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Summary

Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disease
characterized by the accumulation of fat in the liver in the
absence of excessive alcohol consumption or a secondary cause
of hepatic steatosis. The prevalence of NAFLD is increasing
worldwide and its management has become a public health
concern. Animal models are traditionally used to elucidate
disease mechanisms and identify potential drug targets;
however, their translational aspects in human diseases have not
been fully established. This study aimed to clarify the utility of
animal models for translational research by assessing their
relevance to human diseases using gene expression analysis.
Weighted gene co-expression network analysis of liver tissues
from Western diet (WD)-induced NAFLD mice was performed to
identify the modules associated with disease progression.
Moreover, the similarity of the gene co-expression network
across species was evaluated using module preservation analysis.
Nineteen disease-associated modules were identified. The brown
module was positively associated with disease severity, and
functional analyses indicated that it may be involved in
inflammatory responses in immune cells. Moreover, the gene co-
expression network of the brown module was highly preserved in
human NAFLD liver gene expression datasets. These results
indicate that WD-induced NAFLD mice have similar gene co-
expression networks (especially genes associated with
inflammatory responses) to humans and are thought to be
a useful experimental tool for preclinical research on NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is
a chronic liver disease characterized by the ectopic
accumulation of fat in the liver in the absence of
excessive alcohol consumption or a secondary cause of
hepatic steatosis (such as viral infections, medications,
and genetic liver diseases). It consists of two distinct
conditions; non-progressive simple steatosis, and a more
advanced progressive form, nonalcoholic steatohepatitis
(NASH). Among patients with NAFLD, a small subset
develop NASH, and some of these may progress to
cirrhosis and hepatocellular carcinoma [1]. It is often
associated with metabolic disorders such as obesity,
dyslipidemia, hypertension, and type 2 diabetes. With the
rapid increase in such comorbidities, the prevalence of
NAFLD s
approximately 40 % of the population worldwide has
NAFLD [2,3]. Currently, NAFLD is the second leading
cause of liver transplantation and is rapidly becoming the
This
increasing prevalence affects not only patients’ quality of

increasing, and it is estimated that

leading indication in the United States [4].
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life and life expectancy but also healthcare and
socioeconomic costs. Therefore, management of NAFLD
has become a major public health concern [5]. To date,
much efforts have been devoted to the development of
effective therapies. Recently, promising results have been
reported, but there are still no approved drugs to prevent
or regress these conditions [6]. One of the hurdles in the
development of effective therapies is the lack of adequate
animal models. Several types of animal models (diet-
induced, chemically induced, genetically modified, and
combinations thereof) have been developed as NAFLD
models. However, owing to the complexity of the disease
etiology, an ideal animal model that fully recaptures
human pathophysiology has not been established [7,8].
The diet-induced model is the most common type of
animal model for NAFLD. Typically, a high-fat diet
(HFD; 60 % kcal from fat) is used to induce metabolic
dysfunctions (such as obesity, hyperlipidemia, and insulin
resistance) and hepatic steatosis. Despite hepatic
steatosis, inflammatory cell infiltration is absent or weak,
even after long-term feeding, and severe NASH and
fibrosis are not observed. Hence, dietary macronutrients
have been modified to accelerate the disease onset and
progression. One of the modified HFDs is a Western diet
(WD) containing 40 % kcal fat and varying percentages
of sucrose/fructose and cholesterol. Mice treated with the
WD develop steatohepatitis and mild fibrosis in
a relatively short time (up to 24 weeks) [9,10]. Although,
this animal model shows similar comorbidities and
disease progression to human NAFLD, its relevance to
human disease (which aspects of disease etiology are
recaptured) is not fully understood. Transcriptome
analysis is an important systems biology approach for
characterizing the molecular mechanisms of disease
development and progression. Traditionally, differential
gene expression analysis has been used in transcriptome
analysis; however, it has some limitations. It tends to
focus on genes with large differences and does not
include genes with little or no difference that may
contribute to pathogenesis for analysis. In addition, it
cannot consider the relationships between genes or the
association with phenotype. Weighted gene co-expression
network analysis (WGCNA) is a correlation-based
network analysis method that detects clusters (modules)
of highly correlated genes [11]. The modules are then
characterized by assessing the association between
phenotypic traits or by performing functional enrichment
analysis. Moreover, based on the correlation between
genes, we can identify functionally important genes (hub

genes) in the module. In this study, we applied WGCNA
to WD-induced NAFLD mice to further characterize their
pathophysiology and evaluate its relevance to human
NAFLD.

Methods

Animals

Male C57BL/6]J mice were purchased from
Charles River Laboratories Japan, Inc. (Kanagawa,
Japan). Animals were housed under a 12-hr light/dark
cycle at 2343 °C and 55+15 % humidity. All the animals
were fed standard rodent chow (CRF-1; normal diet,
Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water ad
libitum.

All the experimental protocols for the use of
laboratory animals followed the guidelines of the Animal
Care Committee of the Central Pharmaceutical Research
Institute of Japan Tobacco, Inc. (protocol No. 01125).

Dietary interventions and sample collection

At 8 weeks of age, the animals were divided into
two groups and treated with either a Western diet (WD,
high-fat, high-sucrose, high-cholesterol diet (TD.88137,
Envigo, Hackensack, NJ) and fructose/glucose solution
(23.1 g/l D-fructose + 18.9 g/l D-glucose)) or a normal
diet and tap water for 8, 12, 16, and 24 weeks (n=8 per
group for WD, n=4 per group for normal diet). During the
course of the dietary interventions, animals whose
conditions deteriorated (such as significant weight loss,
low activity, and low body temperature) were excluded
from subsequent analyses. After the dietary intervention,
the animals were anesthetized and sacrificed for blood
and liver sampling. Liver samples for hepatic lipid
content and gene expression analyses were snap-frozen in
liquid nitrogen and stored at -80°C wuntil use. For
histological analysis, liver samples were fixed in 10 %
neutral-buffered formalin immediately after collection.

Blood biochemical analysis

The plasma levels of each biochemical
parameter (glucose, triglycerides, total cholesterol,
aspartate  aminotransferase  (AST), and alanine

aminotransferase (ALT)) were measured using the
corresponding product kits (Roche Diagnostics, Tokyo,
Japan) and an automated analyzer (Hitachi, Tokyo,
Japan).
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Analysis of hepatic lipid content

The liver tissue (approximately 100 mg) was
homogenized in methanol (0.5 ml) using a mixer mill
(MM300; Retsch, Haan, Germany). For lipid extraction
from the homogenized solution, 1 ml of chloroform was
added and vigorously mixed. The samples were then
centrifuged (10,000 x g, 5 min, 4°C), and a portion of the
supernatant was dried with nitrogen gas. The lipid extract
was dissolved in 2-propanol, and the triglyceride
concentrations were measured using the corresponding
product kits (Roche Diagnostics) and an automated
analyzer (Hitachi).

Histological analysis

Liver samples were paraffin-embedded and thin-
sectioned (3-5 um) using standard techniques. The
sections were stained with hematoxylin and eosin (H&E)
and Sirius red. Hepatic steatosis, hepatocyte
degeneration, and inflammatory cell infiltration were
evaluated in H&E-stained tissue sections. Hepatic fibrosis

was quantified in Sirius red-stained tissue sections.

RNA extraction and microarray analysis

Total RNA was extracted from liver tissue using
the RNeasy Mini Kit (Qiagen, Hilden, Germany).
Microarray analysis was performed using an Agilent
SurePrint G3 Mouse Gene Expression 8 x 60 K Ver. 2
(Agilent Technologies, Santa Clara, CA, USA) according
to the manufacturer’s protocols.

Data preprocessing

Background correction and quantile norma-
lization were performed using the limma package in R
(version 3.6.3). The data were then log2 transformed to
obtain standardized expression values. To reduce the
potential for false discoveries, low and non-expressed
genes were filtered out, and the remaining genes were
used for subsequent analysis.

Weighted gene co-expression network construction and
module detection

A weighted gene co-expression network was
constructed following the protocols of WGCNA [11].
A pairwise Pearson correlation coefficient matrix was
computed and transformed into an adjacency matrix with
an appropriate soft-thresholding power (). p was
selected based on a scale-free fit index and mean
connectivity values. A topological overlap matrix (TOM)
was then constructed, a TOM-based dissimilarity was

used as input, modules were identified in the dendrogram
using the dynamic tree-cutting algorithm [12]. The
minimum module size was defined as that of 30 genes.

Identification of the modules associated with disease
severity

The module eigengene (ME) is defined as the
first principal component of a given module, which
represents the overall gene expression values in the
module. The correlation between MEs and hepatic
fibrosis was analyzed to identify modules associated with
disease severity. Statistical
P <0.05.

significance was set at

Estimation of the cell types of each module

Human liver-derived cell type marker genes
(genes highly expressed in a specific cell type) [13] were
used to estimate the cell type in each module. The human
Entrez identifier was converted to the corresponding
mouse Entrez identifier using the homologene package.
Cell type deconvolution was performed by measuring the
overlap between module genes and cell type marker
genes. Statistical significance was set at P < 0.05.

Functional analysis of the modules of interest

To assess the biological function of the module,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGQG) pathway enrichment analyses
were performed using clusterProfiler package [14]. Based
on the overlapped gene counts, the top 10 GO terms and
KEGG pathways were visualized. Statistical significance
was set at P < 0.05.

Module preservation analysis

To evaluate the similarity of gene co-expression
networks across species, human NAFLD liver gene
expression datasets (GSE48452, GSE49541, and
GSE130970) were downloaded from the NCBI Gene
Expression Omnibus database (Table 1). After data
preprocessing, the human Entrez identifier was converted
to the corresponding mouse Entrez identifier using the
homologene package. Module preservation calculations
were performed using the modulePreservation function in
WGCNA with 200 permutations [15]. Two composite
statistics, Zsummary and Median rank, were used to
evaluate network similarity. Zsummary is a summary of
the  permutation-based  preservation  Z-statistics.
Zsummary > 10 implies strong evidence of module

preservation, whereas 2 < Zsummary < 10 implies
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weak-to-moderate evidence of preservation. If Zsummary  preservation, and a lower value implies strong evidence

is < 2, there is no evidence of module preservation.

of module preservation.

Median rank is another statistic used to test the level of

Table 1. Datasets used in the study (human NAFLD liver gene ex|

pression datasets).

Accession Number of samples Sample information
GSE48452 547 control = 12
healthy obese = 16

steatosis = 9

NASH =17
GSE49541 72 mild NAFLD (fibrosis stage 0-1) = 40

advanced NAFLD (fibrosis stage 3-4) = 32

GSE130970 78 fibrosis stage 0 (F0) =25

fibrosis stage 1 (F1) =28
fibrosis stage 2 (F2) =9
fibrosis stage 3 (F3) =14
fibrosis stage 4 (F4) =2

1 Samples acquired before bariatric surgery were used.

Table 2. Laboratory and biochemical parameters of each treatme

nt group.

8w 12w 16w 24w
WD Normal WD Normal WD Normal WD Normal
Body weight (g) 42 8£].7%* 29.1+1.1 46.6+£3.0%* 29.9+2.5 46.7+£2.7%* 30.5+¢1.6 51.1£3.5%* 33.74£3.3
Liver weight (g) 2.940.3*%* 1.5+0.1 4.0+0.6** 1.5+0.2 4.14+0.8** 1.5+0.1 4.8+1.0%* 1.5+£0.3

Liver weight

0.068+0.005** 0.051+0.002 0.085+0.007** 0.052+0.005 0.088+0.015** 0.050+0.001 0.093+0.019** 0.043+0.008

(g/Body weight)
Glucose (mg/dl) 217.9£31.6 187.5+18.1 230.1+29.7 206.3+£25.1 210.0+17.6 198.8+15.0 231.5+38.1 229.5+16.5
Triglycerides
88.7+36.4 105.2+15.2 54.24+10.6 129.8+79.1 43.4+12.0% 96.8+29.5 81.5+41.9 106.0+47.6

(mg/dl)
Total Cholesterol

245.6x15.4%*%  108.5+4.8  269.8£14.9*%*  114.8+15.7 286.9+£38.6** 101.6+8.2  335.8+56.6%*  105.8+13.0
(mg/dl)
AST (1U/]) 85.8422.1* 49.9+14.6  160.2+27.8*%*  50.4+18.9  246.5+96.1** 43.0+9.1 327.1+81.8**  66.6+13.1
ALT (1U/1) 93.5435.8** 30.0+3.8 200.44+32.4%* 241432 274.6£107.4*%*% 237453 373.9499.3%* 29.9+5.6

Liver triglycerides
287.7+56.5%* 12.8+3.8 330.4+28.6%*
(mg/g tissue)

12.245.1 377.9+63.1%* 13.5+¢1.2 202.8+43 4%* 16.7+6.4

Data are shown as mean £ SD (Western diet (WD)-treated mi
Normal. AST; aspartate aminotransferase, ALT; alanine aminotran

Identification of hub genes in the module

Intramodular connectivity (K.in) was calculated
as the sum of the adjacency over all genes in the module.
Hence, genes with high K.in values were assumed to be
highly connected to other genes in the module. We
extracted genes with high K.in values (top 30 %) and

ce; n=6-8, Normal mice; n=4). *P<0.05 and **P<0.01, WD versus
sferase.

imported them into the STRING database [16] to construct
the protein-protein interaction (PPI) network. We used the
Cytoscape software [17] and its plug-in cytohubba to
identify the hub genes in the module. After calculating the
degree centrality of each gene, genes with high degree
centrality value (=20) were defined as hub genes.
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Table 3. List of hub genes in the brown module.

Gene symbol Degree centrality

Tyrobp 41
Fcerlg 34
Ctss 34
Fegr3 31
Emrl 30
Cdo68 28
Hck 28
Syk 27
Ncf4 26
Rac2 26
Hcls1 25
Ly86 25
Lyz2 24
Fegrd 24
Clec4n 24
Clgc 23
Laptm5 22
Vavl 22
Slcllal 21
AF251705 21

Validation of hub genes in the human datasets

To confirm the relevance of hub genes in human
diseases, we analyzed their expression profiles in human
NAFLD liver gene expression datasets (Table 1). After
data preprocessing, differentially expressed gene analysis
was performed. Statistical significance was set at
P <0.05, and the expression values are shown as box and

whisker plots.

Statistical analysis

In animal experiments, all values are expressed
as mean + standard deviation (SD). To confirm the effect
of dietary intervention on biochemical and histological
parameters, we evaluated the difference between the WD-
treated mice and normal mice at each time point. Statis-
tical significance was determined by F-test followed by
Student's #-test or Aspin-Welch’s t-test with P <0.05 as
the significance threshold. Statistical analyses for bioinfo-
rmatics were performed according to standard protocols.

Results

Western diet-induced metabolic abnormalities and
histologic changes in the liver
Compared to normal mice, WD-treated mice

rapidly gained body weight and developed marked
obesity. Feeding a WD also led to a significant
increase in plasma total cholesterol levels. On the other
levels did
not show consistent change between the treatment

hand, plasma glucose and triglyceride
groups. Plasma levels of ALT and AST, a marker

of liver damage, significantly increased in the
WD-treated groups and showed an increasing trend
throughout the treatment period. Liver weight (adjusted
for body weight) increased in the WD-treated mice,
which was thought to reflect lipid accumulation
in the liver (Table 2). Liver histology (H&E staining)
showed that WD-treated mice

lipid accumulation

developed marked
in hepatocytes and hepatocyte

degeneration as early as 8 weeks of dietary
intervention. An increase in the number of inflammatory
observed. At week 12,

as assessed by Sirius red

cells was also hepatic

fibrosis, staining, was
observed in the WD-treated groups, which markedly
progressed at weeks 16 and 24 (Fig. 1A—C). These
indicate that WD
abnormalities and histological changes in the liver

(such as NASH and fibrosis).

results induces metabolic

Weighted gene co-expression network construction and
module detection

After data preprocessing, 15228 genes were used
to construct the gene co-expression network.
Principal component analysis (PCA) score plots and
hierarchical average showed

linkage clustering

a relatively clear separation by treatment group,
suggesting that dietary intervention has a strong effect on
gene expression profiles. We confirmed that there were
no outlier samples that needed to be eliminated

from subsequent analyses (Supplementary Fig. 1A, B). In

accordance with the scale-free topology criterion,

B =9 was selected (Supplementary Fig. 2A). A dynamic

tree-cutting algorithm was used to identify modules
from  the
and 31 distinct co-expression modules were obtained
(Supplementary Fig. 2B). Genes that did not fit into
a distinct module were assigned to the grey module,

hierarchical ~ clustering  dendrogram,

which was ignored in this study.

Identification of the modules associated with disease
severity

Hepatic fibrosis is an important feature of
NAFLD severity, and its degree is associated with
the incidence of liver-related morbidity and mortality
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[18]. To identify the genes and pathways associated  fibrosis. We detected 7 modules that were positively
with disease severity, we evaluated the relationship  and 12 modules that were negatively correlated with
between each module and disease severity by  hepatic fibrosis (Fig. 2A).

assessing the correlation between MEs and hepatic

A
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2.5 _ sk
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201 mmwp
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Fig. 1. Liver histology in Western diet (WD)-treated mice and normal mice. Representative images of hematoxylin and eosin
(H&E)-stained (A) and Sirius red-stained (B) liver sections from WD-treated and normal mice. Black arrow indicates infiltered
inflammatory cells. Scale bars: 200 pm (H&E, Sirius red). (C) Fibrous area expressed as the percentage positive area for Sirius red.
Data are expressed as mean + SD (WD-treated mice; n=6-8, Normal mice; n=4). *P<0.05 and **P<0.01, WD versus Normal.
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Module-cell type relationships
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Fig. 2. Module-trait correlation and module-cell type relationships. (A) Each row corresponds to a module, and each column
corresponds to a trait. Each cell contains the correlation coefficient and P value. The table was color-coded based on the correlation
coefficient according to the color legend. (B) Each row corresponds to a module, and each column corresponds to a cell type. Each cell
contains the -log transformed P value. The table was color-coded based on the P value according to the color legend. If no overlap was

detected between module genes and cell type marker genes, the cell was noted as NA and colored grey.
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Fig. 3. Functional analysis of the modules of interest. (A) Gene Ontology (GO) enrichment analysis (Biological process) of each module.
The node was color-coded based on the P value according to the color legend, and the size of the node refers to the number of
enriched gene count. (B) Expression levels of the module eigengenes in each treatment group. Data are shown as box and whisker
plots. WD; Western diet-treated mice.
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Functional characterization of the modules associated
with disease severity

To elucidate the functional role of each module,
cell type deconvolution was performed by measuring the
overlap between module genes and human liver-derived
cell type marker genes [13]. Of the 30 modules identified,
several modules showed a relatively clear association
with specific cell types. For example, the brown module
was associated with immune cells such as macrophages
and mature B cells, and the royalblue module was
associated with hepatic stellate cells. In addition, the

yellow module was relevant to liver sinusoidal
endothelial cells and cholangiocytes. Hepatocytes were
enriched in 5 modules (midnightblue, magenta, pink,
purple, and green) (Fig.2B). As the purple, brown,
yellow, and royalblue modules showed a strong
correlation with disease severity and a relatively clear cell
type, we focused on these modules. GO and KEGG
pathway enrichment analyses indicated that the purple
module was associated with fatty acid and xenobiotic
metabolism and the brown module was involved in

inflammatory responses. The yellow and royalblue
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modules were associated with actin cytoskeleton and
extracellular matrix organization, respectively (Fig. 3A,
Supplementary Fig. 3). The boxplot of the MEs indicated
that these pathways were already altered after 8§ weeks of

dietary intervention and progressed throughout the
treatment period (Fig. 3B).

Evaluation of the similarity to human disease by module
preservation analysis

Although this animal model has comorbidities
and a natural history similar to human NAFLD, its
relevance to human diseases is not fully understood.
Therefore, we performed a module preservation analysis
to confirm the similarity across species. The gene co-
expression network of the brown module (inflammatory
responses in immune cells) was highly preserved in all
three human NAFLD datasets. In addition, the purple
(fatty acid and xenobiotic metabolism), yellow (actin
cytoskeleton organization), and royalblue (extracellular
matrix organization) modules showed moderate evidence
of preservation in some datasets (Fig. 4).
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Hub gene identification in the module

As the brown module showed the strongest
evidence of module preservation in human datasets,
further
functionally important genes in the module, genes with

we selected it for analysis. To identify
high K.in values were extracted as candidate hub genes,

and a protein-protein interaction (PPI) network
was constructed. As shown in Fig. 5, some genes
were highly interconnected in the PPI network, indicating
that they play a central role in the module. Based
on the criteria described in the Materials and Methods
section, 20 genes were selected as hub genes (Table 3).
Next, we examined the gene expression changes of
hub genes in the human NAFLD liver gene expression
datasets to assess their relevance to human
diseases (Table 1). The expression of TYROBP,
CTSS, and SYK tended to increase in obesity and
NAFLD, suggesting that they may be involved in disease

initiation and progression (Fig. 6).
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Fig. 5. Protein-protein interaction (PPI) network of the brown module. The PPI network was visualized using Cytoscape software.
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Discussion

Animal models are an important part of
preclinical research. In recent years, new technologies,
such as induced pluripotent stem cells, organ-on-a-chip,
and gene editing, have led to dramatic advances in
research on disease mechanisms and the identification of

F2 F3 F4

potential drug targets; however, animal models remain
important research tools. In particular, because of the
involvement of various factors (overnutrition, low
activity, and genetics, etc.) [19,20] and inter-organ
crosstalk [21] in the pathogenesis of the disease, it is
difficult to reproduce the pathogenesis of NAFLD
in vitro. To date, several types of animal models have
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been reported as NAFLD models (diet-induced,
chemically induced, genetically modified, and their
combination; more than 30 models in total), and it is
crucial to understand the advantages and disadvantages of
each model and adapt them to human conditions. The
WD-induced NAFLD mouse is one of the useful animal
models that reproduces the key biochemical and
histological features observed in human NAFLD.
Compared with HFD, the WD contains

macronutrients that accelerate  NAFLD pathology.

several

Cholesterol is one of the macronutrients that contributes
to disease development and progression. It affects various
cellular functions and signaling pathways, such as
mitochondrial  function, hypoxic
[22].

cholesterol levels are elevated in NASH patients, and

response, and

inflammatory response Indeed, hepatic free
dietary cholesterol intake is independently associated
with the presence of advanced fibrosis [23,24]. Fructose
is another factor associated with NAFLD development
and progression. Dietary fructose is rapidly absorbed and
metabolized in the liver, which strongly induces hepatic
lipid accumulation, insulin resistance, and mitochondrial
dysfunction [25]. High dietary fructose intake also
induces intestinal dysbiosis and increased intestinal
permeability, leading to LPS-induced hepatic in-
flammation [26]. In the present study, we detected some
effects

NAFLD-related biochemical and histological parameters.

time-dependent of dietary intervention on
The liver damages and concomitant steatohepatitis
reflected in plasma ALT levels and liver histology
(hepatocyte degeneration and inflammatory cell infilt-
rations) were observed in the WD-treated groups as early
as 8 weeks of dietary intervention (Table 2, Fig. 1A). In
terms of liver fibrosis, a significant increase was observed
after 12 weeks of dietary intervention (Fig. 1B, C). These
results suggest that WD-induced NAFLD mice can
develop steatohepatitis at 8 weeks or shorter of dietary
intervention and progress to liver fibrosis after week 12.
We also conducted
(WGCNA) for further
physiology and evaluating its relevance to human

transcriptome  analysis
characterizing their patho-
NAFLD. The brown module was strongly correlated with
disease severity, and its co-expression network was
highly preserved in the human NAFLD datasets. It has
been reported that co-expressed genes are likely to be co-
regulated and functionally related [27]. Indeed, this
module was estimated to be associated with immune cells
(such as macrophages and mature B cells), and the
module genes were enriched in pathways related to the

inflammatory response. As shown in Fig. 3B, the MEs of
the brown module were upregulated after 8§ weeks of WD
treatment, and this trend continued throughout the
experimental period. Intriguingly, these gene expression
changes were consistent with the liver histology. After
8 weeks of dietary intervention, inflammatory cell
infiltration was detected in H&E-stained liver sections,
indicating that inflammatory processes were already
activated in the liver. Macrophages are a primary immune
cell type that contribute to the development and
progression of NAFLD [28,29].

embryo-derived tissue-resident macrophages that play

Kupffer cells are

a homeostatic role in the liver. They typically reside on
the luminal side of the liver sinusoid and are involved in
tissue remodeling, responses to gut-derived pathogens,
and the regulation of immune responses. Bone marrow-
derived monocytes are another source of liver
macrophages that are implicated in the pathogenesis of
NAFLD. In hepatocyte lipotoxicity, various stressors
such as chemokines and damage-associated molecular
patterns are secreted, which in turn recruit monocytes into
the liver and induce their differentiation into macro-
phages. Although their contribution to the patho-genesis
of NAFLD has not been fully elucidated, they are thought
to exhibit proinflammatory phenotypes that exacerbate
liver injury and accelerate liver fibrosis.

Most cellular networks (such as metabolism,
gene expression, and protein-protein interactions) exhibit
a scale-free topology, and a small number of molecules
with many interactions are considered functionally
important [30]. Therefore, to further characterize this
animal model, we identified hub genes in the brown
module. The expression of TYROBP, CTSS and SYK
tended to increase in the livers of patients with NAFLD,
suggesting that they may be implicated in disease
pathogenesis. TYROBP is a transmembrane adaptor
polypeptide that forms a signaling complex with cell
surface innate immunoreceptors and thus plays a key role
in immune responses [31]. In a sepsis model, Tyrobp
knockout
cytokines, suggesting that TYROBP may be involved in
the progression of NAFLD [32]. CTSS is a lysosomal
cysteine protease that participates in the degradation of

mice produced fewer proinflammatory

antigens for presentation on MHC class II molecules.
CTSS is also involved in the regulation of SIRT1 activity,
NF«B-dependent
hepatic inflammation [33]. In addition, the number of

and its inhibition reduces

CTSS-positive immune cells is higher in the liver of

NAFLD patients, suggesting that this protein is
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associated with NAFLD pathology [34]. Finally, SYK is
a non-receptor protein tyrosine kinase mainly expressed
in hematopoietic cells and is involved in various
biological processes such as innate and adaptive
immunity [35]. Hepatic SYK expression is increased in
NAFLD patients and positively correlated with NAFLD
activity score, ALT activity, and hepatic expression of the
macrophage marker CD68. Moreover, in mice fed
a methionine- and choline-deficient diets, Syk knockdown
in myeloid cells prevented liver injury and inflammatory
cell infiltration in the liver [36]. These results suggest that
SYK inhibition could be a potential therapeutic strategy
for the treatment of NAFLD.

In conclusion, transcriptome analysis provides
molecular insights into the pathophysiology of NAFLD.
WD-induced NAFLD mice showed biochemical and
histological changes in the liver similar to human
NAFLD. This animal model also showed a similar gene
co-expression network to humans especially genes related
to immune cell functions and some hub genes are
identified in this study. Moderate preservation evidence
was also found for the fatty acid, xenobiotic metabolism,
actin cytoskeleton organization, and extracellular matrix

organization. These results suggest that the animal
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