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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease
in the United States and the world; with no Food and Drug Administration—
approved pharmacological treatment available, it remains an area of unmet
medical need. In nonalcoholic steatohepatitis (NASH), the most important
predictor of clinical outcome is the fibrosis stage. Moreover, the Food and
Drug Administration recommends that clinical trials for drugs to treat this dis-
ease include patients with fibrosis stage 2 or greater. Therefore, when using
animal models for investigating the pathophysiology of NAFLD and for the
preclinical evaluation of new drugs, it is important that the animals develop
substantial fibrosis. The aim of this study was to develop a mouse model
of NAFLD that replicated the disease in humans, including obesity and pro-
gressive liver fibrosis. Agouti yellow mutant mice, which have hyperphagia,
were fed a Western diet and water containing high-fructose corn syrup for
16 weeks. Mice became obese and developed glucose intolerance. Their
gut microbiota showed dysbiosis with changes that replicate some of the
changes described in humans with NASH. They developed NASH with activ-
ity scores of 5—6 and fibrosis, which was stage 1 after 16 weeks, and stage
3 after 12months. Changes in liver gene expression assessed by gene-set
enrichment analysis showed 90% similarity with changes in human patients
with NASH. Conclusion: Ay mice, when fed a Western diet similar to that con-
sumed by humans, develop obesity and NASH with liver histology, including
fibrosis, and gene expression changes that are highly similar to the disease
in humans.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) has become
the most common chronic liver disease in the United
States and the world.[!" Although the initial form of
NAFLD, nonalcoholic fatty liver (NAFL), is considered
benign, the most advanced form, nonalcoholic steato-
hepatitis (NASH), which affects a third of patients, can
progress to cirrhosis, end-stage liver disease, and he-
patocellular carcinoma.?! Treatment of NASH includes
weight loss through diet and exercise, which has been
shown to ameliorate NASH; however, weight loss is
difficult to achieve and maintain.®! As an alternative,
several drugs have been tested for the treatment of
NASH.¥ Although pioglitazone, vitamin E, and obeti-
cholic acid have shown to improve NASH in clinical tri-
als, no treatment has been approved by the Food and
Drug Administration (FDA),®~"! and the FDA considers
NASH with fibrosis or cirrhosis an area of unmet med-
ical need.”®!

Mechanistic and preclinical studies of new drugs
for the treatment of NAFLD need animal models that
replicate the characteristics of the disease in humans.
Although many models have been described, there is
no model considered optimal and widely adopted for
studying NAFLD.5"2 |n particular, several models of
NASH show little or no fibrosis. Because mice do not
develop liver fibrosis easily, in some models, fibrosis
was induced using a diet deficient in choline and methi-
onine or the administration of carbon tetrachloride.[®~*!
However, those approaches do not necessarily repli-
cate the pathophysiology of NAFLD in humans. The
presence of substantial fibrosis and how fibrosis is in-
duced are important points, as fibrosis stage has been
consistently shown to be the best predictor of mortality
in patients with NASH.!"-"81 Moreover, both the FDA
and the European Medicines Agency recommend that
clinical trials of drugs for the treatment of NASH include
patients with fibrosis stages 2 or higher.[g'm

An optimal animal model of NAFLD would replicate
the characteristics of NAFLD in humans. First, the
model should show pathophysiology, progression, and
histological features similar to those described in hu-
mans.l'>*¥ Second, the animals should develop obesity
and related systemic alterations, as NASH and obesity
are closely related, particularly in Western countries."
Finally, these alterations should be induced by fac-
tors that commonly play a role in the development of
NAFLD in humans, such as excessive food intake, diets
high in fat and simple carbohydrates, and/or low phys-
ical activity.

In this article, we report the characterization of a
mouse model of NAFLD induced by feeding hyper-
phagic, agouti yellow (Ay), mice with a Western diet
and a solution containing high-fructose corn syrup.
The mice develop NASH with fibrosis, which is stage
1 after 16 weeks and stage 3 after 12months, as well

as dysbiosis, and gene-expression changes similar to
those described in humans.

EXPERIMENTAL PROCEDURES
Animals and diets

We used mice carrying the agouti yellow mutation (Ay
mice) and their wild-type littermates. Experimental
mice were produced by breeding male Ay mice (B6.
Cg-Ay/J; Jackson #000021) and female C57BL/6J
mice (Jackson #000664); the background strain of all
mice was C57BL/6J. Experimental mice were male.
Mice were fed either a Western diet, containing fat
(42kcal%), cholesterol (0.2% wt/wt) and sucrose
(341g/kg) (Envigo TD.88137), or a control diet with
low fat (13kcal%) and sucrose (120g/kg) (Envigo
TD.08485). Mice fed the Western diet also received a
drinking solution containing 42 g/L of a mixture of fruc-
tose and glucose (55% and 45%, respectively, equal
to 23g/L of fructose and 19.1 g/L of glucose) (Sigma
F2543 and 49,159); the solution was sterile-filtered and
replaced weekly/semiweekly. Mice were fed the diets
starting at 8weeks of age, and for either 12weeks,
16 weeks, or 12 months. Cage bedding was wood chips.
Mice were group-housed under specific pathogen-free
or conventional conditions. Mice were on a 12-h/12-h
light/dark cycle; sample were collected during the light
cycle. Mice were fasted for 5 to 6 h before sample col-
lection and euthanized with carbon dioxide. Mice were
assigned consecutive identification numbers that were
used during sample analyses, which were conducted
blind. All animals received humane care according to
the criteria outlined in the Guide for the Care and Use
of Laboratory Animals; protocols were approved by the
Columbia University or Brooklyn College Institutional
Animal Care and Use Committee.

Evaluation of liver steatosis, injury,
inflammation, and fibrosis

For histological evaluation, formaldehyde-fixed,
paraffin-embedded liver sections were stained using
hematoxylin and eosin (H&E), Masson's trichrome, and
picrosirius red. Sections were evaluated, and grade and
stage were determined by a pathologist experienced in
liver diseases (J.Y.), using the NASH—Clinical Research
Network criteria.l'®! Liver triacylglycerol (TAG) content
was determined by extracting lipids and quantifying
TAGs using the Infinity Triglycerides Reagent (Thermo
Fisher Scientific; TR22421).' Liver injury was evalu-
ated by measuring plasma alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) ac-
tivities (BQ-Kits BQO04A; GenWay GWB-BQK284).
Fibrosis was quantified both morphometrically and by
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quantifying hydroxyproline, as detailed in the supple-
mental material and previously described.?%

RESULTS

Ay mice fed a diet high in fat and fructose
develop obesity and glucose intolerance

To induce obesity and NASH with fibrosis in a relatively
short period of time, we used mice carrying the Agouti
yellow (AY) mutation, which causes hyperphagia by
blocking melanocortin 4 receptors (MC4R) in the hypo-
thalamus.?22 Interestingly, MC4R mutations are the
most common cause of monogenic obesity, and MC4R
polymorphisms have been linked to polygenic obesity
in human populations.[23'24] Melanocortin receptors are
expressed at extremely low levels (for MC1R) or not ex-
pressed (for MC2R to MC5R) in the liver; therefore, it
is unlikely that the Ay mutation has any direct effect in
the liver (Table S1). Ay mice develop obesity, insulin re-
sistance, and other alterations related to the metabolic
syndrome; thus, they have been used extensively as
models for those diseases.?"

Ay mice were fed a Western diet and a drinking
solution containing fructose to mimic the intake of high-
fructose corn syrup—sweetened beverages.[25'26] This
combination of food and drinking solution provides
49kcal% of carbohydrates, 35 kcal% of fat, and 16 kcal%
of proteins, which is similar to the mean macronutrient
composition of diets in the United States.?”! We desig-
nated this diet as high-fat and fructose diet (HFFD) and
we refer to these mice as Ay-HFFD (Table 1). Wild-type
C57BL/6 mice (WT) fed a control low-fat and fructose
diet (LFFD) were included as lean controls and desig-
nated as WT-LFFD. In addition, we included a group
of Ay mice fed the LFFD (Ay-LFFD) and a group of
wild-type C57BL/6 male mice fed the HFFD diet (WT-
HFFD). Mice were fed these diets starting at 8 weeks of

age, and for 16 weeks. As expected, caloric intake was
higher in hyperphagic Ay mice than in WT mice fed the
same diet, and intake was also higher in mice fed the
HFFD compared with those fed the LFFD (Figure S1A).

Ay mice fed the LFFD (Ay-LFFD), WT mice fed the
HFFD diet (WT-HFFD), and Ay mice fed the HFFD diet
(Ay-HFFD) gained more weight than the WT mice fed
the LFFD diet (WT-LFFD), which were used as con-
trols; Ay-HFFD mice nearly doubled their body weight
(Figure 1A). Weight gain was mostly due to increased
adipose tissue, as shown by increased fat pad weight
(Figure 1B; Figure S1B-D) and greater total body fat
mass (Figure 1C). Leptin was elevated in Ay-HFFD
mice when compared with control (WT-HFFD) mice
(Figure S1E).

WT-HFFD and Ay-HFFD mice developed glucose in-
tolerance, as assessed by glucose tolerance tests, with
significantly higher glycemia at 60 and 120min after
glucose administration, and greater areas under the
curve (Figure S1F,G). Moreover, Ay-LFFD, WT-HFFD,
and Ay-HFFD showed increased insulin (Figure S1H).

In summary, Ay mice fed LFFD, WT mice fed the
HFFD, and Ay mice fed the HFFD for 16 weeks de-
veloped obesity, and WT and Ay mice fed the HFFD
also developed glucose intolerance and hyperinsu-
linemia, replicating metabolic alterations character-
istics of the metabolic syndrome and associated with
NAFLD.?!

Ay mice fed the HFFD develop NASH
with fibrosis

Livers from Ay-LFFD, WT-HFFD, and Ay-HFFD mice
fed the diets for 16 weeks were enlarged compared with
those from WT-LFFD mice, and had a light yellowish
color characteristic of steatosis (Figure 2A). WT-HFFD
and Ay-HFFD mice developed hepatomegaly, with
greater liver weights and liver-to-body weight ratios that

TABLE 1 Experimental groups

Group designation

WT-LFFD Ay-LFFD WT-HFFD Ay-HFFD
Genotype WT Ay WT Ay
Hyperphagia No Yes No Yes
Diet LFFD LFFD HFFD HFFD
Steatosis = —/+ +++ .
Injury - - ++ ++
Inflammation = —/+ i+ ++
Fibrosis - - - +
NAFLD stage Normal (controls) Normal or NAFL or NASH NASH NASH + fibrosis

Note: Genotype, diets, designation, and main characteristics of experimental groups after 16 weeks of diet feeding. Minus and plus signs indicate absence or

presence and relative degree of each alteration.
Abbreviation: NAFL, nonalcoholic fatty liver.
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FIGURE 1 Agouti yellow (Ay) mice fed a low-fat and fructose diet (LFFD), wild-type (WT) mice fed a high-fat and fructose diet (HFFD),

and Ay mice fed a HFFD developed obesity after 16 weeks of diet feeding: body weight (BW; A); total weight of main fat pads (sum of
perigonadal, inguinal, and perirenal fat pad weights) (B); total body fat mass measured by nuclear magnetic resonance (color bars represent
fat mass; white bars represent lean body mass, which did not significantly differ between groups) (C). Data represent the mean and SEM;

N =6, 7, 11; 11 animals per group in the order shown in the graphs. Statistical analysis was done by analysis of variance (ANOVA) and
Tukey post-hoc test; letters next to the data points or bars that are different indicate groups that are significantly different with p<0.05.

were higher than in controls (WT-LFFD) (Figure 2B;
Figure S2A).

Histological evaluation and scoring of H&E-stained
sections showed that both groups of mice fed the HFFD
diet, WT-HFFD and Ay-HFFD, developed steatosis,
ballooning, and inflammation, the main characteristics
of NASH (Table 2, Figure 2C). Ay-LFFD mice had vari-
able grades of steatosis, with no significant differences
in ballooning or inflammation when compared with con-
trols (Table 2). Control WT-LFFD mice had NAFLD ac-
tivity scores (NAS) of 1, considered normal; Ay-LFFD
mice had scores of about 3, whereas WT-HFFD and
Ay-HFFD mice had scores of about 6, which commonly
correspond to NASH (Figure 2D).'"® Indeed, none of
the WT-LFFD mice, 57% of the Ay-LFFD, and 100% of
both the WT-HFFD and the Ay-HFFD mice showed the
combination of steatosis, ballooning, and inflammation,
which is considered diagnostic for NASH.[18:28]

Ay-LFFD, WT-HFFD, and Ay-HFFD mice showed
hepatic steatosis, which was panacinar and mixed mac-
rovesicular and microvesicular (Figure 2C; Table 2).
Steatosis was quantified by measuring the liver con-
tent of triacylglycerol, which was increased both in
WT-HFFD and Ay-HFFD mice when compared with
WT-LFFD (Figure 2E).

Hepatocyte injury, evaluated by the presence of
ballooning in H&E-stained sections, was minimal in
WT-LFFD and Ay-LFFD mice. In contrast, both WT-
HFFD and Ay-HFFD mice showed ballooning (Table 2).
Hepatocyte injury was confirmed by measuring plasma
ALT and AST, which were increased in WT-HFFD mice
and to a higher level in Ay-HFFD mice (Figure 2F;
Figure S2B).

Inflammation scores were increased in WT-HFFD
and Ay-HFFD diet (Table 2). Ay-HFFD mice had in-
creased liver infiltration with inflammatory cells, as
shown by CD45 immunohistochemistry staining

(Figure 2C,G). Moreover, Ay-LFFD, WT-HFFD, and
Ay-HFFD mice all showed increased liver messenger
RNA (mMRNA) expression of genes encoding for cyto-
kines tumor necrosis factor alpha (TNF«) and C-C motif
chemokine ligand 2 (CCL2), and the inflammatory re-
ceptor toll-like receptor 4 (TLR4) (Figure S2C-E).

Because fibrosis is the best predictor of outcome
in NASH,'® we evaluated whether these mice de-
veloped fibrosis. Ay mice fed the HFFD for 16 weeks
showed fibrosis by picrosirius red and Masson's tri-
chrome staining (Figure 2C). Fibrosis for Ay-HFFD
mice fed the diet for 16 weeks was stage 1, signifi-
cantly greater than in WT-LFFD controls (Table 2).
Importantly, fibrosis was pericellular, reproducing the
typical pattern found in early stages of NASH-induced
fibrosis.”? Morphometric quantification of collagen in
picrosirius red—stained sections confirmed that fibrosis
was greater in Ay-HFFD mice compared with controls
(Figure 2H). Quantification of collagen by measuring the
hepatic hydroxyproline content further confirmed that
Ay-HFFD mice had increased fibrosis (Figure 2I). In ad-
dition, Ay-HFFD mice showed extensive ductular reac-
tion, which has been shown to correlate with the grade
of liver fibrosis in patients with NASH (Figure 2C,J).2%

Ay mice, when fed the HFFD for 12weeks, did not
show histological fibrosis (data not shown), supporting
the idea that, in these mice, 16 weeks of diet treatment
are necessary for the development of fibrosis.

When fed the diets for 12months, most Ay-LFFD,
WT-HFFD, and Ay-HFFD mice developed NASH
(Table 3), with NASH Activity Scores between 4 and
7 (Figure 3C). They showed hepatomegaly with liver
steatosis (Table 3; Figure 3A,B, and D). At 12months,
Ay-LFFD, WT-HFFD, and Ay-HFFD mice had hepato-
cellular injury and inflammation (Table 3; Figure 3A,E,
and F). Therefore, after 12months, Ay-LFFD, WT-
HFFD, and Ay-HFFD had NASH. More importantly,
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Ay-LFFD and WT-HFFD mice showed fibrosis stage 2 content, with both methods showing that WT-HFFD
and Ay-HFFD mice showed fibrosis stage 3 (Table 3). and Ay-HFFD mice had greater fibrosis than the
Fibrosis was quantified by picrosirius red staining of =~ WT-LFFD controls (Table 3; Figure 3A,G, and H).
collagen and measurement of hydroxyproline liver  Therefore, in this model, over time, fibrosis progresses
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FIGURE 2 Ay-LFFD, WT-HFFD, and Ay-HFFD mice developed various stages of NAFLD (16 weeks). (A) Macroscopic images of livers
after 16 weeks. (B) Liver-to-body weight ratios. (C) Representative x100 microscopic images of livers stained with hematoxylin and eosin
(H&E), CD45 by immunohistochemistry (IHC; inflammatory infiltration), trichrome, picrosirius red (PSR) stainings (fibrosis), and cytokeratin
19 (CK-19) by IHC (ductular reaction) (x100 images, bars = 100 um). (D) Nonalcoholic fatty liver disease (NAFLD) activity scores (NAS).
(E) Triacylglycerol content (TAG) of livers. (F) Plasma alanine aminotransferase (ALT). (G) CD45 immunohistochemistry quantification. (H)
Morphometric quantification of fibrosis in PSR-stained sections. (I) Hydroxyproline (Hyp) content of livers. (J) CK-19 IHC quantification.
Scatter plots found in (B) and (E)—(J) show individual data points, means, and SEM. Box and whisker plot found in (D) shows the median
(midline) and interquartile range, and whiskers indicate maximum and minimum values (N = 6, 7, 11, and 11 per group). Different letters
indicate significant differences with p<0.05 (ANOVA and Tukey post-hoc test in [B] and [E]-[J]) or ANOVA on ranks in [D]).

TABLE 2 NAFLD histological grades and stages (16 weeks)

Features WT-LFFD Ay-LFFD WT-HFFD Ay-HFFD
Steatosis 0(0, 1) 1.5 (0, 2)>° 3(2,3)P 3(2,3)P
Ballooning 0 (0, 0.5) 0.5 (0, 1) 2(2,2P 2(2,2)P
Inflammation 0 (0, 0)? 1(0.75, 1)P 1(1,1)° 1(1,2)P
Fibrosis 0 (0, 0)? 0(0, 1) 0 (0, 1) 1(1,1)°

Note: NAFLD was evaluated using the NASH—Cancer Research Network (CRN) scoring system. Grade and stage data are expressed as median (with first
and third quartiles). Different superscript letters indicate statistically significant differences (p<0.05 by Kruskal-Wallis ANOVA on ranks).

TABLE 3 NAFLD histological grades and stages (12 months)

Features WT-LFFD Ay-LFFD WT-HFFD Ay-HFFD
Steatosis 0 (0, 1.5)? 3(3,3)° 2(2,3)P° 2(2,2)0°
Ballooning 1(0, 1) 2(2,2)? 1(1,1.75) 1(1,2)?
Inflammation 1(0.5, 1) 101,27 1(1,1)2 1(1,1)2
Fibrosis 1(1,1)2 2(2,2)%® 2.5 (2, 3)>° 3 (3, 3.75)°°

Note: NAFLD was evaluated in mice fed the diets for 12months using the NASH-CRN scoring system. Data are expressed as median (with first and third
quartiles). Different superscript letters indicate statistically significant differences (p<0.05 by Kruskal-Wallis ANOVA on ranks).

to advanced stages, similarly to the course of the dis-
ease in human patients. In Ay-LFFD, WT-HFFD, and
Ay-HFFD, plasma ammonia and total bilirubin were
similar to controls, indicating that the liver function was
preserved (not shown).

To further investigate the NASH-associated fibrosis,
we assessed the number and activation of hepatic stel-
late cells (HSCs), the main cell type responsible for fi-
brosis in NASH.P" To evaluate the number of HSCs, we
used a gene signature that we have previously devel-
oped to identify HSCs in single-cell RNA-sequencing
data from mouse livers, which consists of genes highly
expressed selectively in HSCs.*?! We used this HSC
signature to interrogate transcriptional profiles from
the livers of the WT-LFFD, Ay-LFFD, WT-HFFD, and
Ay-HFFD mice. All genes in the HSC signature, includ-
ing Des (desmin), Lrat (lecithin retinol acyltransferase),
and Pdgfrb (platelet-derived growth factor beta) genes,
were induced in livers from Ay-HFFD mice, indicating
an increase in the number of HSCs (Figure S3A). We
confirmed the increase in mMRNA expression of desmin,
a classical marker of HSCs, by quantitative polymerase
chain reaction (PCR) (Figure S3B). Desmin expression,
evaluated by immunohistochemistry, appeared to be

more prominent in the areas of liver with macrovesicu-
lar steatosis (Figure S3C).

To assess the activation of HSCs, we used a gene
signature characteristic of activated liver myofibroblasts,
which in liver derive predominantly from HSCs."32
Expression of most of the genes included in the gene
signature was increased in liver from Ay-HFFD mice
compared with controls (Figure S3D). Moreover, livers
of Ay-HFFD and WT-HFFD showed increased mRNA
expression of fibrosis markers Acta2 (smooth muscle
actin alpha 2), Col1a1 (collagen type | alpha 1 chain),
Lox (lysyl oxidase), and Timp1 (tissue inhibitor of metal-
loproteinase 1), which are expressed primarily by ac-
tivated HSCs (Figure S3E,G-I). In addition, Ay-HFFD
mouse livers showed expression of a-SMA (smooth
muscle actin) by immunohistochemistry, in contrast
to undetectable or minimal expression in control WT-
LFFD mice (Figure S3F).

In summary, WT and Ay mice fed the HFFD diet for
16 weeks developed NASH that closely replicates the
alterations described in humans. More importantly, Ay
mice fed the HFFD for 16 weeks showed HSC activa-
tion and fibrosis deposition with readily quantifiable col-
lagen, which progressed to stage 3 after 12months.
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FIGURE 3 Ay-LFFD, WT-HFFD, and Ay-HFFD mice developed NASH with fibrosis (12 months). (A) Representative x100 microscopic
images of livers stained with H&E, CD45 by IHC (inflammatory infiltration), trichrome, and PSR stainings (fibrosis) (x100 images,

bars = 100 um). (B) Liver-to-body weight ratios. (C) NAS. (D) Triacylglycerol content of livers. (E) Plasma ALT. (F) CD45 IHC quantification.
(G) Morphometric quantification of fibrosis in PSR-stained sections. (H) Hydroxyproline content of livers. Scatter plots (panels [B] and [D]-
[H]) show individual data points, means, and SEM. Box and whisker plot found in (C) show the median (midline) and interquartile range, and
whiskers indicate maximum and minimum values (N =7, 5, 9, and 11 per group). Different letters in (C) indicate significant differences with

p<0.05 (ANOVA and Tukey post-hoc test in [B] and [D]-[H] or ANOVA on ranks in [C]).
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Ay mice fed the HFFD show gut
microbiota dysbiosis

Because NAFLD has been associated with gut mi-
crobiota dysbiosis,[ssl to evaluate the gut microbiota
in our mice, we collected cecum content and deter-
mined its bacterial composition by 16S ribosomal RNA
sequencing.

Principal coordinate analysis of beta diversity at the
operational taxonomic unit level of mice fed the diets for
16 weeks showed differences in microbial communities
across experimental groups (Figure 4A). Microbiota
in Ay-HFFD mice was significantly different from the
microbiota in control WT-LFFD, suggesting that in Ay-
HFFD mice, NASH was associated with dysbiosis of
the gut microbiota (Figure S4A). The microbiota from
Ay-HFFD mice showed richness similar to WT-LFFD
(but higher than for Ay-LFFD), as assessed by alpha di-
versity measures Chao1 and ACE indices, whereas di-
versity evenness across the groups was similar based
on the Shannon and Simpson index measurements
(Figure S4B,C). At the phylum level, Ay-HFFD mice
showed nonstatistically significant trends toward higher
abundance of Bacteroidetes and its major genus,
Bacteroides (Figure 4B; Figure S4D). In addition, Ay-
HFFD mice showed a decrease in Tenericutes and
TM7/Saccharibacteria when compared with WT-LFFD
(Figure 4B; Figure S4E,F). For these last two phyla,
abundance progressively decreased in experimental
groups with more advanced stages of NAFLD, with the
greatest change in Ay-HFFD mice. In addition, when
analyzed at the genus level, Ay-HFFD mice showed de-
creased Ruminococcus when compared with Ay-LFFD
(Table S2).

In summary, Ay-HFFD mice show changes in their
gut microbiota composition when compared with

controls, which can be characterized as dysbiosis and
include changes that replicate some of the alterations
described in human patients with NASH.B4

Ay mice fed the HFFD show
gene-expression patterns
characteristic of NASH

To determine whether the alterations in hepatic gene
expression in this model were similar to those in human
NASH, we generated hepatic transcriptional profiles in
our mice fed the diets for 16 weeks. Although Ay-LFFD
and WT-HFFD mice showed more moderate changes,
the Ay-HFFD mice showed greater changes in liver
gene expression when compared with the WT-LFFD
control mice (Figure 5A). These changes agree with
Ay-HFFD mice having the most pronounced histologi-
cal and biochemical liver alterations, and Ay-LFFD and
WT-HFFD showing intermediate changes (Figure 2).
Ay-HFFD mouse livers showed induction of lipogenic
genes (Acaca [acetyl-CoA carboxylase alpha], Fasn
[fatty acid synthase], Scd? [stearoyl-CoA desaturase 1],
Scd2, Cd36 [clusters of differentiation 36], and peroxi-
some proliferator-activated receptor gamma [Pparg]),
inflammation genes (Tnf, Ccl2, Saa1 [serum amyloid
A1], and Tir4), and fibrosis-related genes (Col1a1, Lox,
and Timp1), which is consistent with the histological al-
terations and changes in mMRNA measured by quantita-
tive PCR (Figure 2; Figure S2C—E; Figure S3G-I).
Gene-set enrichment analysis (GSEA) against the
Hallmark gene-set collection using GSEA showed that
25 gene sets (pathways) were significantly enriched
in Ay-HFFD mice when compared with controls (out
of 50 gene sets in the nonredundant Hallmark collec-
tion) (Table S3). Ay-LFFD and WT-HFFD mice showed

(A) Bray Curtis (8) @1 00 - u Actinobacteria
] - *% D> mBacteroidetes
0.50 p =0.003 8 80 - Cyanobacteria
= ODeferribacteres
Cy ] el BFirmicutes
ﬁ-’\! 0.25 < 60 4 oD1
e wt-LFFD ab < B Proteobacteria
— | o m Spirochaetes
oy 0-00 Na S ay-LFFD 2 2 40 oTM?
0 \~. % m Tenericutes
2 0251 li‘ Wt-HFFD P¢ = 20 mUnclassified
’ \__{ ” C g
(@] ay-+FFD 2
-0.50 : ; : ; & 0 -
-0.5 0.0 0.5 1.0 WT Ay WT Ay

Axis.1 [16.4%]

LFFD LFFD HFFD HFFD

FIGURE 4 Nonalcoholic steatohepatitis (NASH) development is associated with gut microbiota dysbiosis. (A) Principal coordinates
analysis based on Bray Curtis dissimilarity matrix comparing all experimental groups; different superscripts in the legend indicate
statistically significant differences based on permutational multivariate ANOVA (p<0.05). (B) Gene-set enrichment analysis (GSEA) of
Ay-HFFD versus WT-HFFD mouse livers, showing the 10 gene sets with the highest scores. (C) Composition of the gut microbiota at the
phylum level (as relative abundance) shows microbiota changes in WT-HFFDD and Ay-HFFD mice. In both panels, N =4, 5, 8, and 9, in the

order shown in (B).
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group). (B) Comparison of GSEA in livers from mice and human patients with NASH; heatmap represents normalized enrichment scores
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mouse group or in the human data). IL, interleukin; NFkB, nuclear factor kappa B; STAT3, signal transducer and activator of transcription 3;

TGF, tumor growth factor; Tnfa, tumor necrosis factor alpha.
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enrichment in 21 and 23 gene sets, respectively. The
gene sets with the highest scores in Ay-HFFD included
those related to apoptotic cell death (apoptosis path-
way), inflammation (inflammatory response, allograft
rejection, TNFa signaling, interleukin-6—JAK-signal
transducer and activator of transcription 3 signaling,
and interferon gamma response), and fibrosis (ep-
ithelial mesenchymal transition, which in Ay-HFFD
liver was driven by high expression of genes such as
Col1a1, Col1a2, Lum [Lumican], and Mmp2 [matrix
metalloproteinase 2]). These gene sets correspond
to processes that are important in the pathogenesis
of NASH (Figure 5B).2%%¢! importantly, comparison of
gene sets enriched in these mice and those enriched
in human patients with NASHE”! showed that of the
gene sets that were significantly enriched in at least
one group, 90% (30 gene sets out of 33) were anal-
ogously up-regulated or down-regulated in livers of
both Ay-HFFD mice and human patients with NASH
(Figure 5C).

Therefore, gene-expression analysis indicates that
this mouse model of NASH replicates most changes
in gene expression that occur in human patients with
NASH, suggesting that the molecular mechanisms as-
sociated to NAFLD development in this model are sim-
ilar to those in humans.

DISCUSSION

We have developed a mouse model of NASH by feeding
hyperphagic Ay mice with a combination of a Western
diet and high-fructose corn syrup—containing water,
which replicates the average US diet. These mice de-
velop obesity, gut microbiota dysbiosis, and NASH with
fibrosis that closely resemble the human disease in its
histology and liver gene-expression changes.
Although mice fed a high-fat diet can develop obe-
sity and NASH, these mice often do not develop liver
fibrosis, at least in periods of 4 months or shorter,
and mice are considered to be relatively resistant to
developing fibrosis."® To induce NASH with fibrosis,
researchers have used the classical methionine and
choline-deficient diet, choline-deficient high-fat diets,
diets with high content of trans fats, and diets con-
taining very high amounts fructose, saturated fat, and
cholesterol.[*1013 Although these diets are effective in
inducing NASH in mice, their composition is not found
in human diets, and some of them do not cause obesity
or insulin resistance. Diets deficient in choline, such
as the methionine choline—deficient diet, cause rapid
weight loss, and choline-deficient high-fat diets prevent
mice from gaining weight; this may not replicate the
pathophysiology of NASH, as most patients with NASH
are obese.'"” Diets with very high content of fat and
cholesterol are uncommon for humans, and trans fats
are being eliminated from foods. Therefore, models of

NASH driven by diets often do not fully replicate the
characteristics of the disease in humans.

To try to replicate human diets, we selected a
Western diet that was originally developed to induce
atherosclerosis, and we combined it with high-fructose
corn syrup,[26] which results in a macronutrient com-
position that is similar to the average US diet.[?”]
Moreover, this diet is a subtype of the high-fat, high-
fructose diets that have been reported to best replicate
human NASH.® However, when fed to WT mice for
16 weeks, this diet causes obesity and NASH, but no fi-
brosis, as seen in our WT-HFFD mice; these mice may
develop fibrosis only after 6 to 12months.?®! To accel-
erate the development of fibrosis, we used the hyper-
phagic Ay mice, which, when fed the HFFD, developed
NASH with fibrosis that is stage 1 after 16 weeks, and
progresses to stage 3 after 1 year. Hyperphagic MC4R-
deficient mice have also been used to induce NASH.8
However, in those mice, the MC4R deficiency is driven
by a floxed transcriptional block sequence upstream of
MC4R, which can be removed by the Cre recombinase.
Therefore, use of the Cre-lox system for tissue-specific
gene deletion will result in the unwanted re-expression
of MC4R in Cre-targeted tissues, which can lead to
confounding effects.

The FDA considers that treatments for NASH with
fibrosis are likely to have the greatest impact on clin-
ical outcomes, and recommends that clinical trials in-
clude patients with fibrosis stages 2 or 3.8 Although
inducing NASH in mice is relatively easy, the develop-
ment of fibrosis, which is a marker of progression and
prognosis in humans, is more difficult to achieve.["”]
Several mouse models have been reported to induce
NASH with fibrosis!''""3l: however, they also have cer-
tain disadvantages: The methionine choline—deficient
diet induces liver fibrosis, but it also causes nutritional
deficiency and weight loss, which is the opposite of
the obesity often found in humans with NASH. The
DIAMOND model also shows fibrosis, but the particu-
lar genetic background would require backcrossing for
use with genetically modified strains.¥ Finally, the ad-
ministration of a high-fat diet in combination with CCl,
has been reported to result in development of fibrosis
in only 12weeks; however, in this “diet- and chemical-
induced” model, the chemical hepatotoxicity has no
parallel in human NASH.['**% Our model provides an
additional alternative: Ay-HFFD mice develop fibrosis,
which was initially stage 1 (16 weeks), and progressed
to stage 3 (12months), similar to the disease progres-
sion in humans. Although the 12months needed for
Ay-HFFD to develop stage 3 fibrosis is a considerable
time, we consider it reasonable to speculate that phar-
macological treatments that prevent stage 1 fibrosis at
16 weeks are likely to reduce the stage 3 fibrosis found
at 12months as well.

NAFLD is associated with gut microbiota dys-
biosis, which has been proposed to be involved in
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NAFLD development and progression.[33'4” Although
Ay-HFFD mice show a trend toward an increase in
Bacteroidetes, which is similar to changes reported
in patients with NASH,?44243 the Jack of statistically
significance may be due to the small samples size.
Interestingly, the decrease in Rominococcus in Ay-
HFFD is similar to the decrease described in patients
with NASH and advanced fibrosis.?**3 Therefore,
this model of NASH shows similarities to the changes
in patients with NASH.

Transcriptional profiling allows for a comprehen-
sive unbiased evaluation of disease-related changes
in gene expression, which can be associated with
pathophysiological mechanisms. GSEA of transcrip-
tional data from the liver of Ay-HFFD mice showed
activation of the main processes that contribute to
the pathogenesis of NASH and associated signaling
pathways. These include apoptosis, the main mecha-
nism of hepatocyte cell death, multiple inflammatory
pathways, and epithelial mesenchymal transition, as-
sociated with fibrosis. The similarity in hepatic GSEA
between Ay-HFFD mice and humans with NASH sug-
gests that this mouse model replicates most of the
disease mechanisms active in humans; therefore,
this model of NASH can be used for studying the
pathogenesis of NASH, therapeutic targets, and to
test potential drugs. However, our analysis points to
changes in a few gene sets that are not common
to both species (Myc targets, p-oxidation), suggesting
that this model is not optimal for the study of those
mechanisms.

In summary, this model has several advantages.
First, NASH with fibrosis is induced with a diet that is
similar to the average US diet and that does not require
non-physiological amounts of nutrients such as trans
fats or cholesterol, induction of nutritional deficiencies
(such as the choline-deficient diets) or administration
of hepatotoxins such as CCL,.*"** Second, mice
develop liver fibrosis that is quantifiable both morpho-
metrically and by measuring the hydroxyproline liver
content. Third, this model allows for the study of dif-
ferent stages of NAFLD. We describe three combina-
tions of mouse genotypes and diets that can result in
different stages of NAFLD: After 16 weeks, Ay-LFFD
mice develop NAFL or mild NASH; WT-HFFD develop
NASH; and Ay-HFFD develop NASH with fibrosis
(Table 1). Alternatively, different stages of NAFLD can
be induced in the same mice by extending the treat-
ment period, as our three groups of obese mice devel-
oped NASH with fibrosis after a year. Fourth, the Ay
mutation is dominant, which allows for more efficient
breeding when compared with mutations that require
homozygosity (MC4RKO or ob/ob).B84%! |n addition,
the Ay mutation confers a yellow coat color; therefore,
mutant mice can easily be identified by phenotype
without the need for genotyping.®! Fifth, Ay mice are
commercially available in the C57BL6/J strain, which is

commonly used for obesity and metabolic studies, and
is the most common background for transgenic mice,
thus not requiring backcrossing. Finally, in this model,
deletion of TLR4 decreased fibrosis (unpublished data),
as described in other models of liver fibrosis, showing
that this model is useful for studying the pathophysiol-
ogy of NASH.#748l

This model also has a few limitations. Induction of
NASH in WT mice and NASH with fibrosis in Ay mice
takes 16 weeks; although still a considerable time, it is
relatively shorter than with other NASH models.[0:12.13]
To obtain development of NASH-induced fibrosis, we
used mice carrying the Ay mutation. It may be prefera-
ble to study NASH in WT mice; however, WT mice are
relatively resistant to the development of fibrosis. The
Ay mutation does not appear to have major effects on
the liver, as melanocortin receptors are not or minimally
expressed in liver and because the transcription pro-
files of livers from Ay-LFFD and Ay-HFFD do not clus-
ter together (Figure 5). In addition, the mutation does
not appear to directly cause NASH or fibrosis, because
on the one hand, Ay mice fed a low-fat diet do not de-
velop fibrosis until after 122months, and on the other
hand, WT mice also develop NASH with fibrosis when
fed the same diet (HFFD) for a longer period (1 year).
Therefore, using Ay mice allows us to accelerate the
progression of the disease, but fibrosis development is
not directly caused by the Ay mutation.

CONCLUSION

We developed and characterized a method to induce
NASH with fibrosis in mice using a diet similar to human
diets, which results in alterations that closely resemble
the development of the disease in humans.
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