
tion, and fibrosis comparable to those induced by a
diet completely devoid of methionine and choline
without the associated weight loss. After 2 weeks of
feeding on the 0.1MCD diet, mice were divided into
groups of 10 and treated by intragastric gavage with a
formulation of 5 mg/kg/day of Aramchol in vehicle
(1.7% carboxymethyl cellulose; BUFA, IJsselstein, the
Netherlands) and 0.2% sodium lauryl sulfate (Sigma
Aldrich, Steinheim, Germany) or vehicle alone. Ani-
mals kept on the normal diet were also provided the
vehicle preparation. The mice were analyzed for trans-
aminases in blood at 0, 2, and 4 weeks of exposure to
the 0.1MCD diet. All mice were sacrificed at 4 weeks.
Livers were then removed and snap frozen in liquid
nitrogen, optical coherence tomography cryo-
compound embedded, or formalin fixed. All experi-
ments with animals were approved by CIC bio-
GUNE’s Biosafety and Bioethics Committee and the
Country Council of Bizkaia.

CELLULAR EXPERIMENTS
Primary hepatocytes were isolated from C57BL/6

mice livers by collagenase perfusion,'” seeded over
collagen-coated tissue culture dishes or cover slips, and
cultured in minimal essential medium (MEM) supple-
mented with 10% fetal bovine serum (FBS) in a 5%
CO,-95% air incubator at 37°C. After 2 hours of
attachment, the culture medium was removed and
replaced by serum-free MEM. After 3 hours in cul-
ture, the medium was replaced by serum-free MEM or
MCD medium, with or without Aramchol (10 uM),
and cultured for an additional 48 hours. The human
hepatic stellate cell line LX-2 (Millipore Corporation,
Darmstadyt, Germany)(lz) was cultured in Dulbecco’s
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modified Eagle’s medium supplemented with 2% FBS
for 30 hours, after which the medium was replaced by
serum-free Dulbecco’s modified Eagle’s medium. After
12 hours in culture, LX-2 cells were treated with Ara-
mchol (10 uM) for 24 hours. For cell cultures, 100
mM Aramchol solution was prepared by dissolving 70
mg in 1 mL dimethyl sulfoxide (DMSO). This stock
solution was then further diluted 10 times in DMSO
before treatment of cells at a final concentration of 10
uM. The final concentration of DMSO in culture
media was 0.1%.

Hepatocytes in culture were incubated with Molecu-
lar Probes BODIPY 493/503 (4,4-difluoro-1,3,5,7,8-
pentamethyl-4-bora-3a,4a-diaza-s-indacene) (Invitro-
gen, Carlsbad, CA) at a concentration of 10 pg/mL
for 45 minutes prior to fixation (4% paraformalde-
hyde). Exposure settings were unchanged throughout
acquisition. Quantification of lipid bodies was per-
formed using FRIDA software (http://bui3.win.ad.
jhu.edu/frida/; Johns Hopkins University) as detailed
elsewhere."” Cellular reactive oxygen species (ROS)
production in primary hepatocytes was assessed using
CellROX Deep Green Reagent (ThermoFisher, Wal-
tham, MA). The hepatocytes were loaded with 1.5
uM CellROX in 10% FBS-MEM for 30 minutes at
37°C in a COj; incubator. The hepatocytes were then
carefully washed 3 times with phosphate-buffered
saline, collected, and analyzed by flow cytometry.

METABOLOMICS ANALYSIS
Metabolome Analysis

Serum and liver metabolic profiles were semiquanti-
fied as described."*'> Metabolomics data were pre-
processed using the TargetLynx application manager
for MassLynx 4.1 (Waters Corp., Milford, MA).
Intrabatch and interbatch normalization followed the
procedure described.®

Quantification of Methionine Metabolites

Extraction of the main metabolites belonging to the
methionine pathway were performed as described.”®

Quantification of Total Lipids

Livers (40 mg) were homogenized and lipids
extracted as described.™” TGs were quantified using a
diagnostic kit (A. Menarini Diagnostics, Italy). Phos-
phatidylethanolamine (PE), phosphatidylcholine (PC),
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and diglycerides (DGs) were separated by thin layer
chromatography and quantified as described.

PROTEOMICS

Proteins were digested by the filter-assisted sample
preparation method.? Peptides were speed vacuumed
in a RVC2 25 speedvac concentrator (Christ GmbH,
Osterode, Germany), resuspended in 3% acetonitrile
and 0.1% formic acid, and sonicated for 5 minutes
prior to analysis. Acquisition of data and differential
protein analysis were carried out as described.??
Briefly, peptide mixtures were separated on a nano-
ACQUITY ultra performance liquid chromatography
system (Waters Corp., Manchester, United Kingdom)
connected to an LTQ_Orbitrap XL ETD mass spec-
trometer (Thermo Electron, Bremen, Germany) using
a 120-minute gradient from 3% to 50% of mobile
phase B (acetonitrile, 0.1% formic acid) at 300 nL/
minute. Full mass spectrometry survey spectra (m/z
400-2,000) were acquired in the Orbitrap, and the six
most intense ions (charge states of 2 and 3) were sub-
jected to collision-induced dissociation fragmentation
in the linear ion trap. Progenesis liquid chromatogra-
phy—mass spectrometry software (Nonlinear Dynamics
Ltd., Newcastle upon Tyne, United Kingdom) was
used for differential protein expression analysis follow-
ing the sequential software steps. Protein identification
was carried out using Mascot Search engine (www.
matrixscience.com; Matrix Science, London, United
Kingdom). Carbamidomethylation of cysteine was
selected as the fixed modification, and oxidation of
methionine was selected as the variable. Peptide mass
tolerance of 10 ppm and 0.5 Da fragment mass toler-
ance were adopted as search parameters. Spectra were
searched against the UniProt/Swiss-Prot database,
limiting the search to Mus musculus (version 2016_09,
17,239 sequences; 9,744,969 residues), and a decoy
search was carried out to estimate the false discovery
rate. Only peptides with a false discovery rate <1%
were further considered. Relative abundance compari-
son was carried out using the Student 7 test (P < 0.05).

WESTERN BLOT

Frozen liver tissue samples or cultured cells were
homogenized in lysis buffer (10 mM Tris/HCI pH 7.6,
5 mM ethylene diamine tetraacetic acid, 50 mM NaCl,
1% Triton X-100, complete protease inhibitor cocktail,
and 50 mM NaF) and centrifuged (10,000g, 20 minutes,
4°C). Protein concentration was determined by using the
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BCA Protein Assay Kit (Thermo Scientific, Waltham,
MA). After quantification, 10-25 pug of protein was elec-
trophoresed on sodium dodecyl sulfate-polyacrylamide
gels and transferred onto membranes. Membranes were
incubated with the following antibodies: SCD1
(C12H5) rabbit monoclonal antibody (2794S; Cell Sig-
naling Technology, Danvers, MA), glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) antibody [6C5]
(ab8245; Abcam, Cambridge, United Kingdom), f-
ACTIN antibody clone AC-15 (A5441; Sigma-Aldrich,
St. Louis, MO), and COLLAGEN 1 type I antibody
[C-18] (sc-8784; Santa Cruz Biotechnology, Dallas,
TX). As secondary antibodies, we used anti-rabbit
immunoglobulin G-horseradish peroxidase-linked and
anti-mouse immunoglobulin G-horseradish peroxidase-
linked (Cell Signaling Technology) antibodies. Densities
were analyzed by Image ] (National Institutes of Health,
Bethesda, MD) software. For densitometric quantifica-
tion, levels of each protein for each sample were normal-

ized to loading controls (GAPDH or f-ACTIN).

RNA ISOLATION AND REAL-TIME
POLYMERASE CHAIN REACTION

Total RNA was isolated with Trizol (Invitrogen,
Carlsbad, CA). One pg of total RNA was treated with
DNAse (Invitrogen) and reverse transcribed into com-
plementary DNA using M-MLV Reverse Transcrip-
tase (Invitrogen). Quantitative real-time polymerase
chain reaction (RT-PCR) was performed using SYBR
Select Master Mix (Applied Biosystems, Foster City,
CA) and the Viia 7 Real-Time PCR System (Applied
Biosystems). PCR was executed with the following pri-
mers: Collagen, type I, alpha 1F (COLIAIF), 5'-
TTGACCAACCGAACATGACC-3'; COL1A1R, 5'-
GCAGAAAGGGACTTACCCCC-3';  peroxisome
proliferator-activated receptor gamma F (PPARyF), 5'-
GCTGTGCAGGAGATCACAGA-3'; PPARyR, 5'-
GGGCTCCATAAAGTCACCAA-3'; GAPDHF, 5'-
AATGAAGGGGTCATTGATGG-3';  GAPDHR,
5'-AAGGTGAAGGTCGGAGTCA-3'. Expression
levels were normalized to the level of GAPDH messenger
RNA (mRNA) in each sample.

HISTOLOGICAL STAINING

Liver samples were stained with Sudan Red III
(251731.1606; Panreac, Castellar del Vallés, Barce-
lona, Spain) for lipid accumulation, Sirius Red (Direct
Red 385548, Fast Green FCF:F7258, picric acid
197378; Sigma-Aldrich) for fibrosis, and hematoxylin
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(HHS128-4L; Sigma-Aldrich) and eosin (HT110232-
1L; Sigma-Aldrich), as described.'® Additionally, liver
sections were immunostained for detecting F4/80
(MCA497BB; Bio-Rad, Hercules, CA) and cluster
of differentiation 64 (CD64; ab119843; Abcam,
Cambridge, United Kingdom) for inflammation,
as described."® Quantification of staining areas was
performed using FRIDA software and expressed as

percentage of stained area.

STATISTICAL ANALYSIS

Data were represented as mean = SEM. Differ-
ences between groups were tested using the Student #
test. Significance was defined as P < 0.05. All calcula-
tions were performed using statistical software package
R v.3.1.1 (R Development Core Team, 2011; https://
cran.r-project.org/). Hierarchical clustering analysis
based on metabolite ion intensities was performed
with the c/uster R package, including Ward’s minimum

variance method as the agglomeration method, as
described.™®

Results

HEPATIC
S-ADENOSYLMETHIONINE
METABOLISM INMICE FED A
0.1IMCD DIET

We used a modification of the canonical MCD diet
model,1? adding 0.1% methionine to the diet. This
choline-deficient (CD) diet containing 0.1% methio-
nine (0.1MCD diet) induced steatosis, inflammation,
and fibrosis, just like the MCD diet model (Support-
ing Fig. S1). The increase in serum alanine amino-
transferase (ALT) and aspartate aminotransferase
(AST) was also similar compared to the MCD diet
model. Body weight loss, however, was less and stabi-
lized after the first 2 or 3 days compared to the control
group. Feeding the 0.1MCD diet to mice resulted in a
reduction in hepatic S-adenosylmethionine (SAMe)
and an increase in S-adenosylhomocysteine (SAH)
(Fig. 1A,B). A reduction in the SAMe/SAH ratio is
known to cause inhibition of PE N-methyltransferase,
the enzyme that converts PE rich in polyunsaturated
fatty acids (PUFAs), such as PE(22:6), to PC rich in
PUFAs by N-methylation of PE.?® Accordingly,
0.1MCD-fed mice showed an increase in hepatic
PE(22:6) and a reduction in PC(22:6) (Fig. 1A,B), the

IRUARRIZAGA-LEJARRETA, VARELA-REY, ET AL.

main phospholipid comprising the outer coat of very
low density lipoproteins (VLDLs), which consequently
impairs VLDL formation and export, producing TG
accumulation. The reduction in serum TG levels
induced by feeding mice the 0.1MCD diet is presum-
ably due to the deficient hepatic secretion of
VLDLs.?? Consistently, the serum content of
PC(22:6) was diminished in 0.1MCD-fed mice com-
pared to mice fed a control diet (Fig. 1B). Feeding the
0.1MCD diet to mice also led to a reduction in GSH
hepatic concentration, the main output of the transsul-
furation pathway, and of its precursor cystathionine
(Fig. 1A,B). Conversely, GSSG increased, which
translated into a lower GSH/GSSG ratio (Fig. 1A,B),
a biomarker of oxidative stress.>

At the protein expression level, compared to animals
fed a control diet, mice fed the 0.1MCD diet showed
reduced content of cystathionine f-synthase (CBS),
the first enzyme linking SAMe metabolism with
the transsulfuration pathway; increased levels of
glutamate—cysteine ligase (GCL) catalytic subunit, the
rate-limiting step in GSH synthesis; normal content of
GCL modifier subunit, the regulatory subunit
of GCL; and increased content of GSH synthetase
(GS), the last step in GSH synthesis (Fig. 1A,C).
The protein content of various GSH-consuming
enzymes, such as GSH peroxidase 1 (GPX1), GSH
S-transferases 1-3 (GSTM1-3), and thioredoxin
reductase 1 (TXNRD1), was increased, while the con-
tent of GSH reductase (GSR), the enzyme that regen-
erates GSH from GSSG, was unchanged, compared to
mice fed a control diet (Fig. 1A,C). These results sug-
gest that the fall in GSH and the reduction in the
GSH/GSSG ratio are largely a result of oxidative stress
and increased use because all GSH-utilizing enzymes
are increased.

To investigate if patients with NAFLD presented
alterations in hepatic metabolism similar to those
observed in 0.1MCD-fed mice, we compared the liver
metabolome of 0.1MCD-fed mice and animals fed a
control diet and generated a list with the fold change
and P values for each metabolite (Supporting Table
S1). Next, we did the same for the serum metabolome
and generated a second list (Supporting Table S1).
Finally, we analyzed if the serum metabolic profile
reflected liver metabolism in the 0.1MCD-fed mice by
comparing both sets of data, observing that the system
may be defined by two linear regression plots, one
made by the pool of TGs (rho = 0.865, P = 2.5E-12)
and the second integrated by all lipids except TGs (rho
= 0.576, P = 2.2E-16) (Supporting Fig. S2). We
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FIG. 1. Hepatic S-adenosylmethionine metabolism in mice fed a 0.1MCD diet and treated with vehicle or with Aramchol. (A) Sche-
matic representation of hepatic SAMe metabolism. SAMe, the main biological methyl donor, is generated from methionine in an
ATP-dependent process catalyzed by methionine adenosyltransferase. One of the enzymes that contributes most to the hepatic trans-
methylation flux is PEMT, which converts PE rich in PUFAs into PC rich in PUFAs, using SAMe and generating SAH. PCs rich
in PUFAs are the main phospholipids comprising the outer coat of VLDLs, whereas TGs can be incorporated and eliminated in the
form of VLDLs. SAH is routed toward the transsulfuration pathway, generating 2-aminobutyric acid and GSH, which plays a key
role in maintaining redox homeostasis together with NADPH. (B) Relative fold change (log,) in the hepatic content of the main
metabolites involved in hepatic SAMe metabolism in mice fed a 0.1MCD diet compared to mice fed a normal diet. Mice that were
fed the 0.1MCD diet and treated with vehicle or with Aramchol showed reduced hepatic SAMe levels, increased SAH levels, and a
reduction in the SAMe/SAH ratio. These mice also showed an increase in hepatic PE(22:6) and a reduction in hepatic and serum
content of PC(22:6). Feeding the mice a 0.1IMCD diet also led to a reduction in the hepatic concentration of cystathionine and GSH
and to an increase in GSSG, which in turn led to a reduction in the GSH/GSSG ratio. The 2-aminobutyric acid content remained
constant. (C) Relative fold change (log,) in the protein content of enzymes involved in hepatic SAMe metabolism in 0.1MCD-fed
mice treated with vehicle or with Aramchol compared to mice fed a normal diet. A 0.1MCD diet led to changes in the main enzymes
involved in GSH synthesis and catabolism. Mice fed a 0.IMCD diet showed a reduced content of CBS, normal levels of GCLM,
and increased content of GCLC and GS. These mice also showed increased levels of GPX1, GSTM1-3, and TXNRD1 and
unchanged levels of GSR. *P < 0.05. Abbreviations: ATP, adenosine triphosphate; GCLC, GCL catalytic subunit; GCLM, modifier
subunit; NADPH, nicotinamide dinucleotide reduced phosphate; PEMT, phosphatidylethanolamine-N-methyltransferase; ND, nor-

mal diet. Data were represented as mean = SEM.
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FIG. 2. Identification of a subset of patients with NAFLD showing a serum metabolomic profile similar to that of the 0.IMCD
mouse model. (A) Volcano plot representation indicating the —logo(P value) and log,(fold change) of individual serum metabolic ion
features of mice fed a 0.1MCD diet compared to mice fed a normal diet. (B) Heatmap representation of the serum metabolomic pro-
file from 535 patients with biopsy-confirmed NAFLD. The scale indicates (vertical axis) the relative ion abundance of each metabolite
in the serum extract of a given subject with respect to that found in the rest of the study population, O being the mean value. Metabo-
lite selection is based on the top 50 serum metabolites that more significantly differentiated between mice fed a 0.1MCD diet and
mice fed a normal diet. The hierarchical clustering is based on optimum average silhouette width obtaining two main clusters; the first
(left-hand cluster) resembles the serum metabolomic profile observed in mice fed a 0.1MCD diet (0.1MCD subtype), while the sec-
ond cluster (right-hand cluster) shows a different metabolomic profile (non-0.1MCD subtype). (C) Schematic representation summa-
rizing the results obtained from the metabocentric analysis. A 1,000-fold repetition of a random partition of samples (50/50) in two
cohorts (estimation and validation) and subsequent cluster analysis was performed based on the 50 serum metabolites selected. Patients
were classified into 0.1MCD subtype and non-0.1MCD subtype depending on the frequency distribution. Following the criteria based
on 70% reproducibility, 250 patients showed a metabolic phenotype similar to 0.1MCD-fed mice and 147 were classified as non-
0.IMCD subtype. The remaining 138 patients showed a reproducibility of less than 70% (indeterminate group). Similarities were
found between patients showing a 0.1MCD metabolic signature and patients showing a Mat1a”™ metabolic signature.(ls) Of the
patients with NAFLD classified as Mat1a™" subtype, 90% were also classified as 0.1IMCD subtype and called M™ subtype; 73% of
the patients classified as non-M subtype were also classified as non-0.1MCD subtype and called non-M™" subtype. The remaining
patients (203) were considered indeterminate and called 1" subtype. (D) Heatmap representing the comparisons of the serum meta-
bolic profiles of validated M, non-M*, and I" groups, displaying the log,(fold change) and unpaired Student # test. Abbreviations:
AA, amino acids; AC, acyl carnitines; BA, bile acids; CE, cholesteryl esters; Cer, ceramides; CMH, monohexosylceramides; oxFA,
oxidized fatty acids; MG, monoglycerides; NAE, N-acylethanolamines; SFA, saturated fatty acids; SM, sphingomyelins.
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then selected the top 50 serum metabolites that more
significantly differentiated between the 0.1MCD-fed
mice and animals fed a control diet (Fig. 2A) and
used this metabolic signature to classify a cohort of
535 patients with biopsy-proven NAFLD (353 with
simple steatosis and 182 with NASH). The clinical

characteristics and serum metabolomics of this cohort
has been published."® Silhouette cluster analysis
revealed that this signature subclassified patients with
NAFLD into two main clusters, one of them showing
a metabolic profile similar to that identified in the
0.1MCD mouse model (Fig. 2B). For validation, we
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used the developed procedure,(lg) which consists of
carrying out a random partition of samples (50/50) in
two cohorts (estimation and validation), and executed
the cluster analysis described above to select those
patients with a metabolic profile resembling that of the
0.1IMCD-fed mice. After a 1,000-fold repetition of
this random partition, patients showing a metabolic
profile similar to that identified in the 0.1MCD mouse
model >700 times were selected. This metabocentric
analysis showed that 47% (n = 250) of patients with
NAFLD displayed a metabolic phenotype similar to
the 0.1MCD-fed mice, 27% (n = 147) were classified
>700 times as non-0.1MCD, and the remaining 26%
(n = 138) were indeterminate (classified <700 times
as either 0.1MCD or non-0.1MCD) (Fig. 2C).

Using this same approach, we recently demonstrated
that 49% of this same cohort of patients (n = 262)
showed a metabolomic profile similar to methionine
adenosyltransferase—la_/_ (Mat1a™") mice."® Because
Matla encodes the main gene involved in hepatic
SAMe synthesis and MazZa™" mice show a reduction
in liver SAMe, GSH, and PC-PUFAs as well as
impaired VLDL export and spontaneously developed
NASH,"® we hypothesized that patients with
NAFLD showing an 0.1MCD metabolomic signature
and those with a Mat1a™~ signature would coincide.
We observed that 90% (n = 225) of patients classified
as 0.IMCD subtype (0.1MCD signature) were also
classified as M subtype (Mat1la™~ signature). We
called this group M subtype (Fig. 2C). These results
strengthen the concept that an impaired synthesis of
hepatic SAMe may be a frequent feature in patients
with NAFLD.® Similarly, of the 147 patients classi-
fied as non-0.1MCD-fed mice, 107 (73%) had previ-
ously been classified as non-M subtype using the
Mat1a™ mouse model. We called this group non-M ™"
subtype (Fig. 2C). The remaining 203 patients were
classified as indeterminate. We called this group 1"
subtype (Fig. 2C).

Comparison of the serum metabolomic profile of
the validated M " and non-M " subtypes revealed that
93.6% of all lipids and amino acids analyzed (n = 328)
were significantly reduced in the M" subtype (Fig.
2D). The list of lipids analyzed included saturated
FAs, MUFAs, PUFAs, DGs, TGs, choline, and etha-
nolamine glycerophospholipids (diacyl, plasmalogens,
and lyso phospholipids (Lyso) forms); sphingolipids
(ceramides and sphingomyelins); cholesteryl esters;
and bile acids. These results suggest that, as in the
Mat1a”~ and 0.IMCD models, VLDL export and
perhaps the secretion of other lipid vesicles, such as
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exosomes, are impaired in M subtype patients with
NAFLD compared to the non-M" subtype. Consis-
tent with this hypothesis, the serum contents of the
four amino acids that feed one-carbon metabolism to
generate SAMe (threonine, serine, glycine, and methi-
onine) and the levels of taurine, an output of SAMe
catabolism, were reduced in M subtype patients with
NAFLD compared to the non-M™" subtype group
(Fig. 2D). The 1" subtype group showed an interme-
diate metabolomic phenotype, exhibiting higher con-
tent of serum lipids and amino acids than the M™
subtype but lower than the non-M™" subtype (Fig.
2D).

HEPATIC LIPID METABOLISM IN
0.1IMCD-FED MICE

Feeding with the 0.1IMCD diet associated with
hepatic accumulation of FAs, DGs, TGs, and choles-
teryl esters as well as with the accumulation of oxidized
FAs, including oxidized derivatives of linoleic acid
(oxLLA), a human NASH biomarker®® (Fig. 3A,B).
Proteomics data analysis searching for proteins differ-
entially expressed in 0.1MCD-fed mice involved in
lipid metabolism revealed that the content of fatty acid
translocase (CD36), an FA transporter with an overex-
pression that correlates with TG accumulation in
human NAFLD,?” was augmented whereas the con-
tent of SCD1 was reduced (Fig. 3A,C). This reduction
in SCD1 activity was confirmed by measuring the
hepatic levels of MUFAs and the FA(16:1)/(16:0)
ratio, which were decreased (Fig. 3B). The FA(16:1)/
(16:0) ratio was also decreased in the serum of
0.1MCD-fed mice compared to animals fed a control
diet (Fig. 3B). The content of several key enzymes
involved in de novo lipogenesis (adenosine triphosphate
citrate lyase, acetyl-CoA carboxylase 1 [ACC1], and
fatty acid synthase) was slightly reduced or unaltered,
while the protein content of acylglycerol-3-phosphate
O-acyltransferase 3, a key enzyme involved in TG syn-
thesis, was increased (Fig. 3A,C). Our results also
showed an increase in the content of carnitine palmi-
toyltransferase 1A (CPT1A), the rate-limiting step in
mitochondrial f-oxidation, and normal levels of
3-hydroxyacyl-CoA dehydrogenase A and B, the
o and f subunits of the trifunctional enzyme that cata-
lyzes the three last steps of mitochondrial f-oxidation
(Fig. 3A,C). In agreement with previous findings,***®
the liver of 0.1MCD-fed mice exhibited an increase in
the content of mitochondrial uncoupling protein 2 and

microsomal cytochrome P450 family 4, subfamily a,
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FIG. 3. Hepatic lipid metabolism in 0.1MCD-fed mice treated with vehicle or with Aramchol. (A) Schematic representation of hepatic
lipid metabolism. Hepatic FAs originate from serum and through de nowo lipogenesis. FAs can either be oxidized in the mitochondria or
esterified to form TGs. The rate-limiting step in mitochondrial f-oxidation is CPT1A. The accumulation of FAs in the cytoplasm
increases their oxidation and generates ROS, which induce GSH depletion and produce oxFA, such as oxLLA, which can lead to fibrosis
and cell death. (B) Relative fold change (log,) in the hepatic content of the main metabolites involved in lipid metabolism in mice fed a
0.IMCD diet and treated with vehicle or with Aramchol compared to mice fed a normal diet. A 0.1MCD diet led to reduced levels of
glucose, serum FAs, and MUFAs and to a reduction in the FA(16:1/16:0) ratio. In contrast, feeding the mice a 0.1MCD diet led to
increased levels of FAs, DGs, TGs, CEs, oxFA, and oxLA. (C) Relative fold change (logy) in the content of proteins involved in liver
lipid metabolism in mice fed a 0.1MCD diet and treated with vehicle or with Aramchol compared to mice fed a normal diet. Feeding the
mice a 0.1IMCD diet resulted in reduced levels of ACLY, ACC1, ACC2, FAS, and SCD1. The 0.1MCD mice also showed increased
levels of CD36, AGPAT3, CPT1A, HADHA, HADHB, UCP2, and CYP4A14. *P < 0.05. Abbreviations: ACLY, adenosine triphos-
phate citrate lyase; AGPATS3, 1-acylglycerol-3-phosphate O-acyltransferase 3; CYP4A14, cytochrome P450, family 4, subfamily a, poly-
peptide 14; FAS, fatty acid synthase; HADHA, HADHB, 3-hydroxyacyl-CoA dehydrogenase A and B; LA, linoleic acid; oxFA,
oxidized FA; ND, normal diet; UCP2, uncoupling protein 2. Data were represented as mean = SEM.
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polypeptide 14 (Fig. 3C). The protein content of
ACC2 (Fig. 3A,C), the enzyme that synthesizes mito-
chondrial malonyl-CoA, an inhibitor of CPT1A, was
reduced (Fig. 3A,C). These results agree with previous
studies showing that MCD-mediated reduction of
SCD1 stimulates FA oxidation through the ff-oxidation
pathway.®*

ARAMCHOL REDUCED
FEATURES OF
STEATOHEPATITIS IN
0.1IMCD-FED MICE

Mice given Aramchol displayed an improvement of
liver histology, as indicated by hematoxylin and eosin
histology (Fig. 4A). This was confirmed by Sudan III
(1.5-fold improvement compared to 0.1MCD-fed
mice administered Aramchol’s vehicle; P < 0.05), F4/
80 (3.2-fold improvement compared to 0.1MCD-fed
mice administered Aramchol’s vehicle; P < 0.05),
CD64 (5-fold improvement compared to 0.1MCD-
fed mice administered Aramchol’s vehicle; P < 0.05),
and Sirius Red (2.3-fold improvement compared to
0.1MCD-fed mice administered Aramchol’s vehicle; P
< 0.05) staining and measurement of COL1A1 pro-
tein by western blot (Fig. 4A,B,D). The content of
COL1A1 in Aramchol-treated mice decreased and did
not differ significantly compared to mice fed a control
diet (1.2-fold 0.1MCD + Aramchol versus control
diet). Feeding mice the 0.1MCD diet for 4 weeks
caused a marked increase in serum liver enzymes
(ALT and AST) (Fig. 4C). The trend to increase
ALT and AST observed in the 0.1MCD-fed mice
treated with Aramchol was not statistically significant
(Fig. 4C). Likewise, the low TG levels observed in the
0.1MCD-fed mice were not significantly affected by
Aramchol treatment (Fig. 4C).

Consistent with the decrease in inflammation and
fibrosis, we observed that the 0.1MCD-fed animals
given Aramchol had a normal content of FAs and oxi-
dized FAs, including oxLA, which are lipotoxic (Fig.
3B). The concentration of cystathionine, GSH, and
the GSH/GSSG ratio was also normalized in the
0.1IMCD-fed mice given Aramchol (Fig. 1B). Mam-
mals have three major systems to maintain redox
homeostasis, two of these are nicotinamide dinucleo-
tide reduced phosphate dependent (TXNRD1 and
GSR) and the third is made by GCL and GS, the two
enzymes in GSH synthesis.?” Analysis of protein
content data showed that the 0.1MCD-fed mice given
Aramchol showed no significant effect in the content
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of the main enzymes involved in GSH synthesis and
redox regulation (CBS, GCL catalytic subunit, GCL
modifier subunit, GS, GSR, GPX1, GSTM1-3, and
TXNRD1) compared to animals treated with vehicle
alone (Fig. 1C). However, the marked increase (3-
fold) exerted by Aramchol on the liver content of 2-
aminobutyric acid (Fig. 1B), a biomarker of the flux
through the transsulfuration pathway,®® indicates that
animals given Aramchol have developed mechanisms
that compensate for the loss of GSH induced by the
0.1MCD diet and are effective in preventing oxidative
stress while increasing FA expenditure.

We also analyzed the effect of Aramchol adminis-
tration to 0.1IMCD-fed mice on the content of key
enzymes involved in de novo lipogenesis, FA uptake,
TG synthesis, and mitochondrial f-oxidation. These
mice showed a further reduction in SCD1 function as
evaluated by protein content and by measuring the
FA(16:1)/(16:0) ratio and the content of MUFAs
(Fig. 3B,C). With the exception of SCD1, the protein
content of other enzymes involved in de novo lipogene-
sis, FA uptake, TG synthesis, and FA oxidation was
similar in 0.1MCD-fed mice treated with Aramchol
or vehicle alone (Fig. 3C). Based on previous findings
showing increased FA oxidation in SCD1-deficient
mice,® these results indicate that the antisteatotic
effect of Aramchol is largely the result of a reduction in
TG synthesis and increased f-oxidation triggered by
SCD1 suppression.

IDENTIFICATION OF SERUM
BIOMARKERS ASSOCIATED
WITH ARAMCHOL TREATMENT

As there is an urgent need to identify reliable bio-
markers reflecting treatment response in NASH, we
compared the serum metabolome of 0.1MCD-fed mice
treated with Aramchol with that of animals fed the
0.IMCD diet treated with vehicle alone (Supporting
Table S2). Volcano plot analysis of the metabolomic
data revealed the existence of 91 metabolites that signifi-
cantly distinguished between both conditions (Fig. 5A;
Supporting Table S2). Among them, we identified 30
metabolites that were also significantly different when
the livers of both groups of mice were compared (Fig.
5B). This list included 2-aminobutyric acid, which
increased after Aramchol treatment, and three MUFAs,
10 PUFAs, four Lyso-PE, nine Lyso-PC, and three
Lyso-PI that were all reduced in 0.1IMCD-fed animals
treated with Aramchol (Fig. 5B). The dose response for
these biomarkers was investigated in serum and liver by
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FIG. 4. Aramchol attenuated steatohepatitis in 0.1MCD-fed mice. Livers from mice fed with normal or 0.1MCD diet treated either
with Aramchol or vehicle were extracted and the following analyses performed: (A,B) hematoxilin and eosin staining, Sirius Red, and
Sudan III staining and quantification of positive areas; F4/80 and CD64 immunostaining and quantification of positive areas. (C)
Serum levels of ALT, AST, and TGs. (D) Collagen type I protein content in the liver of mice was assessed by immunoblotting using
GAPDH as the loading control. *P < 0.05 versus control; #P < 0.05 versus MCD. Data were represented as mean * SEM. Abbre-
viations: ND, normal diet; a.u., arbitrary units.
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FIG. 5. Identification of serum biomarkers associated with Aramchol treatment. (A) Volcano plot representation indicating the —
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(5 mg/kg/day) compared to untreated mice fed a 0.1MCD diet. (B) Heatmap of the 30 serum metabolites found to reflect the effect
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0.001). Metabolites have been ordered in the heatmap according to their carbon number and unsaturation degree of their acyl chains.
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treating 0.1MCD-fed mice with 1 mg/kg/day Ara-
mchol, a dose that did not improve liver histology (not
shown). As shown in Fig. 5B, treatment of 0.1IMCD-
ted mice with 1 mg/kg/day Aramchol only modified the
content of two Lyso-PC in serum and three Lyso-PC
and two lysophosphatidylinositols in liver.

ARAMCHOL IMPROVED
STEATOSIS AND OXIDATIVE
STRESS IN HEPATOCYTES
EXPOSED TO MCD MEDIUM AND
REDUCED COL141 mRNA IN
HUMAN STELLATE CELLS

We analyzed the effect of Aramchol (10 M) in
mouse hepatocytes incubated in MCD culture medium
with regard to the development of steatosis and oxida-
tive stress. We observed that incubation of hepatocytes
with MCD medium resulted in cellular neutral lipids
accumulation as determined by BODIPY staining and
that this effect was prevented in Aramchol-treated cells
(Fig. 6A). We also observed that incubation of hepato-
cytes with MCD medium increased total hepatocyte
ROS 4.5-fold, but this was significantly reduced by the
addition of Aramchol (Fig. 6B). Finally, we found that
incubation of LX2 human stellate cells with medium
containing Aramchol (10 uM) was associated with a
decrease in COL1A41 mRNA content and an increase
in PPARy transcript (Fig. 6C). PPARy is a negative
regulator of type I collagen expression.*"

Discussion

The MCD diet model is a widely used murine
model of NASH.®? MCD diets produce the most
severe phenotype in the shortest time period. In mice,
MCD diets induce steatosis, inflammation, and fibro-
sis within 2 weeks, and these conditions continue to
progress. The major disadvantage of this model is that
animals fed MCD diets lose weight rapidly (up to 50%
compared to control mice in 10 weeks), have low
serum TG levels, and do not become insulin resistant.
MCD-fed mice also exhibit higher serum ALT and
AST levels compared to patients with NASH. Com-
parison of gene expression patterns among various
murine models of NASH and liver tissues from
patients with NAFLD has shown little overlap.®?
These models included a high-fat/high-carbohydrate
diet, high-fat/high-carbohydrate/streptozocin  diet,
Western-type diet, Pten””, and MCD diet. This lack

IRUARRIZAGA-LEJARRETA, VARELA-REY, ET AL.

of correlation between human and murine samples
indicates that in this gene-centered analysis none of
the models replicate all aspects of the molecular
changes in the human disease. The overlap between
human samples and the MCD-fed animals was not
inferior to that of any other mouse model.®? Here,
we demonstrated that despite the phenotype of the
0.IMCD mouse model being quite different from
the majority of human subjects with NAFLD who
have metabolic syndrome and obesity, around 50% of
NAFLD subjects show a serum metabolomic pheno-
type that resembles the metabolism observed in this
dietary-induced mouse model of NASH. This find-
ing supports the conclussion that, from the perspec-
tive of the regulation of liver metabolism, the
0.IMCD diet is a good model to study NASH and
the mechanism of action of potential therapeutic
agents.

Moreover, these findings confirm the existence of
human NAFLD subtypes with marked differences in
liver lipid metabolism. In particular, these results vali-
date the existence of an M subtype which, based on
its similarities with the Mas1a”~ and 0.1MCD mouse
models, would be characterized by reduced synthesis of
SAMe, low GSH content, impaired export of VLDLs,
and conceivably impaired export of other intracellular
vesicles, such as exosomes. This would lead to TG
accumulation, a major rearrangement of lipid metabo-
lism, and eventually progression to NASH. These
results agree with the observation that impaired SAMe
synthesis and a lower rate of transmethylation is a fre-
quent feature in human NAFLD.®33%

The 0.1MCD diet model may be considered as a
modification of the CD diet model where the content
of methionine has been reduced to 0.1%. In the control
diet, the content of methionine was 0.3%. A CD
diet also reliably induces fatty liver in mice, but unlike
the MCD model, liver fat accumulation in the CD
model is not accompanied with weight loss or steatohe-
patitis.®> Here, we used a modification of the canonical
MCD model by adding 0.1% methionine to the diet to
minimize the effect of weight loss on liver TG accumu-
lation without affecting the development of steatohepati-
tis. The 0.1IMCD diet induced steatosis, inflammation,
and fibrosis with a small loss of body weight, which sta-
bilized after the first 2 or 3 days compared to the control
group. Importantly, when Aramchol treatment was initi-
ated, weight loss had stabilized at least a week before. As
in the canonical MCD model,?*?%303% 0 {MCD feed-
ing impaired the synthesis of PC-PUFAs through the
PE N-methyltransferase pathway, which is an essential
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FIG. 6. Aramchol attenuated lipid accumulation and ROS production in hepatocytes and collagen production in LX-2 cells. Hepato-
cytes were cultured during 48 hours in serum-free MEM or MCD medium, with or without Aramchol (10 uM). (A) BODIPY stain-
ing and quantification of the intensity of lipid bodies per cell. (B) CellROX Deep Green Reagent loading and total ROS levels
quantification by FACS. (C) LX-2 cells were treated with Aramchol (10 M) for 24 hours, and the mRNA expression of COL1A1
and PPARY was assessed by quantitative PCR. **P < 0.01 versus control; **P < 0.001 versus control; ##P < 0.01 versus MCD;
#HH#P < 0.001 versus MCD. Data were represented as mean = SEM. Abbreviation: FACS, fluorescence-activated cell sorting.

component of the outer phospholipid coat of lipopro-
teins. This led to reduced secretion of hepatic TGs as
VLDLs, resulting in the accumulation of hepatic TGs.
The increase in acylglycerol-3-phosphate O-acyltransfer-
ase 3 content, a critical enzyme in glycerol esterification,
may also contribute to the development of steatosis in
the 0.IMCD model. As in the canonical MCD
model,(24’28’30’36) de novo lipogenesis in 0.1MCD-fed
mice remained normal or slightly reduced with the
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exception of SCD1. Feeding with 0.IMCD markedly
reduced liver SCD1 mRNA and protein content,
although these did not disappear as in the classical
MCD diet model.?#?83039) Consistent with this, the
content of MUFAs and the FA(16:1/16:0) ratio, a
marker of SCD1 activity, decreased in 0.1MCD-fed
mice compared to the control group which, together
with the increase in CD36, would likely contribute to
hepatic FA accumulation, lipotoxicity, and increased FA
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oxidation, as suggested by the abnormal protein content
of CPT1A, uncoupling protein 2, and ACC2.

These alterations may be at the base of increased
ROS production and the buildup of oxidized species of
FAs, including oxILA, a biomarker of human NASH,®”
inflammation, and fibrosis. Accordingly, the liver con-
tent of GSH and the GSH/GSSG ratio were reduced in
0.1MCD-fed mice compared to animals fed a control
diet. To maintain redox homeostasis, the liver relies
mainly on two mechanisms: the GSH system, which
comprises both de novo synthesis of GSH and the regen-
eration of GSH from GSSG; and the TXINRD1 system,
which scavenges ROS and maintains intracellular redox
status.?” In 0.1MCD-fed mice, the protein content of
GSR, the enzyme that catalyzes the regeneration of
GSH from GSSG, was normal compared to control
mice, whereas GCL and GS, the last two steps in GSH
synthesis, and TXNRD1 were augmented. The protein
content of CBS, the enzyme that removes homocysteine
from the methionine cycle and moves it toward the
transsulfuration pathway, was diminished. Conversely,
in 0.1MCD-fed mice, the protein content of numerous
enzymes that consume GSH, including GPX1 and
GSTM1-3, was increased compared to control mice.

The oral administration of Aramchol to 0.1MCD-
ted mice further suppressed SCD1 expression and
activity. However, this additional reduction of SCD1
was not associated with an exacerbation of the lipotox-
icity and inflaimmatory response induced by the
0.IMCD diet, as may have been expected,***” but
reduced these responses in addition to reducing fibro-
sis. Consistent with this anti-inflammatory activity,
Aramchol normalized hepatic GSH content and the
GSH/GSSG ratio as well as the levels of FAs and oxi-
dized FAs, including the NASH biomarker oxLA,
compared to control mice. Aramchol also induced a
marked increase in the liver content of 2-aminobutyric
acid, a biomarker of the transsulfuration pathway.®”
Viewed together, these results indicate that in
0.1MCD-fed mice, flux through the transsulfuration
pathway increased in response to Aramchol, leading to
decreased oxidative stress and less GSH/GSSG turn-
over, which in turn would reduce the inflammatory
and fibrotic response induced by 0.1IMCD feeding.
Despite the existence of fundamental differences
between the in cellulo and in vivo experiments, with
regard to the development of steatosis and oxidative
stress induced by MCD, Aramchol’s reduction of cel-
lular lipid accumulation and the diminution of cellular
ROS in hepatocytes incubated in MCD medium reca-
pitulate the iz vivo findings.

IRUARRIZAGA-LEJARRETA, VARELA-REY, ET AL.

As oxidative stress is a major trigger of liver inflam-
mation and fibrosis, Aramchol-treated 0.1MCD-fed
mice showed less inflammation (determined histologi-
cally by F4/80 and CD64 staining) and fibrosis (mea-
sured both by Sirius Red staining, and COL1A1 and
COL6A1 protein content) compared to control
0.1MCD-fed mice administered vehicle alone. These
studies also indicate that Aramchol negatively regulates
collagen production in LX2 human stellate cells. In
summary, these two disparate consequences of Ara-
mchol treatment, the reduction of SCD1 and the
increased flux through the transsulfuration pathway,
may be the main targets through which Aramchol
exerts its antisteatotic, anti-inflammatory, and antifi-
brotic effects, although it is possible that there may be
other targets not yet identified. In the 0.1MCD mouse
model, fibrosis is slight. If treatment with Aramchol is
also beneficial in more advanced stages of NASH
when hepatic fibrosis is widespread is not known.
Improvement of fibrosis and resolution of NASH are
the secondary histologic endpoints of the ongoing Ara-
mchol phase IIb clinical trial.

Aramchol administration failed to decrease the
elevation of serum ALT and AST induced by the
0.1MCD diet. It is important to note, however, that
the trend to increase the levels of ALT and AST
observed in the group of 0.1MCD-fed mice treated
with Aramchol compared with the 0.1MCD ani-
mals receiving vehicle alone was not statistically sig-
nificant. Moreover, in the published phase Ila
study, there was no signal for toxicity (as deter-
mined by the serum levels of ALT, AST, and alka-
line phosphatase) after 3 months treatment with
Aramchol.

Finally, we also identified a group of serum and
liver lipid biomarkers associated with Aramchol treat-
ment in 0.1MCD-fed mice that were dose depen-
dent. These lipids included several MUFAs, PUFAs,
as well as different Lyso-PE, Lyso-PC, and Lyso-PI
species, which had decreased content in response to
Aramchol. The reduction of MUFAs agrees with
Aramchol’s mechanism of action, whereas the
increase in lysophospholipid species has been associ-
ated with lipotoxicity and NASH progression.4**?
Although it is at present not known if these noninva-
sive biomarkers of Aramchol’s administration could
be translated to determine the response of patients
with NASH to treatment with this molecule, these
results demonstrate that metabolomics is a most
promising technique to identify noninvasive response

biomarkers in NASH.
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