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Nonalcohoalic fatty liver disease (NAFLD) isaglobal health problem characterized by excessive accumulation
of fat in the liver without effect of other pathological factors including hepatitis infection and acohol abuse.
Current studies indicate that gene factors play important roles in the development of NAFLD. However, the
molecular characteristics of differentially expressed genes (DEGs) and associated mechanisms with NAFLD
have not been well elucidated. Using two microarray data associated with the gene expression profiling in
liver tissues of NAFLD mice models, we identified and selected several common key DEGs that contributed
to NAFLD. Based on bioinformatics analysis, we discovered that the DEGs were associated with a variety of
biological processes, cellular components, and molecular functions and were also related to several signifi-
cant pathways. Via pathway crosstalk analysis based on overlapping DEGs, we observed that the identified
pathways could form large and complex crosstalk networks. Besides, large and complex protein interaction
networks of DEGs were further constructed. In addition, many hub host factors with a high degree of connec-
tivity were identified based on interaction networks. Furthermore, significant modules in interaction networks
were found, and the DEGs in the identified modules were found to be enriched with distinct pathways. Taken
together, these results suggest that the key DEGs, associated pathways, and modul es contribute to the devel op-

ment of NAFLD and might be used as hovel molecular targets for the treatment of NAFLD.

Key words: Nonalcohalic fatty liver disease (NAFLD); Mouse model; Bioinformatics analysis;
Differentially expressed genes (DEGS); Interaction network

INTRODUCTION

Nonalcohalic fatty liver disease (NAFLD) is a global
health problem characterized with lipid accumulation in
liver tissue without the effect of other pathological fac-
tors including hepatitis infection and alcohol abuse’.
Based on histologic characteristics, NAFLD is catego-
rized into hepatic steatosis and nonalcoholic steatohepa-
titis (NASH). Hepatic steatosis is defined by the presence
of simple steatosis in liver cells without hepatocellular
injury. In addition, NASH is characterized by hepatic
steatosis, inflammation, and hepatocyte damage with or
without fibrosis’. Importantly, NAFLD not only increases
the risk of developing cirrhosis and hepatocellular car-
cinoma (HCC) but also is related to type 2 diabetes and

cardiovascular diseases™. The harmfulness of NAFLD
highlights the importance of a clear understanding of the
molecular mechanisms associated with this disease to
find effective intervention and treatment strategies.

The development of NAFLD is considered to be
mediated by many contributing factors such as genet-
ics, environmental factors, and microbiota™®. Because
of limitations such as genetic heterogeneity of human
population in various regions, the long time for the pro-
gression of the disease, and ethical constraints to obtain
human liver tissues, it is difficult to study the disease
in patients to obtain enough information to understand
the pathogenesis of NAFLD®*™. Therefore, suitable ani-
mal models, especially mice models with a high-fat diet
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(HFD), have been developed to detect the pathogenetic
mechanisms responsible for NAFLD™*, Using the mice
models, many important genetic factors, dietary factors,
and important hypothesis, in particular the “two-hit”
hypothesis, for the pathogenesis of NAFLD have been
recognized and proposed™*®.

With the application of high-throughput technology,
severa differentially expressed genes (DEGSs) associ-
ated with NAFLD in patients and anima models were
discovered®'®"’. However, NAFLD is a dynamic and
complex process, and the current published research is
not enough to elucidate the exact mechanisms of this dis-
ease. Recently, systems biology methods, including the
analyses of pathway crosstalk, protein—protein interac-
tion (PPI), and molecular module, have been applied to
elucidate the pathological mechanism and identify the
potential therapeutic drugs for different diseases®®. In
order to better understand the molecular characteristics
of NAFLD and find potential biomarkersor treatment tar-
gets for the disease, bioinformatics analysis based on sys-
tems biology approaches was used in this study to analyze
two microarray data from liver tissues of C57BL/6(N)
mice fed with HFD. In addition, the biological func-
tion of DEGs, associated pathways, interaction network,
and module information associated with NAFLD were
investigated. Our results provide further insight into the
molecular characteristics of NAFLD. In addition, the
results from this study could provide the groundwork for
potential therapy targeting identified key genes, associ-
ated pathways, and modules for NAFLD.

MATERIALSAND METHODS
Microarray Availability

The gene expression profiling studies related to
NAFLD mice models were retrieved in the Gene Expres-
sion Omnibus (GEO) database (www.nchi.nlm.nih.gov/
geo/). The data information from different contributors
were screened and analyzed if the following conditions
were met: 1) the mice were fed with HFD and the com-
plete microarray raw data of liver tissues were available;
2) the same mouse type or relevant mouse subtypes were
used; 3) the mice were fed with HFD at the same time;
and 4) a comparison was conducted between NAFLD
groups (mouse under HFD or NASH diet) and negative
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control (NC) groups (mouse under normal diet or regular
diet). Finally, we chose GSE52748” and GSE57425” for
our analysis. In GSE52748, the 14-week-old mice were
housed in atemperature- and light-controlled room (22°C,
12-h light/dark cycle) and allowed free access to food
and water. In addition, mice in the control group were
fed with standard diet, and mice in the NAFLD group
were fed with NASH-inducing diet, which were enriched
with beef tallow (15%), pork lard (15%), palmitic acid
(4%), cholesterol (0.2%), stearic acid (4%), and sucrose
(30%)*. In GSE57425, the mice at 8 weeks of age were
maintained with free access to chow and water in atem-
perature-controlled environment (21°+1°C) with 12-h
light/dark cycle. Besides, mice in the control group were
fed with normal diet, and micein the NAFLD group were
fed with HFD containing 20% kcal from protein, 60%
kcal of fat, and 20% kcal from carbohydrates™. The two
microarray data were measured by a different Affymetrix
platform, and the basic information of these two microar-
ray datais listed in Table 1. The study was approved by
the ethics committee of Xuzhou Medical University.

Data Processing

The raw data of the two microarrays were prepro-
cessed in expression console Microsoft (Affymetrix).
The detailed manipulation was followed according to the
manufacturer’s instruction. Briefly, using the Expression
Console Microsoft, probe signal values of the raw data
were converted to log, values, and genes annotated by
the probes were analyzed based on annotation files of
Affymetrix Mouse Gene 1.1 ST Array and Affymetrix
Mouse Genome 430 2.0 Array. Then data were fur-
ther normalized through the Robust Multichip Average
(RMA) algorithm via Microsoft of Expression Console.
Next, the preprocessed data were further analyzed by
the Transcriptome Analysis Console v4.0 Microsoft
(Affymetrix), and the DEGs were identified by statistical
analysis through one-way ANOVA. The threshold for the
DEGswas set asfold change at 1.5 and avalue of p=0.05.

Gene Function, Pathway, and Pathway
Crosstalk Analysis

The biological significance of DEGs in NAFLD was
assessed by Gene Ontology (GO) enrichment analysis.

Table 1. Characteristics of Two Microarray Studies Selected From the GEO Database

No. of Samples
Data Set Mice NC NAFLD  Feeding Time Platform Contributors
GSE52748  C57BL/6N 4 4 12 weeks Affymetrix Mouse Gene 1.1 ST Dorneta.*
Array [MoGene-1_1-st]
GSE57425  C57BL/6 3 3 12 weeks Affymetrix Mouse Genome Luetal.?

430 2.0 Array [Mouse430_2]
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The Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis was used to evaluate the enrichment pathways
of the identified DEGs. In addition, GO analysis was
measured with the online tool g:Profiler®. KEGG path-
way analysis was performed with the ConsensusPathDB
database®, and with minimum overlap of input genes of
3; a value of p<0.05 was considered significant. Fur-
thermore, pathway crosstalk analysis based on over-
lapped annotation genes was measured with an online
tool in the ConsensusPathDB database, and with overlap
genes no less than 3; a value of p<0.05 was considered
significant.

Data, Protein—Protein Interaction Network,
and Module Visualization

Bar graph and circular graph were made to visuaize
the data that were analyzed in Excel 2007. Venn diagram
was performed with the Venny 2.0 online tool (http://
bioinfogp.cnb.csic.es/tools/'venny/index.html). PPl data
were collected from STRING databases™. In addition,
the interaction networks were visualized with Cytoscape
3.2.1 software®®, and module analysis was performed
using the Molecular Complex Detection (MCODE)
plugin in Cytoscape software.

RESULTS

I dentification and Selection of the Common Key DEGs
in NAFLD Mice Models

As shown in the heat maps in Figure 1A, using
the expression console Microsoft and Transcriptome
Analysis Console v4.0 Microsoft, we identified 1,056
DEGs in the NAFLD group, compared to the control
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group in GSE52748. In addition, compared with the
control group, 1,846 DEGs were found in the NAFLD
group in GSE57425. Current studies show that NAFLDs
are histologically categorized into hepatic steatosis and
NASHZ. In GSE52748, the phenotype of mice liver was
in the status of NASH, which was characterized by ste-
atosis, inflammation, hepatocellular damage, and fibro-
sis”. However, in GSE57425, the phenotype of the mice
was only in the status of steatosis®. In order to identify
the key genesthat contribute to both steatosis and NASH
in NAFLD, we analyzed the common DEGs between
two microarray data, and a total of 379 common DEGs
were identified (Fig. 1B). Furthermore, among these
common DEGs, 293 DEGs were found to upregulate
and 46 DEGs to downregulate in both the two microar-
ray data, 16 DEGs upregulate in GSE52748 but down-
regulate in GSE57425, and 24 DEGs downregulate in
GSES52748 but upregulate in GSE57425 (Table 2). We
could not confirm whether these inconsistent expres-
sions of the 40 identified common DEGs between two
microarray data were caused by different microarray
methods or mediated by distinct microenvironments with
steatosis or NASH in two mice models of NAFLD. For
the accuracy of the bioinformatics analysis, the DEGs of
whose expression patterns in GSE52748 were consistent
with these in GSE57425 were only selected for further
investigation.

The Molecular Function Enrichment Analysis
of DEGsin NAFLD Mice Models

To identify the biological functions associated with
identified and selected DEGs, GO anaysis was con-
ducted using the web-based tool g:Profiler,”® and 146
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Figurel. Theidentification of common key differentially expressed genes (DEGs) from two different microarray data. (A) The DEGs
in nonalcoholic fatty liver disease (NAFLD) groups compared to control groups from microarray data GSE52748 and GSE57425.
(B) Theidentified common DEGs between GSE52748 and GSE57425 by Venny 2.0 onlinetool. NC, control groups; NAFLD, NAFLD

groups.
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Table 2. The Information of Common Key DEGsin Two Microarrays

Types of DEGs

Gene Names

DEGs upregulated in both
GSE52748 and GSE57425
(n=293)

Cidea, Cidec, Sprrla, Ly6d, Rgsl6, Abcd2, Gprc5h, Osbpl3, Anxa2, Plind, Stapl, S100all,
Ccl5, Ppplr3g, TIrl2, Themis, Mogatl, Gpnmb, Slc22a27, Vnnl, Gpcl, H2-Aa, Encl,
Mfsd2a, Apoad, Cxcl9, Postn, Tubb2a, Lyvel, Tmem86a, Cd74, Mmpl2, Serpina?, Cgrefl,

Lgalsl, Mtnrla, KIf6,F cerlg, Weel, Cd68, Cybb, Lgals3, Ifi2712b, Cendl, Pld4, Limk1,
Tceal8, H2-Abl, Ly86, Fabp4, Spon2, Anxab, Mest, Vcaml, Clec7a, Sirpa, Laptm5, Clqc,
Cd53, Clgb, Endodl, Cyba, H2-Eb1, Fabp2, Abhd2, Vim, Wfdc2, Inhbe, Samd9l, Pex11a,
Serinc2, Ttc39a, Plscr4, Vidir, Haus8, Nid1, Pisl, Chr3, Ccdc80, Uaplll, Axl, H2-DMa,
SIc35f2, Jun, Ms4a6h, Clec4a3, Mki67, D17H6S56E-5, Pilra, Gek, Iqgapl, Dpt, Lamb3,
Gdf15, Rgs2, Ano6, Crat, Nckapll, Spc25, Cd300Id, Plekhal, Uncl119, Bhlihb9, Capg, Ephb2,
112rg, Slc15a3, Tnfrsf19, 8430408G22Rik, Ctss, Mthfdll, Mcm6, Rac2, Cd52, Thcld31,
Tm6sf1, Tyrobp, Myolf, Alpl, Gpc6, Cypl7al, Frzb, Collal, Mgll, Slc39a5, AB124611,
Aldh3a2, Mfge8, Pparg, Rgs10, Acot9, Dock10, Morc4, Ermpl, 1810011010Rik, Kbtbd11,
Sh3bgrl3, Itgh2, Itgax, Pdzrn3, Ptprc, Tubb2b, Ehd4, Fstl1, Rpsbkal, Car2, Cd93, Colla2,
Ifi2712a, Pagr7, Tmem184b, Cd44, Nrp2, Slc25a47, Fitm1, Cdsl, Col14al, Rgs5, Rtn4,
Wwitrl, Col3al, Gk, Sod3, Csflr, Hk2, Aqp4, B4gat6, Cyp2bl3, Igfbp3, Oasl2, Sparc,

Fam126a, Lipol, Ubd, Cripl, Fbin5, Slc16a7, Marcks, Pla2g7, Tppp, Ccdc3, Adgred, Prss23,
Mad2l1, Mpegl, Myo9b, Rgs19, Tmem43, Atp9a, Cd83, Prune, Vsig4, Hek, Pptl, Tmem140,
Tor3a, 1gsf11, Mpcl, Pla2g6, Fos, Hnl, Pakl, Pnldcl, Tgfbi, Cd48, Emcen, Ivnslabp, Lrat,

Slchab, Tsc22d1, Anxa3, Itgal, Retsat, Tmem71, Igfbp7, Mppl, Tpml, Ctgf, Rhbdf1, Rhpn2,

Arsg, Fermt3, 1tgab, Itpripl2, Mylip, Nt5e, Slamf8, Acatl, Lgals3bp, Ptp4a3, Serpinb6a,
Srd5a3, Arrde3, Cleclb, Gal3st1, P2ry14, Peal5a, Rab8b, Snai2, Gltp, Ifit2, Mtmrld,

Pctp, Plscr2, Sulf2, Arpclb, Msrl, Sorbsl, Adoral, Corola, Ctps2, Hykk, Mgst3, Thcldl,
Chptl, Cmtm?7, Lyz2, Nt5c2, Pdedd, Sema6d, Tmem106a, Arhgaplla, Arppl9, Bdhl, Gss,
Hacd4, Pcolce, Ralgps2, Slc25a4, Tax1bp3, Cyp8bl, Dhrs7b, Gpd2, Kdsr, Pitpnm1, Vwf,
1600012H06Rik, Lamcl, Pdgfrb, Rab34, Samd4, Chchd6, Cpebl, Dbp, EIk3, Gnail, Goltla,
Slc44a3, Synpo, Tox, Wdr73, B930041F14Rik, Smpdl3a

DEGs downregulated in both
GSE52748 and GSE57425
(n=46)

C8a, Dpy19I3, Hacl1, Arhgef10I, PIxnbl, B3galtl, Cyp2c44, Ugt2bl, Kdm5b, Adck5, Cmil,
Slcolal, Igfals, Cypla2, Agxt, Cyp2c54, Slc43al, Ankrd33b, Cxcl13, Cyp2c70, Slc3al,
Nudt7, Pdia5, Kegl, Apom, Slc4la2, Chicl, Snord104, Osginl, Igfbp2, Nnmt, Serpine2,

Atplla, Cdhl, Egfr, Slc22a7, Lifr, Cadm4, Cyp7bl, Susd4, Avprla, Gm16551, C8b, Obp2a,

Ces2a, Hsd3b5

DEGs upregulated in GSE52748
but downregulated in
GSE57425 (n=16)

Saal, Steap4, Syt12

DEGs downregulated in
GSES52748 but upregulated in
GSE57425 (n=24)

Lcn2, Mt2, Btg2, Myc, Saa2, Gadd45g, Mtl, E2f8, Pfkfb3, Hmox1, Saa3, Slc25a30, Rnf186,

Camk1d, Cryl1, Slc6a6, Rmdn2, Pde9a, NrOb2, Hmgcsl, Midlipl, Csad, Dher7, Adck3, Acss2,
Kcenk5, Ddc, Sucnrl, Lss, Fdps, Cyp26al, Mmd2, Car14, Hmgcr, Angptl8, Rdh11, Etnppl

GO terms with upregulated DEGs and 10 GO terms
with downregulated DEGs were found. According to the
number of genes, the top 10 enriched GO terms of the
upregulated and downregulated DEGs were selected.
The results of the GO analysis show that the DEGs were
enriched in a variety of biological processes (BPs), cel-
[ular components (CCs), and molecular functions (MFs).
As shown in Figure 2A, the main enriched GO terms of
BP in upregulated DEGs were associated with response
to stimulus, positive regulation of BP, and developmen-
tal process. In addition, the main GO term of BP in the

downregulated DEGs were related to response to gluco-
corticoid, monocarboxylic acid metabolic process, and
organic anion transport (Fig. 2B). The upregulated DEGs
were located in the organelle, cytoplasm, and vesicles,
while the enriched CCs were not found in downregul ated
DEGs. The MF of the upregulated DEGs was related to
protein, integrin, and growth factor binding. However,
the MF of the downregulated DEGs was associated with
oxidoreductase activity and steroid hydroxylase activ-
ity. We next compared the enriched GO terms between
upregulated and downregulated DEGs, and as shown in
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Figure2. Gene Ontology (GO) analysis of identified DEGsin NAFLD mice models. (A) The top 10 GO terms of upregulated DEGs.
(B) The identified GO terms of downregulated DEGs. (C) The comparison of GO terms between upregulated DEGs and down-

regulated DEGsin NAFLD mice models.

Figure 2C, only one common GO term named response
to organic cyclic compound was found.

The Pathway and Crosstalk Analysis of DEGs
in NAFLD Mice Models

We next performed KEGG pathway analysis based
on the ConsensusPathDB database™, and 40 KEGG
pathways with upregulated DEGs and 9 KEGG path-
ways related to downregulated DEGs were identified.
According to the number of genes, the top 10 enriched
KEGG pathways of upregulated and downregulated
DEGs were selected and shown in Figure 3. As shown
in Figure 3A, the results of the KEGG pathways indi-
cated that upregulated DEGs were associated with

phagosome, focal adhesion, and PISK-AKT signaling
pathway. The downregulated DEGs were related to lino-
leic acid metabolism, steroid hormone biosynthesis, and
cytokine—cytokine receptor interaction (Fig. 3B). The
enriched KEGG pathways between upregulated and
downregulated DEGs were further compared, but no
common pathway was found (Fig. 3C). Furthermore,
according to the overlap of identified DEGs between
different pathways, the pathway crosstalk was con-
structed using the online tool in the ConsensusPathDB
database™. We observed that one complex crosstalk net-
work of KEGG pathways was associated with upregu-
lated DEGs (Fig. 3D). In addition, a crosstalk network
of KEGG pathways related to downregulated DEGs was
found (Fig. 3E).
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Figure 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of identified DEGsin NAFLD mice models. (A) Thetop 10
KEGG pathways of upregulated DEGs. (B) The identified KEGG pathways of downregulated DEGs. (C) The comparison of KEGG
pathways between upregulated DEGs and downregulated DEGs in NAFLD mice models. (D) The crosstalk of pathways associated

with upregulated DEGs. (E) The crosstalk of pathways associated with downregulated DEGs.

The Interaction Network and Hub Genes Analysis
of DEGsin NAFLD Mice Models

In order to better understand the interaction of iden-
tified DEGs, we constructed the interaction networks,
and PPl information was from STRING databases®™. As
shown in Figure 4A, the upregulated DEGs constituted a
large and complex network. Based on the degree of con-
nection with other DEGs, thetop 10 hub DEGs, including
Itgh2, Hek, Rac2, CD48, Ptprc, Jun, Cd68, Tyrobp, Ctss,
and Itgax, were identified in the interaction network. In
addition, the downregulated DEGs aso formed a com-
plex network, and Hsd3b5, Cyp2c44, Cyp2c54, Cypla2,
Cyp2c70, Ugt2bl, C8b, Egfr, Gyp7bl, and Slcolal
were identified as the top 10 hub downregulated DEGs
(Fig. 4B).

The Module Analysis of DEGs in NAFLD Mice Models

Next, module analysis of the PPl networks was per-
formed with MCODE plugin in Cytoscape to discover the
functionally homogenous cluster within the constructed
interaction networks. Based on the MCODE score >3 and
node numbers >5, three significant modules in the inter-
action network of upregulated DEGs and one significant
module of downregulated DEGs were found (Fig. 5). In
addition, wefound that, among theidentified hub upregu-
lated DEGs, Hck, Rac2, Ptprc, Cd68, and Tyrobp were
located in module 1, and Jun was located in module 3
(Fig. 5A). Besides, Hsd3b5, Cyp2c54, Cypla2, Cyp2c70,
Cyp2c44, and Ugt2bl were found in the identified mod-
ule 1 of downregulated DEGs (Fig. 5B). We next per-
formed the pathway enrichment analysis for DEGs in the
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Figure 4. The interaction networks of identified DEGs. (A) The interaction network of upregulated DEGs. (B) The interaction net-

work of downregulated DEGs.

identified four modules (Table 3). Enrichment analysis
showed that the upregulated DEGs in module 1 were
enriched in natural killer cell-mediated cytotoxicity, Fc
g R-mediated phagocytosis, and osteoclast differentia-
tion. The upregulated DEGs in module 2 were associated
with microRNASs in cancer and cytokine—cytokine recep-
tor interaction. The upregulated DEGs in module 3 were
mainly related to leishmaniasis and phagosome. Besides,
the downregulated DEGs in module 1 were associated
with retinol metabolism, chemical carcinogenesis, and
metabolism of xenobiotics by cytochrome P450.

DISCUSSION

NAFLD is a chronic hepatic disease characterized by
excessive accumulation of fat in hepatocytes. However,
the exact mechanisms associated with NAFLD are not
clear. It has been demonstrated that gene factors play
important rolesin the development of NAFLD. However,
owing to lack of validated genetic targets, no avail-
able drugs have been reported for the effective and safe

treatment of the disease, so our goa was to identify the
key DEGs, associated pathways, and models that may
be used as potential biomarkers or therapeutic targets for
NAFLD. In this study, we identified and selected sev-
eral common key DEGs that contribute to NAFLD via
the microarray datafrom two NAFLD C57BL/6(N) mice
models. Based on bioinformatics analysis, we found that
the DEGs could exert distinct MFs, were associated with
many significant pathways, and could form complex pro-
tein interaction networks. Furthermore, in the interaction
network of DEGs, different modules were further identi-
fied, and the DEGs in each module were associated with
distinct pathways.

Current studies show that a variety of cellular fac-
tors are responsible for the development of NAFLD***,
In the study, based on the analysis of microarray data
from liver tissues of mice fed with HFD, we identified
that 379 common DEGs were associated with NAFLD
that ranged from simple steatosis to NASH in two mice
models. Among these identified common DEGs, a great
number of DEGs were increased or decreased in both
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Figure5. Themoduleanalysisininteraction networks of identified DEGs. (A) Theidentified three modulesin the interaction network
of upregulated DEGs. (B) The identified one module in interaction network of downregulated DEGs.

Table 3. The ldentified Significant KEGG Pathways in Different Modules

DEGs/Modules Pathways Genes p Value
Upregulated DEGs
Module 1 Natural killer cell-mediated cytotoxicity ~ Tyrobp; Fcerlg; Rac2; Cd48 6.05E-05
Fc g R-mediated phagocytosis Hck; Rac2; Ptprc 0.0006
Osteoclast differentiation Cybb; Tyrobp; Csf1r 0.0017
Tuberculosis Itgax; Fcerlg; Ctss 0.0045
Regulation of actin cytoskeleton Itgax; Nckapll; Rac2 0.0080
Module 2 MicroRNAs in cancer Cd44;Pdgfrb;Vim 0.0050
Cytokine—cytokine receptor interaction Cxcl9; Pdgfrb; Ccl5; 112rg 0.0003
HTLV-I infection Pdgfrb; Vcam1; 112rg 0.0053
PI3K-Akt signaling pathway Pdgfrb; Vwf; 112rg 0.0105
Module 3 Leishmaniasis I1tgh2; Cyba; Jun 2.39E-06
Phagosome Corola; Itgh2; Cyba 4.41E-05
Downregulated DEGs
Module 1 Retinol metabolism Cypla2; Cyp2c70; Cyp2c54; Cyp2cd4; Ugt2bl  2.30E-10
Chemical carcinogenesis Cypla2; Cyp2c70; Cyp2c54; Cyp2c44; Ugt2bl  3.60E-09
Metabolism of xenobiotics by cyto- Cypla2; Cyp2c70; Cyp2c54; Cyp2c44; Ugt2bl 3.80E-09
chrome P450
Drug metabolism — cytochrome P450 Cypla2; Cyp2c70; Cyp2c54; Cyp2c44; Ugtebl  4.01E-09
Linoleic acid metabolism Cyp2c54; Cypla2, Cyp2c44; Cyp2c70 7.36E-08
Arachidonic acid metabolism Cyp2c44; Cyp2c54; Cyp2c70 1.59E-05
Serotonergic synapse Cyp2c44, Cyp2c54; Cyp2c70 3.67E-05
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steatosis and NASH mice models. However, we also
found that the expression patterns of some DEGs were
different between steatosis and NASH in two mice mod-
els of NAFLD. Severa factors may explain the differ-
ences. On the one hand, different experimental methods
were used to obtain the gene expression data of microar-
rays in the two mice models. Generally, the probes used
in the different microarray platforms were varied, and it
may cause differences in the sensitivity and accuracy in
the detection of gene expression and lead to fal se-positive
or false-negative results. On the other hand, inflamma-
tion or fibrosisin NASH might induce a change in gene
expression patternsthat is different from simple steatosis.
In the study, we were not sure whether the discrepancy in
gene expression of identified common DEGsin two mice
models was caused by different experimental methods or
distinct pathological conditions in the different develop-
ment stages of NAFLD. Therefore, for the accuracy of the
bioinformatics analysis, the DEGs in both steatosis and
NASH with similar expression patterns were selected
for further investigation. Nevertheless, the exact reasons
that caused the difference in gene expression in the iden-
tified common DEGs between steatosis and NASH in
two mice models should be explored in future studies.

In order to better explore the molecular characteris-
tics and associated biological functions related to key
DEGs that are responsible for NAFLD, GO analysis was
performed, and the results (Fig. 2) show the DEGs that
contribute to NAFLD were associated with a variety of
BPs, CCs, and MFs. As shown in Figure 2A, the BPs
of upregulated DEGs were associated with response to
stimulus, with the regulation of biological and develop-
ment processes, and were different from those related
to downregulated DEGs, which were mainly associated
with the monocarboxylic acid metabolic process and
organic anion transport. The upregulated DEGs were
found to locate in various cellular areas, such as organ-
elle, cytoplasm, membrane, and vesicle. These results
indicated that the upregulated DEGs in different cellular
areas might have diverse biological roles. As expected,
we found that the MFs of upregulated DEGs were related
to binding with protein, integrin, and growth factor
(Fig. 2A and B). Besides, both upregulated and down-
regulated DEGs were found to be involved in one com-
mon BP related to response to organic cyclic compound,
implying that the abnormal DEGs played vital rolesin the
development of NAFLD via mediating the disorders of
organic cyclic compound.

The development of NAFLD is considered to be a
complex multistep process, and several distinct molecu-
lar pathways are implicated'®*"*". Based on KEGG path-
ways, we discovered that many significant pathwayswere
related to NAFLD. Current studies have reported that
the pathways involved in lipid metabolism participated
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in the development of NAFLD™Y. Consistent with
the published studies, we found that both upregulated
and downregulated DEGs were involved in pathways
that are associated with lipid metabolism. For example,
upregulated DEGs were relevant to ether lipid metabo-
lism. In addition, the downregulated DEGs were associ-
ated with linoleic acid metabolism and steroid hormone
biosynthesis (Fig. 3E).

Moreover, in accordance with reported studies®, the
pathway associated with phagosome was identified in
upregulated DEGs. Phagosome pathway is related to
phagocytosis, which is an important mechanism of innate
immune response mediated by host cells to defense
against infectious agents®. Our results implied that the
abnormality of the phagosome pathway in NAFLD might
disrupt the innate immune response mediated by phago-
cytosis. In addition, the results from our study showed
that the PIBK-AKT signaling pathway was associated
with the development of NAFLD, and the results were
consistent with current research, which showed that the
PIBK-AKT signaling pathway participated in lipid meta-
bolic processes and regarded as a key treatment target
for NAFLD?®. The results of epidemiological studies
show that NAFLD isarisk factor for HCC®. In the study,
we found that the identified upregulated DEGs were
associated with colorectal cancer (Fig. 3D), and down-
regulated DEGs were involved in the pathway of chemi-
cal carcinogenesis (Fig. 3E). The results implied that
these DEGs associated with cancers might play important
rolesin the development of HCC induced by NAFLD.

Previous studies mainly focused on a single dysregu-
lated pathway that contributes to the NAFLD™"; the
interactions among different pathways that facilitate the
development of NAFLD are not well explored. Via path-
way crosstalk analysis based on overlapping host factors
in different signal pathways, we found that the identified
pathways could form one complex interaction network
in upregulated DEGs, and a crosstalk network was also
observed in downregulated DEG. These results sug-
gest that the identified pathways play important roles in
NAFLD with a coordinated manner. Further understand-
ing of the significant dysfunction crosstalk between iden-
tified pathways will help us to provide intense insights
into the molecular mechanisms of NAFLD.

We next investigated the interaction of identified
DEGs, and large and complex protein interaction net-
works were constructed. The results indicate that these
DEGscould promoteNAFLD viatheinteractionwith each
other. In addition, many hub DEGs with a high degree of
connectivity were identified in the interaction networks.
Among these identified upregulated hub DEGs, Cd68 is
a molecular marker of macrophage™. In addition, Ctss
is also known to be highly expressed in macrophages™.
The upregulation of these molecules indicated that the
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number of macrophages increased in the liver of mice
with NAFLD. These results are consistent with the study
from Stanton et a .**, which has shown that the expressions
of Cd68 and Ctss are increased in NAFLD. In addition,
Ptprc (CD45) is a marker of leukocytes®. The upregu-
lated expression of Ptprc indicated the increased infiltra-
tion of leukocytesin the liver of NAFLD mice. Itgh2 and
Itgax belong to the integrin family that participatesin cell
adhesion®™*. Moreover, Itgax hasbeen shown to be highly
expressed in livers with NAFLD®. These results implied
that the molecules associated with cell adhesion played
vital roles in the development of NAFLD. Besides, Jun
is an important transcription factor and has been reported
to be correlated with inflammation and hepatic steato-
sis and contributes to the development of NASH?. The
downregulated hub DEGs, including cyp2cb4, cypla2,
and cyp2c70, are members of cytochrome P450 enzyme
superfamily that regul ates xenobiotic metabolism, steroid
transformation, and drug metabolism®*. In addition,
Cyp2c54* and Cypla2*® have been reported to be asso-
ciated with NAFLD. The abnormal expressions of these
members of cytochrome P450 enzyme superfamily may
be associated with the dysregulation of multiple substance
metabolism and transformation in NAFLD. Hsd3b5 is
a member of 3-b-hydroxysteroid dehydrogenase family
that regulates the BP of steroid hormones®. The dysregu-
lation of Hsd3b5 might be related to the abnormality of
steroid hormonesin NAFLD.

Furthermore, based on the MOCDE analysis, three
significant modules in the upregulated DEGs and one
significant module in the downregulated DEGs were
identified based on interaction networks. Furthermore,
many of the hub DEGs were found to be located in these
identified modules. Besides, we observed that the DEGs
in these modules were enriched with distinct pathways.
Given that hub DEGs and modules are considered to play
important roles in maintaining the network system that is
associated with distinct functions in specific physiologi-
cal and pathological conditions®®*, targeting these hub
DEGs or modules may offer new therapeutic opportuni-
tiesfor NAFLD.

In summary, via bioinformatics analysis of two
microarray datafrom NAFLD mice models, weidentified
and selected several key DEGs that are involved in the
development of NAFLD. Furthermore, our results indi-
cate that the identified DEGs not only are associated with
distinct functions and crosstalk pathways but also could
construct complex networks. In addition, a lot of DEGs
with distinct pathways could form distinct modules. Our
study provides new insight on NAFLD development not
only in the gene level but aso in the pathway and mod-
ule levels. The identified DEGs, associated pathways,
and modules could serve as potentially diagnostic and
therapeutic targets for NAFLD. In addition, our research
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has some limitations. For example, the identified DEGs,
associated pathways, and modules were only generated
from biocinformatics analysis. These data still need to be
further confirmedin NAFLD miceand clinical specimens
in future studies. Despite these limitations, the results of
our study lay afoundation for further evaluating the roles
and associated mechanisms mediated by identified key
genes, associated pathways, and modelsin NAFLD.
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