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Abstract
Nonalcoholic steatohepatitis (NASH) is an aggressive liver disease threatening human

health, yet no medicine is developed to treat this disease. In this study, we first discovered

that Leptin mutant rats (LepDI14/DI14) exhibit characteristic NASH phenotypes including

steatosis, lymphocyte infiltration, and ballooning after postnatal week 16. We then exam-

ined NASH progression by performing an integrated analysis of hepatic transcriptome in

Leptin-deficient rats from postnatal 4 to 48weeks. Initially, simple steatosis in LepDI14/DI14

rats were observed with increased expression of the genes encoding for rate-limiting

enzymes in lipid metabolism such as acetyl-CoA carboxylase and fatty acid synthase.

When NASH phenotypes became well developed at postnatal week 16, we found gene

expression changes in insulin resistance, inflammation, reactive oxygen species and endo-

plasmic reticulum stress. As NASH phenotypes further progressed with age, we observed

elevated expression of cytokines and chemokines including C-C motif chemokine ligand 2,

tumor necrosis factor A, interleukin-6, and interleukin-1b together with activation of the c-

Jun N-terminal kinase and nuclear factor-jB pathways. Histologically, livers in LepDI14/DI14

rats exhibited increased cell infiltration of MPOþ neutrophils, CD8þ T cells, CD68þ hepatic

macrophages, and CCR2þ inflammatory monocyte-derived macrophages associated with

macrophage polarization from M2 to M1. Subsequent cross-species comparison of transcriptomes in human, rat, and mouse

NASH models indicated that Leptin-deficient rats bear more similarities to human NASH patients than previously established

mouse NASH models. Taken together, our study suggests that LepDI14/DI14 rats are a valuable pre-clinical rodent model to

evaluate NASH drug safety and efficacy.
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Impact statement
Nonalcoholic steatohepatitis (NASH) is an

aggressive liver disease affecting human

health. In order to develop effective drugs

for NASH, we need to develop useful

animal NASH models. Previously, Leptin-

deficient ob/ob mice were widely used as

nonalcoholic fatty liver disease models.

However, they do not develop spontane-

ous NASH. Here we found that Leptin-

deficient rats (LepDI14/DI14) exhibit unique

NASH phenotypes at postnatal week 16.

We therefore analyzed disease progres-

sion in LepDI14/DI14 rats via transcriptomic

analysis of hepatic gene expression. Our

work reveals that NASH progression is

coupled with sequential changes in gene

expression that are linked to inflammatory

signaling pathways and immune cell infil-

tration. We conclude that LepDI14/DI14 rats

will serve as a valuable pre-clinical rodent

model to screen potential drug targets and

biomarkers for NASH drug development.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most
common liver disease worldwide, affecting approximately
24% of the population.1 This disease can be categorized into
nonalcoholic fatty liver (NAFL) and the more advanced
stage of nonalcoholic steatohepatitis (NASH) with inflam-
mation and hepatocyte damage.2 NAFLD, especially
NASH, will eventually develop into liver fibrosis, cirrhosis,
and hepatocellular carcinoma.3 Historically, the severity of
NAFLD has been assessed through many diagnostic
modalities, including examination of demographic record,
serum parameters, and histopathological characteristics of
liver biopsies. Recently, non-invasive imaging techniques
such as magnetic resonance imaging-proton density fat
fraction and magnetic resonance elastography have been
used.4 However, the severity level only provides a snapshot
of the temporal progression of the disease. The pathogene-
sis of NAFLD/NASH in human beings is still poorly
understood due to its very slow progression rate.5

To study the pathogenesis and progression of NAFLD/
NASH, many animal models were generated by way of
gene mutations and/or dietary induction.6–9 Among
them, Leptin-deficient ob/ob mice are widely used as a
NAFLD model to mirror the human disease with obesity,
hyperglycemia, and hyperinsulinemia.9 Leptin is an adipo-
kine secreted by white adipocyte tissues that regulates food
intake, glucose and lipid metabolism, energy homeostasis,
the immune system, reproduction, and more.10,11 However,
it should be noted that ob/ob mice do not develop sponta-
neous NASH.6,7 Moreover, it is still unclear how leptin
functions during NASH progression in humans.12 13 We
previously generated Leptin-deficient (LepDI14/DI14) rats to
study diabetes by CRISPR/Cas9 technology.14 In the cur-
rent study, we found that LepDI14/DI14 rats also display dis-
tinctive NASH features in adulthood, providing us with an
ideal rodent model to study NASH. We therefore per-
formed integrated transcriptomic analysis, identifying tem-
poral changes of hepatic gene expression in association
with NASH progression in LepDI14/DI14 rats.

Materials and methods

Animals

Rats andmice were kept in a 12-h light, 12-h dark cycle with
ad libitum access to regular chow food and water. The litter-
mates were used as the controls. B6/JNju-Lepem1Cd25/Nju
mice were purchased from Nanjing Biomedical Research
Institute of Nanjing University (Cat#T001461). All the pro-
tocols were in accordance with the guidelines of Tongji
University’s Committee on Animal Care and Use. All the
experimental procedures as described below were
approved by the animal experiment administration com-
mittee of Tongji University (# TJLAC-016-021).

Serum biochemical analyses

The animals were fasted for 16 h and serum was obtained
after centrifugation. Serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were determined by

using the spectrometric kits (Sigma Diagnostics, St. Louis,
MO, USA). Triglyceride, high-density lipoprotein cholester-
ol (HDL-C), and low-density lipoprotein cholesterol (LDL-
C) were examined by Adicon Central Lab. Serum IL1b was
detected by ELISA kit (Boster Biological Technology,
Wuhan, China).

Histological analyses

Liver samples of the animals were collected and fixed
according to the routine methods for hematoxylin and
eosin (HE) staining, Oil red O staining, Sirius red staining,
and immunohistochemistry (IHC), respectively. Detailed
information of the antibodies for IHC are summarized in
Table S1. To quantify the IHC signals, we stained the liver
sections with antibodies against immune-cell markers for
three LepDI14/DI14 rats and three WT controls at different
timepoints. The positively stained cells were counted in
three random pictures of each animal. Then we determined
the immune cell infiltration by statistics described in
“Statistical analyses” section.

RT-PCR

Total RNA was extracted from snap-frozen liver samples
using TRIzol (Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The comple-
mentary DNA (cDNA) was generated by RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific, Waltham,
MA, USA). Quantitative polymerase chain reaction
(qPCR) was performed using TB GreenTM Premix Ex
TaqTM II (TaKaRa, RR820A, Kusatsu, Shiga, Japan) on
QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA). PCR primers were
designed to specifically amplify genes of interest (Table
S2). qPCR was performed with b-tubulin as internal
control.

Western blot

Total protein was extracted from snap-frozen liver samples
using radioimmunoprecipitation lysis buffer (EpiZyme,
PC104, Shanghai, China) with protease inhibitors
(EpiZyme, GRF101, Shanghai, China) and phosphatase
inhibitors (EpiZyme, GRF102, Shanghai, China). Western
blot was performed following the routine method. The anti-
bodies are listed in Table S1. The expression level of the
genes was normalized to that of b-tubulin for each
sample in all Western blots.

RNA-seq

Total RNA was extracted from snap-frozen liver samples
using TRIzol (Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s instruction. RNA degrada-
tion and contamination were monitored on 1% agarose
gels. RNA purity was checked using the Nano
Photometer spectrophotometer (IMPLEN, München,
Germany). RNA concentration was measured by Qubit
2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA).
RNA integrity was assessed using RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies,
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Santa Clara, CA, USA). A total amount of 3 lg RNA per
sample was used as input material for the RNA sample
preparations. Ribosomal RNA was removed by Ribo-zero
rRNA Removal Kit (Epicentre Biotechnologies, Madison,
WI, USA). Library construction was done using NEBNext
Ultra Directional RNA Library Prep Kit for Illumina (NEB,
Ipswich, MA, USA) following manufacturer’s protocols.
After cluster generation (TruSeq PE Cluster Kit v3-cBot-
HS [Illumina, San Diego, CA, USA]), the libraries were
sequenced on an Illumina Hiseq X platform and 150 bp
paired-end reads were generated in the facilities of
Novogene (Beijing, China).

RNA-seq data analysis. Clean data were obtained by
removing reads containing adapters, reads containing
ploy-N, and low-quality reads from raw reads.
Meanwhile, Q20, Q30, and GC content of the clean data
were calculated. All the analyses were based on the clean
data with high quality. Using Hisat2 (v2.1.0), the rat RNA-
seq reads were mapped to the rn6 reference genome
(RefSeq). For transcriptome quantification, we used
featureCounts (v1.6.1) to generate read counts for all
genes. Raw counts were normalized by DESeq2 (v1.20.0)
using rlog method and normalized counts of replicates
were averaged. The differentially expressed genes (DEGs)
between two samples were identified by DESeq2 (v1.20.0)
with a Benjamini-Hochberg-adjusted P value <0.05 and a
fold change >1.5. Principal component analysis (PCA) on
samples were plotted with R package ggplot2 on read
counts normalized with R package DESeq2.

Gene ontology (GO) analysis. We performed functional
annotation of gene sets using R package clusterProfiler. P
values for clusters were plotted to show the significance of
functional clusters. Heatmaps were generated with R pack-
age pheatmap (https://CRAN.R-project.org/package=ph
eatmap) and RColorBrewer (https://CRAN.R-project.
org/package=RColorBrewer).

Time-series analysis of fat accumulation and inflammation
geneset. Genes representing each feature were collected as
described in the main text. Their gene expression levels
were normalized by Z-score and presented as scatter plots.

Species comparison analysis. Homologous genes of three
species (human, rat, mouse) were downloaded from the
Ensembl genome browser Release 91 (http://dec2017.
archive.ensembl.org/index.html). The significantly DEGs
and pathways in human beings with healthy obesity,
NAFLD, and NASH were retained from the previous
study.15 Specifically, we screened the mouse and rat DEGs
and re-annotated to match the human genes. Then we used
gene set enrichment analysis to pool the enriched KEGG
pathways (P< 0.05). Pre-defined set of genes were collected
from the official Molecular Signatures Database-C2-KEGG
section. The statistical test was done by a phenotypic-based
permutation test to produce a null distribution for the
enrichment score. The P value was determined by compar-
ison to the null distribution. Similarly, we obtained the
enriched KEGG pathways in human beings with healthy
obesity, NAFLD, and NASH. The common pathway alter-
ation was determined by the overlap between different
species.

Accession numbers. The accession number for the rat
RNA-seq data generated in this study is GSE124002.

Statistical analyses

At each timepoint, the data from LepDI14/DI14 rats were com-
pared to the WTcontrols by t test. The P value of <0.05 was
defined as the level of significance, and all graphs and anal-
yses were performed using GraphPad Prism (version 6;
GraphPad Software Inc., La Jolla, CA, USA).

Results

Leptin deficiency leads to NASH phenotype in rats but
not in mice

LepDI14/DI14 rats share many similar phenotypes with ob/ob
mice, such as obesity, hyperglycemia, hyperinsulinemia,
NAFLD, and infertility.14 Our previous histopathological
examination showed that the NAFLD feature in
LepDI14/DI14 rats arises at postnatal week 8.14 In the present
work, we did hematoxylin-eosin (HE) and Oil Red O stain-
ing of liver sections prepared at different timepoints during
disease progression (Figure 1(a)). As expected, the WTcon-
trols developed simple steatosis during aging (Figure 1(a)).
Compared to the controls, LepDI14/DI14 rats showed earlier
and more severe NAFLD phenotypes (Figure 1(a)). In line
with HE and Oil Red O staining, body weight and relative
liver weight of LepDI14/DI14 rats were also significantly
higher than those of their wild-type (WT) littermates after
eight postnatal weeks (Figure S1(a)). We also observed an
increase in serum triglyceride, HDL-C, and LDL-C (Figure
S1(a)). Interestingly, ALT and AST levels dramatically
increased and reached a plateau at postnatal week 16
(Figure S1(a)). The plateau of these NAFLD markers
made us wonder how NASH phenotypes progress in
LepDI14/DI14 rats after week 16. We re-examined the liver
sections at different time points, looking particularly for
NASH features such as steatosis, lymphocyte infiltration
and ballooning. Indeed, NASH phenotypes such as steato-
sis, lymphocyte infiltration, and ballooning were only
detected in LepDI14/DI14 rats after week 16 (Figure 1(b), (c),
and (d)). Compared to the controls, myeloperoxidase pos-
itive (MPOþ) neutrophil infiltration was also significantly
increased after week 16 (Figure 1(e)). Using the NASH scor-
ing system (Table S3),16 we found that LepDI14/DI14 rats
reached the significance of NASH score (�5) from week
16 (Figure 1(f)). We did not see fibrosis in LepDI14/DI14 rats
at any timepoints through 48weeks postnatally, which was
the latest time point we could carry out experiments with
LepDI14/DI14 rats (Figure S1(b)). In short, our results showed
that LepDI14/DI14 rats develop the NASH phenotype of hepat-
ic inflammation from postnatal week 16 on.

It has been reported that Leptin-deficient ob/ob mice do
not develop spontaneous NASH.6,7 To determine whether
species differences between mice and rats are real, we also
examined Leptin-deficient mice in our own breeding colony
with similar breeding conditions to LepDI14/DI14 rats. Leptin-
deficient ob/obmice in our breeding conditions also showed
significantly higher body weight, elevated liver/body
weight ratio, and higher AST and ALT levels (Figure S2
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(a), (b), (c), and (d)) at postnatal week 16, confirming the
presence of NAFLD. However, HE and Oil Red O staining
showed that Leptin-deficient mice had simple steatosis
without NASH-like histological phenotypes at week 16
and 32 (Figure S2(e) and (g)). Nor did they show any dif-
ference in immune cell infiltration by LY6Gþ neutrophils,
F4/80þ macrophages, CD11Cþ M1 macrophages, CD163þ

M2 macrophages or CCR2þ inflammatory monocyte-
derived macrophages (Figure S2(f) and (h)). Taken together,
Leptin deficiency leads to NASH phenotypes uniquely in
rats but not in mice.

The temporal progression of NASH is accompanied
with distinct hepatic gene expression patterns

To understand the mechanism of disease progression, pre-
vious studies have investigated the transcriptome of liver
biopsies from NAFLD patients at mild, medium, and
severe stages.17,18 However, the heterogeneities in different
patients cannot reflect the temporal progression of the dis-
ease in a particular person. Therefore, we decided to exam-
ine transcriptomic changes during NASH progression in
this unique LepDI14/DI14 rat model. We performed RNA-
sequencing (RNA-seq) of liver samples from littermate
WT and LepDI14/DI14 rats at postnatal 4-week, 8-week, 16-
week, 32-week, and 48-week timepoints. Overall, the hepat-
ic transcriptome showed dynamic changes at different
timepoints (Figure 2(a)). At week 4, the expression profiles
of WT controls and LepDI14/DI14 rats were very similar and
clustered together. From week 8 to week 32, the expression
profiles of WT controls and LepDI14/DI14 rats clustered

separately, implying a temporally regulated different
expression pattern during NAFLD progression. The
expression profiles of LepDI14/DI14 rats at week 48 were still
clearly separated from that of WT controls (Figure 2(a)),
although differences in gene expression patterns may
have been reduced during the aging process. We then iden-
tified the DEGs between LepDI14/DI14 and WT rats for each
timepoint (Table S4) and annotated their functions with
enriched GO terms. We found that two metabolic pathways
(fatty acid metabolic process [GO:0006631] and regulation
of small molecule metabolic processes [GO:0062012]) were
constantly de-regulated in all timepoints analyzed (Figure 2
(b), Table S5). Further analysis of both upregulated DEGs
and downregulated DEGs indicated that gradual changes
of gene expression occurred from postnatal week 4 to 48
(Figure S3, Tables S4 and S6). This suggested that NAFLD
progresses stepwisely with activation/inactivation of dif-
ferent sets of genes. Indeed, when we examined the
enriched GO terms (LepDI14/DI14 vs. WT) at different time-
points, we found that GO terms related to lipid synthesis
initially appeared at week 4, which was followed in turn by
those related to insulin resistance, inflammation, reactive
oxygen species (ROS), endoplasmic reticulum (ER) stress,
and mitochondrial function (Figure 2(c), Table S5). We did
not observe more enriched GO terms at week 48 than week
16 and 32 (Figure 2(c)). While looking into DEGs within the
pathways described above (Figure S4), we found that many
genes in fatty acid metabolic processes such as Gk, Fabp4,
Fasn, and Acacawere upregulated (Figure S4). Interestingly,
some insulin-resistance related genes such as Ppara, Irs1,
and Irs2 were downregulated, while others such as Prkcd

Figure 1. Unique NASH phenotypes of LepDI14/DI14 rats. (a) HE and Oil red O staining of liver sections showing that NASH phenotypes can be observed at postnatal

week 16. (b to d) Magnified views of HE staining in (a) showing NASH phenotype at postnatal week 16 (b), 32 (c), and 48 (d). Arrow heads indicate hepatocyte

ballooning; dashed rectangles indicate lymphocyte infiltration. (e) IHC showing MPO positive neutrophil infiltration. Left panel shows a representative image at

postnatal week 16, and right panel is the statistical analysis at each time point (n¼6). (f) The NASH scores at each time point. ***P< 0.001, ****P< 0.0001. (A color

version of this figure is available in the online journal.)
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and Pkmwere upregulated (Figure S4). Many inflammation
related genes were upregulated at week 32, including
Mapk9, Fasn, Ikbkb, Nfkb1, Nos2, Ccl2, and Mmp9 (Figure
S4). Nevertheless, many genes related to cellular respira-
tion were downregulated, especially at week 32 (Figure S4).
The gene expression patterns at week 4 show very minor
differences between LepDI14/DI14 rats and WT controls. The
difference in gene expression patterns in WT and LepDI14/
DI14 rats became obvious at week 8 (Figure S4). Overall, our
results show that NASH progresses in LepDI14/DI14 rats step-
wisely with sequential activation/inactivation of genes in
lipid metabolism, insulin resistance, inflammation, ROS,
ER stress, and mitochondrial function.

The expression of rate-limiting enzymes is upregulated
in LepDI14/DI14 rats during NASH progression

As shown in Figure 2, progression of NASH in LepDI14/DI14

rats was accompanied with temporal gene expression relat-
ed to lipid metabolism, inflammation, and mitochondrial
function. We then asked if the trend of gene expression
related to lipid accumulation and inflammation can explain
the plateau of inflammation at week 16 during NASH pro-
gression. We first profiled the dynamic expression of genes
with functions related to lipid metabolism and inflamma-
tion, respectively (fatty acid biosynthetic process
[GO:0006633] and positive regulation of inflammatory
response [GO:0050729]). As expected, the inflammation-

related genes started to be expressed significantly higher
in LepDI14/DI14 rats than WT at week 16 (P< 0.05) and main-
tained stably at the elevated expression (P< 0.05) all the
way to week 48 (Figure 3(a)). In contrast, many lipid-
metabolism related genes showed no significant difference
between LepDI14/DI14 and the WT controls across all time-
points (Figure 3(a)). As liver steatosis is a morbid accumu-
lation of triglyceride (TAG) in hepatocytes, we selected nine
genes which encode well-known essential enzymes includ-
ing acetyl-CoA carboxylase (ACC) and fatty acid synthase
(FASN) for TAG synthesis. As steatosis developed during
aging (Figure 1), the expression of these nine genes
displayed an elevating trend in both WT controls and
LepDI14/DI14 rats. Again, LepDI14/DI14 rats showed much
higher expression than in WT controls (Figure 3(b) and
(c)). The increase in Cd36, Scd1, and Fasn in LepDI14/DI14 rat
liver was confirmed by qRT-PCR (Figure 3(d)). Our results
indicate that liver steatosis is correlated with the elevated
expression of a small number of rate-limiting enzymes,
which can serve as therapeutic targets of NASH by reduc-
ing fat accumulation in the liver.

Restricted hepatic inflammation in LepDI14/DI14 rats is
associated with the inflammation related genes,
pathways, and immune cell infiltration

As demonstrated above (Figure 3(a)), we saw a unique
expression trend of genes with function in positive

Figure 2. Hepatic transcriptome alteration during NASH progression in LepDI14/DI14 rats. (a) PCA of the RNA-seq data in LepDI14/DI14 rats and the WT controls from

postnatal week 4 to 48 (n¼ 3 for samples at each time point except n¼2 for LepDI14/DI14 rats at week 32). (b) Venn plot showing the overlap of enriched GO terms

among different time points. (c) Heatmap showing a stepwise enrichment of different pathways during NASH progression. Followed by lipid synthesis at week 4, the

pathways related to insulin resistance, inflammation, reactive oxygen species (ROS), endoplasmic reticulum (ER) stress, and mitochondrial function are gradually

enriched at different time points. (A color version of this figure is available in the online journal.)
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regulation of inflammatory response (GO:0050729) in
LepDI14/DI14 rats. Indeed, these pro-inflammation genes
started to be expressed with a high level at week 16 in
LepDI14/DI14 rats (Figure 4(a)). We also performed qRT-PCR
to confirm the upregulation of these genes including Ccl2,
Tnfa, and Il6 at week 16 (Figure 4(b)). Serum IL1b level was
elevated at week 16 and remained at a steady level after-
wards (Figure 4(c)). It is known that inflammatory process-
es are largely regulated by conserved signaling pathways
through the phosphorylation of several key molecules such
as c-Jun N-terminal kinase (JNK) and nuclear factor-jB
(NF-jB).19,20 So, we examined the expression and post-
translational modification of these molecules at different
time points by Western blot (Figure 4(d) and (e)). We
found that the activated (phosphorylated) form of JNK
(Figure 4(d)) was markedly higher after week 16 in
LepDI14/DI14 rats compared to the WTcontrols. The elevation
of phosphorylated P65 was observed as early as week
8 (Figure 4(e)), which is in line with the fact that NF-jB
mediated signaling is required for the activation of pro-
inflammation gene expression.

Macrophage polarization of pro-inflammatory M1 (clas-
sically activated macrophages) and anti-inflammatory M2
(alternatively activated macrophages) contributes to liver
inflammation and injury.21 Interestingly, we found that
the M2 related gene Arg1 was downregulated in the livers
of LepDI14/DI14 rats at week 16, while M1 related gene Inos
(Nos2) was upregulated, which was validated by qRT-PCR
(Figure 5(a)). At the protein level, M2 marker CD163 was
reduced at week 16 (Figure 5(b)), while M1 marker

CD11B22,23 was increased (Figure 5(c)). Since inflammation
in the liver involves infiltration of distinct types of immune
cells,24,25 this suggests that NASH progression in
LepDI14/DI14 rats also involves immune cell infiltration.
Indeed, we observed an increase of CD8þ T cells and
CD68þ hepatic macrophages (Figure 5(d)) in addition to
MPOþ neutrophil infiltration (Figure 1(e)). M2 to M1 polar-
ization was evidenced by the results that the number of
inflammatory monocyte-derived macrophages (CCR2þ)
and M1 macrophages/dendritic cells (CD11Cþ) were sig-
nificantly higher in the livers of LepDI14/DI14 rats after week
16, while that of M2 macrophages (CD163þ) was less than
the controls (Figure 5(d), Figure S5). We also found immune
cell infiltration from week 4 to week 48 (Figure S5). As
stated above, such phenotypes were not observed in
Leptin-deficient mice raised with the same conditions
(Figure S2). Taken together, hepatic inflammation in
LepDI14/DI14 rats is evoked but restricted at a certain level
after postnatal week 16, which is associated with altered
gene expression, elevated inflammatory signaling path-
ways, and immune cell infiltration.

LepDI14/DI14 rats share many evolutionarily conserved
DEGs and pathways with human patients and may
serve as a useful model for drug evaluation

As described above, LepDI14/DI14 rats develop NASH with a
well-defined progression pattern. However, is the molecu-
lar etiology of NASH in LepDI14/DI14 rats evolutionarily con-
served with human beings? To answer this question, we
compared the DEGs in LepDI14/DI14 rats across stages to

Figure 3. The inflammation related genes and pathways during NASH progression in LepDI14/DI14 rats. (a) The expression trend of DEGs in GO terms “fatty acid

biosynthetic process” (GO:0006633) and “positive regulation of inflammatory response” (GO:0050729). (b) The expression trend of nine genes encoding rate-limiting

enzymes for TAG synthesis. (c) Heatmap showing expression levels of the genes in (b). log2 (foldchange) is shown as normalized gene expression. (d) qRT-PCR

showing the relative expression (LepDI14/DI14 rats vs. WT controls) of Cd36, Scd1 and Fasn using Actb as internal control. Data are presented as mean�SD. (A color

version of this figure is available in the online journal.)
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those in human beings during disease progression with
healthy obese, NAFLD, and NASH from the previous
study.15 Forty-two DEGs were significantly and concor-
dantly regulated in both LepDI14/DI14 rats at week 16 and
human NASH (Figure 6(a)). In contrast, there were at
most 18 DEGs shared between the mouse model (MCD8
mice26) and human NASH.15 Comparative analysis found
that 20 pathways (Table S7) were significantly and concor-
dantly regulated in both LepDI14/DI14 rats at week 16 and
human NASH (Figure 6(b)).

Many drug candidates for treatment of NASH are still in
clinical trials.27,28 So, we asked if LepDI14/DI14 rats could be
useful to evaluate the efficacy of drug candidates. We gen-
erated a list of hepatic genes27,28 that are known to be tar-
geted by either agonist or antagonist drugs. Indeed, we
found that Fxr (Nr1h4) and Ppara/d/c were downregulated
at many timepoints in Lep DI14/DI14 rats. Similarly, Scd1, Acc
(Acaca), Aoc3, Casp3, Fgf21,and Galectin3 (Lgals3)were upre-
gulated in mutant rats that would be useful to evaluate
antagonist drugs (Figure 6(c)).27–29 Thus, pharmacologic
agents targeting the list of dys-regulated genes in Figure 6
(c) can be tested for drug efficacy in LepDI14/DI14 rats.

Discussion

For the past several decades, many animal models have
been created to study NASH.6–9 Many NASH animal
models are based on the ‘‘two hit’’ model30 or “the multiple
parallel hits hypothesis”.31 Dietary induction animal
models are widely used; however, human beings rarely
consume such experimental diets, suggesting a limitation
in the use of dietary induction models for NASH.26 In mice,
chronic liver injury in ob/obmice can lead to development of
the NASH phenotypes such as liver fibrosis,13 even though
ob/ob mice themselves cannot spontaneously exhibit NASH
phenotypes with regular diet. This supports the “two hit”
hypothesis.

In the present study, we discovered LepDI14/DI14 rats as a
novel animal model to study human NASH. We found
NASH features in LepDI14/DI14 rats including inflammation
and immune cell infiltration when LepDI14/DI14 rats age over
16weeks postnatally (Figure S6). Analysis of hepatic tran-
scriptome profiles indicate that NASH in LepDI14/DI14 rats
progresses by multiple hits in a stepwise manner. As
known, Leptin deficiency causes excess food intake. At
postnatal week 8, TAG accumulation in the liver triggers

Figure 4. The inflammation related genes and pathways during NASH progression in LepDI14/DI14 rats. (a) Heatmap of the relative gene expression related to

inflammation in LepDI14/DI14 rats. log2 (foldchange) is shown as normalized gene expression. (b) qRT-PCR verification of the expression of inflammation related genes

(n¼ 3) such as Il17rb, Tnfa, Ccl2, Icam1, Ccl3, Il1r1, Cxcl1, and Il6. Shown is the relative expression (LepDI14/DI14 rats vs. WT controls) using Actb as internal control.

Data are presented as mean�SD. (c) Serum IL1b levels at different time points by ELISA (n¼ 3). Data are presented as mean�SD. ***P< 0.001, ****P< 0.0001. (d) and

(e) Western blot showing the levels of phosphorylated JNK (d) and p65 (e) at different time points (n¼ 3). (A color version of this figure is available in the online journal.)
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Figure 5. Immune cell infiltration during NASH progression in LepDI14/DI14 rats. (a) Dynamic changes (relative expression (LepDI14/DI14 rats vs. WT controls)) of Arg1 and

Nos2 expression verified by qRT-PCR (n¼ 3). (b) and (c) Western blot showing the expression of CD163 (b) and CD11B (c) (n¼ 3). (d) Representative images of IHC

using antibodies against CD8, CD68, CCR2, CD11C, and CD163 in liver sections of week-16 LepDI14/DI14 rats compared to WT controls. Right panel shows the

statistics of immune cell infiltration (n¼ 3). Data are presented as mean�SD. **P< 0.01, ***P< 0.001, ****P< 0.0001. (A color version of this figure is available in the

online journal.)

Figure 6. NASH progression in LepDI14/DI14 rats is evolutionarily conserved to human beings. (a) and (b) Counts of the significantly differentially regulated genes (a) and

pathways (b) in LepDI14/DI14 rats that are also significantly and concordantly regulated in healthy obese human, NAFLD, and NASH, respectively. (c) Heatmap showing

expression levels of the drug target genes in clinical trials. log2 (foldchange) is shown as normalized gene expression. Blue squares indicate antagonist targets; red

circles indicate agonist targets; check marks indicate that gene expression is correlated with the targeted drug effect. (A color version of this figure is available in the

online journal.)
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simple steatosis (NAFL), which is evidenced by elevated
expression of the genes encoding rate-limiting enzymes in
lipid metabolism. Then, the pressure of excess nutrition
alters the gene expression related to pathways such as insu-
lin resistance, inflammation, ROS and ER stress, which
induces NASH phenotypes at postnatal week 16.
Accompanied with NASH progression, JNK and NF-jB
pathways are activated by protein phosphorylation.
Meanwhile, distinct immune cell infiltration appears to
promote inflammation in the liver. For example, CD8þ T
cells, DC, and neutrophils are increased. Macrophages in
the liver undergo polarization from M2 to M1 as well. It
should be pointed out that our work focused on hepatic
gene expression. We perceive that many other tissues and
organs must be involved in hepatic phenotypes of
NASH,32,33 and this should be further addressed in the
future.

Nowadays, drug development usually targets specific
molecules. Although there are still no approved therapies
for NASH, many drug candidates are in clinical trials and
target important pathways related to metabolism, inflam-
mation, fibrosis, etc. Recently, obeticholic acid, a farnesoid
X receptor agonist, achieved promising results in a phase 3
trial.34 Other phase 3 trial drugs include Elafibranor (a per-
oxisome proliferator activated receptor-a/d dual agonist)
and Selonsertib (an ASK-1 inhibitor). Interestingly, Ppara/
d was downregulated in LepDI14/DI14 rats (Figure 6(c)). Of
note, Scd1, Acc (Acaca), Casp3, and Galectin3 (Lgals3) were
upregulated in LepDI14/DI14 rats, and their antagonists are in
phase 2 trials (Figure 6(c)). We suggest that LepDI14/DI14 rats
will be useful for screening potential biomarkers and target
genes of NASH. Given that rats are widely used in phar-
macology and toxicology,35 our characterization of NASH
in LepDI14/DI14 rats will greatly facilitate their usage in eval-
uating drug efficacy during NASH drug development.
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