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BACKGROUND AND AIMS: Animal models of human dis-
ease are a key component of translational hepatology research, yet
there is no consensus on which model is optimal for NAFLD.

APPROACH AND RESULTS: We generated a database of
3,920 rodent models of NAFLD. Study designs were highly
heterogeneous, and therefore, few models had been cited more
than once. Analysis of genetic models supported the current
evidence for the role of adipose dysfunction and suggested a
role for innate immunity in the progression of NAFLD. We
identified that high-fat, high-fructose diets most closely recapit-
ulate the human phenotype of NAFLD. There was substantial
variability in the nomenclature of animal models: a consensus
on terminology of specialist diets is needed. More broadly, this
analysis demonstrates the variability in preclinical study design,
which has wider implications for the reproducibility of in vive
experiments both in the field of hepatology and beyond.

CONCLUSIONS: This systematic analysis provides a frame-
work for phenotypic assessment of NAFLD models and high-
lights the need for increased standardization and replication.
(HepaToLocy 2021;0:1-18).

AFLD is a slowly progressive condition char-
acterized by accumulation of excess hepatic
lipids." Some individuals go on to develop
NASH that drives fibrosis, which in turn can lead to
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cirrhosis and HCC.? The burden and mortality asso-
ciated with NAFLD are increasing rapidly, especially
in developed countries.®

NAFLD is causally associated with insulin resis-
tance, typically through obesity.) Individuals with the
most severe insulin resistance and metabolic risk factors
are at greatest risk of progressive liver disease, which
has been reflected in the recently coined term “meta-
bolic dysfunction—associated fatty liver disease.”® On
the other hand, some common genetic variants (e.g.,
plle148Met in patatin-like phospholipase domain
containing 3 [PNPLA3]) may lead to the development
of NAFLD with lower levels of insulin resistance.
Almost all such variants perturb hepatic lipid metabo-
lism,”) and there has been little human genetic evidence
for the inflammatory or fibrotic aspects of NASH.

Histologically, fatty liver disease manifests with a
spectrum of histological features on liver biopsy in
humans, including steatosis, lobular and periportal
inflammation, hepatocellular ballooning, and fibro-
sis.®) Simple steatosis can be distinguished from
NASH through assessment by pathologists as the lat-
ter typically requires the presence of lobular inflam-
mation and hepatocellular ballooning.
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Animal models of human diseases are an inte-
gral part of preclinical research, allowing researchers
to facilitate mechanistic and therapeutic studies that
are not possible in humans. Studies of NAFLD pre-
dominantly use rodent models of obesity (or insulin
resistance) to induce hepatic steatosis.”) However, it
remains unclear which rodent models most closely
reflect the human disease phenotype.

The theoretical “ideal” NAFLD model should
reflect the full human spectrum of hepatic disease
clinically, biochemically, and histologically, plus fea-
tures of the associated metabolic syndrome. It would
pass through these stages without taking an unaccept-
ably long duration (such as over 1 year).(lo)

We have recently found that variation in study
design (e.g., percentage kilocalories from fat in diet,
age of mice) has a significant effect on response to
therapeutic pharmacological agents in rodent models
of NAFLD."V Therefore, detailed appraisal of pre-
clinical study design is vitally important for reproduc-
ibility, particularly given that some recent high-profile
studies could not be replicated in the field.?)

To address these questions, we systematically
reviewed and categorized NAFLD models from over
4,500 published studies. We interrogated features of
the human metabolic phenotype, histological features,
and gene expression in the animal models to identify
the rodent model(s) most resembling human NAFLD.

Materials and Methods

PROTOCOL AND SEARCH
STRATEGY

The systematic review protocol was prospectively
registered with the Systematic Review Facility in
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August 2017 and is available from https://drive.goo-
gle.com/file/d/0B7Z0e AxKc8ApQOp4OGS5SblRI
RTA/view. A partial analysis of this data set has been

reported elsewhere.!)

PubMed on MEDLINE, EMBASE, and the
National Center for Biotechnology Information’s
Gene Expression Omnibus were searched for pub-
lished articles of experimental rodent models of fatty
liver, NAFLD, or NASH. The search was completed
in January 2019.

STUDY SELECTION AND
ELIGIBILITY CRITERIA

Our inclusion criteria were primary research arti-
cles using mice or rats to model NAFLD (to include
hepatic steatosis, NASH, and NASH-fibrosis) and
evidence of hepatic steatosis in model rodents through
either increased hepatic triglyceride content or histo-
logical assessment. Studies were excluded if they did
not model NAFLD/NASH; they were in humans
or any animal other than mice and rats; they were
reviews, comments, letters, editorials, meta-analyses,
or ideas; or they were not in English (unless there was
an available translation).

Abstracts and titles were screened to identify rel-
evant studies using Rayyan.(13) Potentially relevant
studies had their full text extracted and were assessed
against inclusion/exclusion criteria independently by
two reviewers, with discrepancies settled by discussion

with J.PM.

DATA COLLECTION

The variables extracted were as follows: pheno-
typic characteristics of animal model used (e.g., sex,
dietary composition, rodent age, genetic alterations,
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background animal strain, chemical agents, genetic
manipulations), features of metabolic syndrome (obe-
sity, dyslipidemia, insulin resistance), presence of
lipodystrophy, features of NAFLD (elevated amino-
transferases, lobular inflammation, hepatocellular bal-
looning, portal inflammation, NASH, fibrosis [stage,
if stated], HCC), and age (in weeks). Where data had
been deposited in the Gene Expression Omnibus,
the accession number was extracted. Mouse Genome
Informatics was used to find human orthologues
for murine genes perturbed in genetically modified
animals. "

The presence or absence of phenotypic character-
istics was based on the reported description in the
included article. Lipodystrophy was defined as the
presence of reduced fat mass plus increased insulin
resistance and where the animals were described as
lipodystrophic. Obesity was defined as a significantly
higher body weight (or fat mass) than control animals.
Insulin resistance was defined as a significant eleva-
tion in any of the following: fasting or postprandial
glucose or insulin, homeostatic model assessment of
insulin resistance, greater AUC on glucose or insu-
lin tolerance test, or lower glucose infusion rate
during hyperinsulinemic—euglycemic clamp studies.
Dyslipidemia was defined by any of the following:
higher triglycerides, lower HDL, higher cholesterol, or
higher LDL. Elevated aminotransferases were defined
by significantly higher alanine or aspartate amino-
transferase compared to control animals. Presence
or absence of NASH was assessed dichotomously
based on description in the article. Many models were
dichotomously described to show the presence or
absence of fibrosis without further details; therefore,
this was collected in addition to fibrosis stage (where
available), which was extracted according to Kleiner
staging.(ls)

Genetically modified animals were included as sep-
arate models where they were shown to exacerbate
the liver phenotype of NAFLD. If a study reported
a “negative control” animal, a model with NAFLD
(“positive control”), and a genetically modified animal
with less severe NAFLD than the “positive control,”
the genetically modified animal would not be included
as a separate model of NAFLD.

Studies frequently included multiple model designs
(or treatment arms for interventional studies). Data
were extracted for each model or interventional arm
separately. Where data from male and female animals
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were reported separately, they were included as sepa-
rate models.

The complete raw data set has been deposited as a
Dryad database (https://doi.org/10.5061/dryad.pnvx0
kékq).

COMPARISON OF MODELS FOR
SIMILARITY

Models were compared for similarity based on
study design. Criteria for considering two mod-
els to be the same were chosen manually given the
recent finding that most outcomes in rodent models
of NAFLD could be modeled in a continuous fash-
ion" and included identical genetic background,
sex of animals studied, age diet initiated *1 week,
kilocalories of diet from fat +2%, weight of choles-
terol in diet +0.1%, weight of choline in diet +0.1%,
kilocalories of diet from sucrose 2%, fructose—
glucose in diet 2% kcal (or +2 g/L where dissolved
in drinking water), age given chemical/virus/surgery
+1 week, dose of chemical +10% (chemical-specific),
and identical route of administration of chemical.
Models could be combined using variables that were
not reported (e.g., studies not reporting sex, but oth-
erwise identical models, would be considered the
same).

Models were organized into three levels: category,
main group, and subgroup. This was based on the
similarity of model design after data extraction, rather
than on terminology used in the original article. For
example, a model using 45% kcal fat plus 20% kcal
fructose would be categorized as “diet only” > “high
fat, high carbohydrate” > “high fat, high fructose,”
even if the authors described the model as a “high-
fat diet” (HFD). The article’s original description
used for each model was retained for comparison of
nomenclature with study design.

COMPARISON OF MODELS WITH
HUMAN PHENOTYPE

A metabolic syndrome score (range 0-3) and a
liver histology score (range 0-11) were used to assess
the similarity of each model to human NAFLD
(Supporting Table S1). For the metabolic syndrome
score, models scored 1 for each of the following: obe-
sity, insulin resistance, and dyslipidemia. For liver
histology, models scored 1 for each of the following:
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raised aminotransferases, lobular inflammation, por-
tal inflammation, hepatocellular ballooning, NASH,
fibrosis (presence/absence), fibrosis stages 1-4 (1 point
for each), and HCC. The scoring of histological fea-
tures was based upon the author’s reported presence or
absence of each feature, with the definition of each his-
tological characteristic according to that of the (human)
NASH Clinical Research Network.’> Presence or
absence of NASH was based on the author’s reported
global histological assessment (i.e., no score cutoff was
used). These two scores were combined to give an
overall phenotype score (range 0-14). Scores were only
recorded where suitable data were reported.

RISK OF BIAS ASSESSMENT

Each paper was assessed in the following four areas:
reporting the presence of a protocol, reporting use of
randomization, reporting use of blinding, and a power
calculation for sample size estimation. These were
each given a score of 1, and each paper was assigned
an overall “risk of bias score.”

STATISTICAL ANALYSIS

For comparison of phenotype scores by subgroup,
models were filtered for those that had been used by
at least one study, and then subgroups were filtered for
those that contained at least three models. Gene lists
were analyzed using the EnrichR package for R.1?
Histograms and descriptive statistics were extracted
using R 3.6.2 for Mac."® The code used in the
analysis is available from https://doi.org/10.5281/
zenodo.4656980.

Results

THE LANDSCAPE OF ANIMAL
MODELS OF NAFLD

In order to understand the spectrum of animal
models used to study fatty liver disease, we screened
8,727 published articles and included 4,540 articles
in our final analysis (Fig. 1). From this, we built a
database of 3,920 unique rodent models of NAFLD,
which we grouped into nine broad categories of

model (Table 1; Supporting Tables S2 and S3). These
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could be further subdivided into 29 main groups (e.g.,
“high-fat, high-cholesterol diet”) and 771 subgroups
(e.g., “apolipoprotein E [ApoE] mutant with dietary
manipulation”).

The most common category of model was dietary
(1,927/3,920), followed by genetically altered rodents
combined with dietary manipulation (826/3,920).
The majority of models were conducted using only
male animals (2,777/3,920, 82%); therefore, a direct
comparison of female versus male animals was limited
except for the three subgroups where sufficient data
were available, and no consistent trend was observed
(Supporting Fig. S1).

Of the models, 27% (1,055/3,920) were performed
using C57BL/6] mice, with hundreds of other genetic
backgrounds represented (Supporting Table S4).
Twelve weeks was the modal duration of model study
(mean = 15 weeks) (Fig. 2A). Study duration was
similar for the assessment of all histological features
except for the presence of HCC, which was reported
at up to 2 years of age (Supporting Fig. S2). Where
described, studies were almost uniformly performed at
room temperature (20-22°C); and therefore, this was
not included as a variable in subsequent analyses. A
single study!’” assessed the effect of housing at ther-
moneutrality (30°C) and found this to exacerbate the
HFD phenotype, resulting in a phenotype that more
closely mirrored human NASH.

REPLICATION OF MODEL DESIGN

Due to differences in model design (e.g., proportion
of fat in diet, age diet initiated, genetic background),
models were used by a mean of just 1.6 studies
(median 1 study). Genetic models fed standard chow
were used by a mean 2.2 studies, compared to only 1.1
for genetic models with dietary manipulation. There
was a trend that more complex models (e.g., offspring,
chemical plus dietary) were more likely to be used by a
single study only. The most frequently used model was
male leptin-deficient (04/06) mice on a pure C57BL/6]
background fed standard chow (Table 2).

COMPARABILITY OF MODELS TO
HUMAN NAFLD

In order to compare the rodent models to that
of human NAFLD, we examined the metabolic
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8727 articles identified

3163 excluded at screening

5564 potentially relevant articles
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29 Main groups

1024 excluded on full-text review
807 not relevant

68 not mouse or rat study

43 couldn’t obtain full-text

41 in vitro or in silico only

38 review, commentary, or protocol
16 duplicates

4 human studies

3 not in English

2 abstract only

2 retracted studies

771 Subgroups

3920 Models

4540 articles included in systematic review
— 2300 mechanistic studies
1139 non-Phase 2/3 drug interventional study
630 phase 2/3 drug interventional study
345 description of NAFLD model
126 other (non-interventional) study type

Phenotype score

Genetic analysis

FIG. 1. Study design. (A) Article inclusion and exclusion flowchart. (B) Overview of the categorization hierarchy used in analysis.

phenotype, histology, and gene expression in the ani-
mal models.

METABOLIC PHENOTYPE

Of the models, 44% were reported to show insu-
lin resistance, 47% were obese, and 51% had dyslip-
idemia. Of the models, 47% (1,839/3,920) had at
least two features of the metabolic syndrome (Fig.
2D). Chemically induced models were less frequently
reported to show metabolic features of NAFLD (e.g.,
26% with obesity).

HISTOLOGY

Of the models, 93% (3,655/3,920) reported liver
histology. Overall, 35% of models were reported to
show NASH and 23% to show some stage of fibro-
sis, whereas the presence or absence of periportal
inflammation was described in only 9% of models
(Supporting Fig. S1).

No model was reported to recapitulate all possible
teatures of NAFLD liver histology and the metabolic
syndrome. Three models had an overall NAFLD
model score of 13 (out of 14). Only one of these
three models had been used in at least two studies,
ie., replicated (Table 3). All models, their NAFLD
phenotype scores, and studies using each model can
be viewed in Supporting Tables S2 and S3. The
three highest-scoring models were 10-week-old male
C57BL/6]-129/Svlm] mice fed a 42% calorie fat, 0.1%
cholesterol diet and given 55% fructose of 42 g/L
water ad libitum for 8 weeks, used by two studies>*?;
7-week-old male C57BL/6?-129 mice fed a 45% cal-
orie fat diet and given 55% fructose of 42 g/L. water
ad libitum for 24 weeks, used in only one study®?,
and 9-week-old C57BL/6] mice fed a “Western diet”
(fed a diet with 42% calories due to fat, 1.25% weight
due to cholesterol, 37.3% calories due to sucrose, and
given 55% fructose of 42 g/L water ad libitum) for
12-24 wecks, used by one study.? Hence, two of
the models were based on a high-fat, high-fructose
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Overall model phenotype score

A Duration of study of model B
600 800
550
700
500
450 600
400
500
350
Number Number
of models > of models 4%
250
300
200
150 200
100
100
50
0 0
0 10 20 30 40 50 60 70 80 90 100 5 6 7 8 13 14
Age (weeks) NAFLD score [0-14]

c Liver histology score E =
1800 Chemical (other)
1600 ApoE knockout (ApoE -/-)
1400 Fructose Model score
1200 Metabolic
High fat high sucrose
Hepatic
Number 0% ) )
of models 800 Leptin Receptor Deficiency only Overall
600 Leptin Deficiency only
400 PTEN mutant
200 HFD
0
01 2 3 4 5 6 7 8 9 10 11 MCD
Liver phenotype score [0-11]
Choline deficient
D Metabolic syndrome score
1500 Zucker rats / fa/fa rats
1250 High fat, sucrose, & cholesterol
High fat high cholesterol
1000
STZ + diet
Number
of models High fat high fructose
H
500 Choline deficient + high fat
CDAA
250
High fat, fructose, & cholesterol
0
0 1 2 3 0.0 25 5.0 75 10.0 12.5
Metabolic syndrome score [0-3] Model score

FIG. 2. Phenotype score and duration of rodent models of NAFLD. (A) Histogram illustrating the maximum duration each model
(n = 3,920) was studied. (B) Overall phenotype score for each model (0-14) generated from a combination of liver histology score and
metabolic syndrome score. (C) Liver histology score (0-11) for each model, where 1 point is given for the presence of each histological
feature of human NAFLD, including fibrosis stages 1-4 and HCC, plus raised aminotransferases. (D) Metabolic syndrome score (0-3)
for each model was calculated as the presence of obesity, insulin resistance, and dyslipidemia, with 1 point for each. (E) Comparison of
mean (+SE) scores for subgroups of models with at least three models, which had all been replicated at least once. Abbreviations: CDAA,
choline-deficient, amino acid—defined diet; MCD, methionine-/choline-deficient diet; STZ, streptozocin.

and added cholesterol diet, and all three included a This was supported on analysis of phenotype scores
high-fat, high-fructose diet, suggesting that a high- by subgroups (Fig. 2E). While choline-deficient diets
fat, high-fructose diet yields a metabolic and histo- had the highest mean liver histology scores, they had
logical phenotype that resembles human NAFLD. few features of the metabolic syndrome.
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FIG. 3. Composition of HFDs. Data from 1,488 rodent HFD models. (A) Proportion of total dietary kilocalories from fat. (B) Percentage
of diet as cholesterol (by weight). (C) Proportion of total dietary kilocalories from sucrose. (D) Percentage of diet as fructose/glucose
(either alone or in combination). (E) Percentage of diet as choline (by weight).

the greatest similarity at the pathway level. Secondly,
Tsuchida et al.*® included data from 22 different models
(or time points) and found that male C57BL/6] mice fed
a Western diet (high fat, high sucrose, high cholesterol)
with high fructose or glucose content in water and i.p.
CCl, injection showed the greatest similarity to human
NAFLD.

HETEROGENEITY IN
NOMENCLATURE OF DIETARY
MODELS

The use of specialist diets to induce hepatic steato-
sis, with or without obesity and insulin resistance, has
been the mainstay of rodent models of NAFLD.?
Over 75% of all models in our database included some
form of dietary perturbation. However, we observed
that there was inconsistent use of terminology when
comparing the names of diets and their composition.

For example, 16% (237/1,488) of models described
as an HFD (without specifying additional com-
ponents) also contained added cholesterol (Fig. 3).

Overall, 22% (334/1488) of HFDs had some added
cholesterol, choline, sucrose, or fructose/glucose.

Similar results were observed for 149 “Western diet”
models, which most frequently involved 40%-45%
keal from fat, plus 30% kcal from sucrose and 0.2%
cholesterol. However, there was substantial variability
(Supporting Fig. S4), with many models described as
“Western diet” including added fructose. In addition,
18 models were described as using “Western diets” but
provided no detail on diet composition.

GENETIC ANIMAL MODELS OF
NAFLD ACT THROUGH ADIPOSE
DYSFUNCTION AND INNATE
IMMUNITY

Understanding the genetics of NAFLD in humans
has provided substantial insight into the pathogene-
sis of fatty liver disease. Concurrently, there have been
hundreds of genetically modified animal models that
display features of NAFLD to varying severity. We
used our database to identify 433 human orthologues

13
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from genetically modified mice that display exac-
erbated severity of NAFLD. Using gene set enrich-
ment analysis, ' we identified that these gene targets
are most highly expressed in adipose tissue and liver
(Supporting Fig. S5 and Table S7). Pathways relating
to insulin resistance, adipogenesis, and innate immu-
nity, as well as genes implicated in type 2 diabetes and
related metabolic syndrome traits in humans, were

enriched in our gene set (Supporting Fig. S5).

RISK OF BIAS

Recommendations for reporting of preclinical
studies suggest the use of blinding, randomization, a

prespecified protocol, and a sample size estimate.*®

We assessed all 4,540 articles for these four risk of
bias metrics and combined them into an overall
score (0-4). Over half of all studies had a score of 0
or 1 (Supporting Fig. S6). Only 1.3% of all studies
reported a power calculation, with blinding used in
19% and randomization in 37%.

Discussion

Preclinical animal studies of hepatic steatosis have
been conducted for nearly 70 years with the aim of
helping to elucidate the mechanisms of liver lipid
metabolism®” and, more recently, to find effec-
tive treatments for NAFLD. This has resulted in an
increasingly complex array of animal models.*® We
performed a systematic analysis of animal models of
NAFLD, providing a framework for their description,
identifying the suitability of models for studying dif-
terent aspects of the disease, and highlighting chal-
lenges of reproducibility.

We categorized over 3,900 unique models through
detailed comparison of animal study design. This large
number is due to variation in almost every aspect of
design, including age of interventions, dietary compo-
sition, sex, and genetic background. Therefore, while
many studies may initially appear to use the same model
(e.g., high fat, high cholesterol in C57BL/6] mice),
the majority have only been used by a single study.
Consideration of precise details in study design is rel-
evant in the light of recent data that suggest that even
small differences in age or diet composition may affect
treatment response in animal models of NAFLD.M
Moreover, this has implications for understanding the

14
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“reproducibility crisis” of preclinical studies.’”? Our
results suggest that most models have never been rep-
licated, which adds further variability in challenging
in vivo studies with small effect sizes. We found that
genetic models were the most frequently replicated
and that, in their case, the perturbation was (usually)
unambiguously defined (e.g., albumin-cyclization
recombination liver-specific phosphatase and tensin
homolog [PTEN] knockout compared to “Western
diet”). However, genetically modified animals are often
subject to compensatory germline expression changes
affecting their metabolism through mechanisms that
may often be difficult to identify.

We observed marked variability in the terminology of
dietary interventions. “Atherogenic diet” and “Western
diet” have been used in animal studies since the 1950s
and 1980s, respectivel}/,(zg’30) with their use increasing
since preformulated diets became available from major
laboratory feed suppliers. While there is some consen-
sus on general composition between suppliers (e.g., ath-
erogenic diets Harlan Teklad TD.88137 and Research
Diets D12336), there does not appear to be a formal
definition of terminology. From our observations, we
suggest the development of consensus recommenda-
tions around the nomenclature of dietary compositions
(e.g., Western diet >30% kcal from fat, >30% kcal from
sucrose, no added fructose, <0.5% cholesterol) as this
will support consistency and reproducibility. Similarly,
an additional source of heterogeneity stems from the
exact fat composition of different dietary interven-
tions. Diets high in unsaturated fats (such as coconut
oil-based diets) have been demonstrated to increase de
nowvo lipogenesis more than diets high in saturated fats,

including the widely used lard-based HFD, which may
be an additional reason for phenotypic variation.*"
We have used this data set to explore whether there
is a single “ideal” animal model that reflects the spec-
trum of human NAFLD or if different study designs
should be used for specific animal phenotypes.(10’32) To
this end, we used a phenotype score in which we sum-
marize the key measurable metabolic and histological
teatures of NAFLD, which we identified following
review of all included animal studies (Supporting
Table S1). Although the principal aim of this score
is to allow comparison across multiple papers, rather
than giving an in-depth description of a single model,
this phenotype score could be used as a baseline mea-
sure when developing and assessing preclinical mod-

els of NAFLD. While no model demonstrated all
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features of both histological NAFLD and the met-
abolic syndrome, several studies using a prolonged
diet of high fat and high fructose had the highest
overall scores for similarity to human NAFLD.?%??
The high-fat, high-fructose model was also identi-
fied to have the closest transcriptomic signature to
human NAFLD.® Therefore, this core model design
appears to mimic the human phenotype most closely.
Fibrosis and HCC development could be expedited in
these models by additional treatment with intraperi-
toneal CCl 4.(22) If the focus of a preclinical study were
to be advanced liver disease resulting from NAFLD, a
high-fat, high-fructose model with injection of CCl,
might be preferable.

The link between a high-fat, high-fructose diet
and NAFLD pathogenesis is in line with current evi-
dence on human NAFLD. Diets high in fat might
induce NAFLD through the high calorie burden and
increased adiposity, leading to insulin resistance, as
well as direct and differential effects of different fatty
acids on lipogenesis, as discussed above.*” Proposed
mechanisms describing the causative role of fructose
in the development of NAFLD include direct up-
regulation of de novo lipogenesis enzymes by fructose
breakdown products in hepatocytes,**** production
of acetyl CoA by conversion of fructose into acetate by
the intestinal microbiota, and intestinal barrier deteri-
oration leading to increased uptake of endotoxins from
the gut to the liver, driving inflammation.®® Because
tew high-fat, high-fructose animal model designs have
been precisely replicated, there are currently insuffi-
cient data to recommend specific dietary composition,
genetic background, or timings of interventions.

The integral connection of adipose and liver
metabolism is well established and supported by
strong human genetic evidence, particularly from
individuals with lipodystrophy.®*”) We have replicated
this finding through analysis of rodent models with
exacerbated NAFLD but interestingly also observed a
role for pathways of innate inflammation (i.e., NF-xB,
IL-6, TNF-a). In humans, steatohepatitis is a state of
sterile inflammation, and all common human genetic
variants so far reproducibly associated with NAFLD
at genome-wide significance act through perturba-
tion of lipid metabolism, including variants in or near
PNPLAS3, transmembrane 6 superfamily member 2,
glucokinase regulator, hydroxysteroid 17p-dehydroge-
nase 13, membrane-bound O-acyltransferase domain
containing 7, and mitochondrial amidoxime reducing
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component 1.3 There have been candidate stud-
ies suggesting that common variants in MER proto-
oncogene tyrosine kinase™ and interferon-lambda
4% are associated with severity of NAFLD in
humans, though none of these variants have reached
genome-wide significance, unlike for hepatitis C.®
In addition, one recent genome-wide association study
(GWAS) using electronic medical records identified a
GWAS-significant variant near ILL17 receptor A asso-
ciated with NAFLD activity score.*¥ The enrichment
of inflaimmatory pathways in our analysis suggests
that differential activity of the innate immune sys-
tem might accelerate NASH across different rodent
models. It will be interesting to see whether this is a
finding specific to rodent models or whether further
genetic evidence will implicate a causal role for innate
immune activity in human NAFLD in the future.

We also examined gene expression in our data
set, though only a small number of studies com-
pared hepatic gene expression in animal models with
human samples. Results were broadly congruous with
our phenotype-based comparison, despite substantial
heterogeneity in study design. It was not possible to
perform a formal meta-analysis of these data due to
lack of replication of each animal model and variation
in age at sampling. In addition, selection of human
samples for comparison would have been challenging
given that some rodent models are focused on malig-
nancy (with or without cirrhosis), while others prin-
cipally cause steatosis without fibrosis. It should also
be noted that several of these studies used the same
human data set (GSE48452). Lastly, this cross-species
methodology is principally limited by the substantially
greater difference between human and all rodent sam-
ples than within rodent models.*”)

The scoring system used in this study facilitated
comparison across a large number of models, but small
numerical differences (e.g., 12 vs. 13) may hide sub-
stantially different phenotypes (e.g., choline-deficient
diet vs. high-fructose diet). When considering the
utility of an individual model, the presence or absence
of a specific feature (e.g., rapid development of HCC)
would likely be more important than reported score in
this study. In addition, due to institution-specific vari-
ables (e.g., animal housing conditions), investigators
may observe phenotypic differences compared to previ-
ous reports. Therefore, when selecting a model design,
we encourage investigators to interpret the phenotype
score in combination with the number of independent
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replications, as well as specific features (e.g., periportal
inflammation). Where appropriate, replicating a previ-
ously described model will help the field move toward
greater reproducibility in animal studies.

The vast majority of models used only male
rodents; therefore, it was not possible to make a broad
statement about whether models conducted in female
versus male animals more closely resemble the human
phenotype. Sex differences within models can be sub-
stantial,’” though are likely to still be smaller than
between-species differences. Despite this, female ani-
mals are underrepresented in this field, particularly
compared to the proportion of female participants in
human NASH trials.*

In this study, we have concentrated on disease pheno-
types, which has facilitated the inclusion of a large num-
ber of studies and allowed focus on endpoints that are
directly comparable to clinical practice. In some cases, we
were limited by the level of detail reported by each indi-
vidual study. For example, where two studies were other-
wise identical, if one described use of “C57BL/6]” mice
and the other reported just “C57BL/6,” these would be
identified as separate designs. Although this could have
led us to overestimate the number of unique models,
the importance of differences in genetic background in
murine NAFLD phenotypes has been demonstrated by
results from the Hybrid Mouse Diversity Panel. “*) At
the same time, we merged unique models with minimal
differences in study design, such as percentage of fat in
the diet varying by 1%, where the cutofts were chosen
manually based on modal values in our data, given our
recent observation that most outcomes in rodent models
of NAFLD can be modeled in continuous fashion.™
At present, the significance of, for instance, a 1%-2%
difference in dietary fat is not known. Therefore, the
precise number of “unique models” reported in this
study is a function of this methodology. Lastly, there is a
wide range of other variables that can affect the pheno-
type that we have not included in our analysis, including
gut microbiome composition.(5 0

In summary, this systematic review has demon-
strated substantial variability in the design of studies
using rodent models of NAFLD. Due to variation in
study design, most rodent models of NAFLD have only
been used by a single study, highlighting the need for
standardization and replication. This variation is com-
pounded by a lack of consensus around nomenclature
of diets. Genetic models that exacerbate NAFLD are
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enriched for genes involved in adipogenesis and innate
immune pathways. Overall, high-fat, high-fructose
diet models show the most phenotypic similarity to
human NAFLD, though additional chemical liver
injury or a prolonged study period might be required
for the study of advanced stages of liver disease such as
cirrhosis and HCC in these models.
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