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Abstract
Background: Nonalcoholic fatty liver disease (NAFLD) is the main reason for cirrho-
sis and hepatocellular carcinoma. As a starting point for NAFLD, the treatment of 
nonalcoholic fatty liver (NAFL) is receiving increasing attention. Mice fed a high-fat 
diet (HFD) and hereditary leptin deficiency (ob/ob) mice are important NAFL animal 
models. However, the comparison of these mouse models with human NAFL is still 
unclear.
Methods: In this study, HFD-fed mice and ob/ob mice were used as NAFL animal mod-
els. Liver histopathological characteristics were compared, and liver transcriptome 
from both mouse models was performed using RNA sequencing (RNA-seq). RNA-
seq data obtained from the livers of NAFL patients was downloaded from the GEO 
database. Global gene expression profiles in the livers were further analyzed using 
functional enrichment analysis and the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway.
Results: Our results showed that the biochemical parameters of both mouse models 
and human NAFL were similar. Compared with HFD-fed mice, ob/ob mice were more 
similar in histologic appearance to NAFL patients. The liver transcriptome charac-
teristics partly overlapped in mice and humans. Furthermore, in the NAFL pathway, 
most genes showed similar trends in mice and humans, thus demonstrating that both 
types of mice can be used as models for basic research on NAFL, considering the 
differences.
Conclusion: Our findings show that HFD-fed mice and ob/ob mice can mimic human 
NAFL partly in pathophysiological process. The comparative analysis of liver tran-
scriptome profile in mouse models and human NAFL presented here provides insights 
into the molecular characteristics across these NAFL models.
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1  |  INTRODUC TION

Nonalcoholic fatty liver disease (NAFLD) is a disease continuum 
from nonalcoholic fatty liver (NAFL) to nonalcoholic steatohepatitis 
(NASH).1 The global prevalence of NAFLD is up to 30% and still in-
creasing.2 Its incidence rate increased more than threefold between 
2000 and 2015.3 Due to its high prevalence, NAFLD is emerging as 
the leading cause of hepatocellular carcinoma, liver transplantation, 
and end-stage liver disease, causing a substantial burden on global 
public health.4,5 NAFL, as a starting point for NAFLD, usually mani-
fests as simple hepatic steatosis with or without mild inflammation.6 
When lobular inflammation and liver cell ballooning are present, the 
lesion is usually defined as NASH.7 On the contrary, NAFL is not 
necessarily benign and confers a risk of disease progression and the 
development of comorbidities.8 Therefore, NAFL deserves more 
attention.

Establishing an appropriate animal model is indispensable 
to study the pathogenesis and treatment strategies of diseases. 
Because obesity is closely associated with the increasing prevalence 
of NAFLD, obese mice are used as common NAFLD animal models, 
as well as NAFL animal models.9,10 Diet-induced (high-fat diet [HFD]) 
mice11 and genetically obese (ob/ob) mice12 are extensively used 
mouse models mimicking the conditions of obesity. A HFD is known 
to develop insulin resistance with marked panlobular steatosis.13,14 
The phenotype of the model correlates with dietary composition 
and the feeding time of HFD.15 Increased levels of leptin are directly 
associated with obesity and cardiometabolic health.16 Due to lack 
of leptin genetically, leptin-deficient ob/ob mice accumulate fat in 
the liver and rarely develop NASH,17,18 and therefore can be used 
as animal models to study NAFL. Although other models, ranging 
from methionine and choline–deficient diet19 and choline-deficient 
l-amino-defined diet20 to the other genetic animal models, have also 
been studied for NAFLD, the translatability of results from these 
models to humans limits their utility.18 In addition, a systematic re-
view of animal models of NAFLD finds that high-fat, high-fructose 
diets most closely resemble human NAFLD.21

With the aim of assessing the validity of HFD-fed mouse and ob/
ob mouse models, we established both models separately and com-
pared the similarities and differences with humans using transcrip-
tomic analysis to explore if there is a broad concordance between 
the human and mouse transcriptomic characteristics.

2  |  MATERIAL S AND METHODS

2.1  |  Mouse experiments

C57BL/6J male mice were provided by the Laboratory Animal 
Center, Xi'an Jiaotong University, and ob/ob mice were provided by 
the Laboratory Animal Resources Center, Tsinghua University. All 
mice used were housed under a 12-h light–dark cycle in a pathogen-
free animal facility at the Laboratory Animal Center, Xi'an Jiaotong 
University. C57BL/6J male mice, aged 8 weeks, were fed a HFD 

(D12109C, Research Diets) or chow diet (CD) for 8 weeks and water 
ad libitum; ob/ob mice, aged 8 weeks, were used in this study.

2.2  |  Liver histology

After 8 weeks on a HFD or CD, the mice were weighed, and tissues 
were obtained for histological analysis. For ob/ob and control (wild 
type [WT]) mice, tissues were obtained at age 8 weeks. Livers were 
excised and weighed, and their structures were observed in detail. 
Liver samples were fixed in 4% formalin for 48 h and embedded in 
paraffin. Then the samples were cut into 4-μm sections and stained 
with hematoxylin and eosin (H&E). The frozen liver samples were cut 
into 7-μm sections and stained with 0.5% Oil Red O and then coun-
terstained with hematoxylin. Images were obtained using a micro-
scope (Nikon). Images of the sections stained with Oil Red O were 
analyzed using WinROOF 6.5.

2.3  |  Serum lipid and liver enzyme evaluation

Until the end of the study, whole blood was collected from all mice, 
and serum was isolated to assess serum lipids (total cholesterol [TC] 
and triglycerides [TG]) and liver enzymes (alanine aminotransferase 
[ALT] and aspartate aminotransferase [AST]); 2.5 μL of the sample 
and 250 μL of the working solution per well were taken in a clean 
96-well plate, mixed gently on a shaker, and incubated in a 37°C con-
stant temperature incubator for 10 min. The multifunction micro-
plate reader was used to measure and record the absorbance values. 
Finally, concentration was calculated.

2.4  |  RNA sequencing

Total RNA was extracted from liver tissues using TRIzol reagent 
(Invitrogen). RNA integrity was evaluated using an RNA Nano 
6000 Assay Kit and an Agilent Bioanalyzer 2100 system (Agilent 
Technologies). Messenger RNA (mRNA) was isolated from total RNA 
using poly-T oligo-attached magnetic beads. RNA libraries were 
generated using a NEBNext Ultra RNA Library Prep Kit (NEB) fol-
lowing Illumina's recommendations. Library quality was assessed on 
an Agilent Bioanalyzer 2100 system. The index-coded samples were 
clustered using a cBot Cluster Generation System with a TruSeq PE 
Cluster Kit v4-cBot-HS (Illumina) according to the manufacturer's in-
structions. Libraries were then sequenced on an Illumina NovaSeq 
6000 platform (Illumina).

2.5  |  Quantitative real-time polymerase 
chain reaction

Reverse transcription was performed with 1 μg of total RNA 
using a reverse transcription kit (Accurate Biology). Quantitative 
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polymerase chain reaction (qPCR) was carried out in triplicate, and 
the values were normalized to β-actin. The complementary DNA 
obtained was mixed with specific forward and reverse primer pairs 
and SYBR Green PCR Master Mix (Accurate Biology). Each PCR was 
performed using a Thermal Cycler Dice Real Time System TP-800 
(Takara Bio). The primers are presented in Table S1.

2.6  |  Human NAFL microarray data set

The microarray data set of human liver, including 14 normal and 15 
NAFL, was downloaded from NCBI GEO database GSE126848.

2.7  |  Functional enrichment analysis

The gene counts obtained from RNA sequencing (RNA-Seq) were 
screened using the R package DESseq2 to screen differential expres-
sion genes (DEGs, p < 0.05, logFC > 0.5) for further pathway analysis. 
The Morpheus online tool was used to plot a heat map (https://softw​
are.broad​insti​tute.org/morph​eus/). The Database for Annotation, 
Visualization, and Integrated Discovery, v6.8, was used for gene on-
tology (GO) biological process analysis of DEGs. The KEGG (Kyoto 
Encyclopedia of Genes and Genomes) pathway database (https://
www.genome.jp/kegg/pathw​ay.html) was used as a reference for 
the pathway map.

2.8  |  Statistical analysis

Quantitative data were analyzed using GraphPad Prism software, 
v.7.04. Data are expressed as mean ± standard error of the mean 
(SEM). Statistical comparison between groups was performed using 
Student's t-test, and differences were considered statistically sig-
nificant at p < 0.05, whereas p < 0.01 and p < 0.001 represent more 
significant change.

3  |  RESULTS

3.1  |  Liver histological characteristics

WT mice on the C57BL/6J background were fed a CD or HFD 
(40 kcal%) for 8 weeks. Compared with the CD group, the HFD 
group developed severe hepatic steatosis with increased body 
weight, liver weight, and liver-to-body weight ratio (Figure  1A–
C). Similar hepatic steatosis with increased body weight, liver 
weight, and liver-to-body weight ratio was found in ob/ob mice 
than control mice on a CD (Figure 1D–F). H&E and Oil Red O stain-
ing revealed a remarkable accumulation of lipid in hepatocytes 
(Figure 1G,H).

Interestingly, we found that steatosis distribution was different in 
the HFD and ob/ob groups. In the HFD group, hepatocyte steatosis 

was mainly concentrated in large regions of the liver (Figure  1G). 
However, steatosis in ob/ob mice occurred around the central vein 
predominantly (Figure 1H). In the initial stages in adults, steatosis is 
centered on the central veins and concentrated in the perivenular, 
zone 3 region of the acini.22–24 The distribution of lipids in the liver 
of ob/ob mice is more similar to human NAFL.

3.2  |  Serum lipid profile and liver damage 
characteristics

Compared with the CD group, serum TC and TG were significantly 
elevated in the HFD group (Figure  2A). In addition, similar in-
creases in TC and TG were detected in ob/ob mice when compared 
with the corresponding control mice (Figure  2B). Additionally, 
the HFD group showed higher levels of serum AST and ALT lev-
els compared to the CD group (Figure  2C), whereas there were 
no differences in serum AST between ob/ob mice and WT mice 
(Figure  2D). In humans, NAFL patients usually have persistently 
elevated ALT or AST levels.25 But sometimes AST and ALT are 
not useful in the diagnosis of NAFLD due to poor sensitivity and 
specificity. Even in patients with NASH, AST and ALT levels may 
be normal.26

3.3  |  Liver transcriptome profiles

With the aim of exploring the similarities and differences in both 
models in molecular mechanisms underlying the progression of 
NAFL, we conducted RNA-seq analysis of livers obtained from 
CD-fed and HFD-fed mice, WT mice, and ob/ob mice. We selected 
several genes to confirm the reliability of the transcriptome data 
(Figure  S1A–E). Meanwhile, human DEGs were obtained from a 
human liver microarray data set (GSE126848).27 This data set 
contains the results of microarrays from 14 healthy livers and 15 
liver samples from NAFL patients. In total, 6078 DEGs (3343 up-
regulated and 2735 downregulated) in the HFD-fed and CD-fed 
groups were obtained. Similarly, there were 502 DEGs in the ob/
ob mice group versus WT group, of which 328 were upregulated 
and 174 were downregulated genes. For the GSE126848 data set, 
1908 DEGs were screened from the NAFL patients versus sam-
ples of healthy individuals, including 923 upregulated and 985 
downregulated genes (Figure 3A,B). Interestingly, the number of 
DEGs in the HFD-fed mouse group was as high as 6078, whereas 
that of the ob/ob mouse group was as low as 502. And the number 
of DEGs in the human NAFL group was somewhere in between 
(Figure 3A).

DEGs in these three models were screened to conduct a Venn 
analysis. Figure 3C,D shows that 24 common DEGs were obtained. 
Although these genes are shared in three pairs, the 24 common 
DEGs exhibited differential expression. Eight genes, namely IGFBP1, 
HMGCR, FAM107A, SUSD4, DACT1, BEX4, NIPAL1, and GSTA1, 
showed similar trends in two mouse models and human NAFL. Apart 

https://software.broadinstitute.org/morpheus/
https://software.broadinstitute.org/morpheus/
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html
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from BEX4 and GSTA1, the rest were downregulated. Besides, genes 
such as GADD45G, DCT, NNMT, and RDH16 exhibited similar expres-
sion in the HFD-fed model and human NAFL. RASL10B, MX2, UNG, 
ERMP1, and HMCN2 showed similar trends in ob/ob mice and human 
NAFL. The remaining seven common DEGs were expressed similarly 
in both mouse models but differently in human NAFL (Figure 3D). 
Volcano plots demonstrated hepatic transcriptome differences in 
CD-fed versus HFD-fed mouse groups, WT versus ob/ob mouse 
groups, and normal control versus NAFL patients (Figure 3E–G). The 
top three genes with the most significant changes in each group are 
shown in Figure 3E–G.

Collectively, these data indicate that HFD feeding induced dis-
tinct hepatic transcriptomic changes compared to ob/ob mice, and 
both mouse models have a certain gap with the real situation of 
NAFL patients.

3.4  |  Enrichment analysis of differences in 
mouse and human NAFL

To obtain a systematic overview of biological pathway perturba-
tions, we conducted GO enrichment and KEGG pathway analyses 
and showed the top 10 enrichment pathways. In the HFD feeding 
group, the GO terms identified a significant enrichment of inflamma-
tion and immunity-related genes compared to the CD controls, such 
as lymphocyte differentiation, negative regulation of immune system 
process, leukocyte cell–cell adhesion, regulation of T-cell activation, 
and myeloid leukocyte activation among the top 10 biological pro-
cesses. Top 10 KEGG pathways significantly altered by HFD feeding 
were mainly associated with metabolism, such as carbon metabolism, 
steroid hormone biosynthesis, glycolysis/gluconeogenesis, and ster-
oid biosynthesis (Figure 4A). In the WT versus ob/ob mouse group, 

F I G U R E  1  Basic parameters and histology in NAFL (nonalcoholic fatty liver) mice. (A) Body weight, (B) liver weight, and (C) percentage 
of body weight of C57BL/6J male mice fed on chow diet (CD) or high-fat diet (HFD) for 8 weeks (n = 8 per group). (D) Body weight, (E) liver 
weight, and (F) percentage of body weight of C57BL/6J (wild type [WT]) or ob/ob mice at age 8 weeks (n = 5 per group). (G) Representative 
images of livers, H&E (hematoxylin and eosin) staining of livers, and Oil Red O staining of livers from mice fed 8 weeks on CD or HFD (n = 8 
per group). Scale bar = 50 μm for H&E and Oil Red O staining. Arrows represent lipid droplets. Quantitative analysis of Oil Red O staining 
(n = 4 per group). (H) Representative images of livers, H&E staining of livers, and Oil Red O staining of livers from WT or ob/ob mice at age 
8 weeks (n = 5 per group). Scale bar = 50 μm for H&E and Oil Red O staining. Arrows represent lipid droplets. Quantitative analysis of Oil Red 
O staining (n = 4 per group). All quantitative data for mice were presented as mean ± SEM (standard error of the mean). Statistical comparison 
between groups was performed using Student's t-test. *p < 0.05, **p < 0.01, and ***p < 0.001.

F I G U R E  2  Serum lipids and biochemical parameters in NAFL (nonalcoholic fatty liver) mice. (A) Serum total cholesterol (TC) and 
triglyceride (TG) levels in C57BL/6J male mice fed 8 weeks with CD (chow diet) or HFD (high-fat diet) (n = 5–8 per group). (B) Serum TC 
and TG levels in WT (wild type) or ob/ob mice at age 8 weeks (n = 5 per group). (C) Serum aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) levels in mice fed 8 weeks with CD or HFD (n = 6–8 per group). (D) Serum AST and ALT levels in WT or ob/ob mice 
at age 8 weeks (n = 5 per group). All quantitative data for mice were presented as mean ± SEM (standard error of the mean). Statistical 
comparison between groups was performed using Student's t-test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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F I G U R E  3  Overview of hepatic gene expression profiles in CD (chow diet) versus HFD (high-fat diet) mice, WT (wild type) versus ob/ob 
mice, and normal versus NAFL (nonalcoholic fatty liver) patients. (A) Numbers of DEGs (differential expression genes) in the livers of three 
groups. (B) Numbers of upregulated and downregulated genes in the livers of three groups. (C) Venn diagrams of DEGs. The cutoff for the 
differential expression is onefold. (D) The expression changes in 24 common DEGs in three groups. Volcano plots of mRNAs (messenger 
RNA) between (E) CD and HFD mice, (F) WT and ob/ob mice, and (G) normal people and NAFL patients. The plots were constructed by 
plotting –log10 adjusted p-value on the y-axis and log2 fold change on the x-axis. Blue blots represent downregulated genes, red dots 
represent upregulated genes, and black blots represent mRNAs without significant difference.
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F I G U R E  4  Enrichment analysis of differences in two mouse models and NAFL (nonalcoholic fatty liver) patients. (A–C) The top 10 
enriched GO (gene ontology) terms and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways of DEGs (differential expression 
genes). The left figure shows GO enrichment, and the right figure shows KEGG pathway analysis. (A) CD (chow diet) versus HFD (high-fat 
diet), (B) WT (wild type) versus ob/ob mice, and (C) normal people versus NAFL patients.
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genes involved in lipid metabolism were enriched by both analyses, 
which is different from the CD versus HFD group. Compared to the 
WT mouse group, fatty acid metabolic process, lipid localization, lipid 
transport, steroid metabolic processes, and regulation of lipid locali-
zation were the top five biological processes. Consistently, the top 10 
enriched pathways revealed by KEGG were also related to metabo-
lism primarily, including steroid hormone biosynthesis, PPAR signal-
ing pathway, AMPK signaling pathway, cholesterol metabolism, and 
regulation of lipolysis in adipocytes (Figure 4B).

In normal control versus NAFL patients, the top five biological 
processes significantly different between healthy individuals and 
NAFL patients were cell junction assembly, cellular response to 
external stimulus, cellular response to extracellular stimulus, cellu-
lar response to nutrient levels, and myotube differentiation. KEGG 
pathway analysis demonstrated that, compared to healthy people, 
PI3K Akt signaling pathway, MAPK signaling pathway, cAMP signal-
ing pathway, and Rap1 signaling pathway were significantly altered 
in NAFL patients (Figure 4C).

3.5  |  Gene set analysis of differences in mouse and 
human NAFL

To reveal the key gene signatures in mice and human NAFL, we de-
veloped different heat maps for NAFL-relevant gene sets in both 
mouse models and human NAFL.

3.5.1  |  Lipid metabolism

Lipid metabolism genes exhibited differential expression in two 
mouse models and human NAFL. Several key genes, ACACB, CPT1A, 
CSAD, and LPIN1, were only downregulated in ob/ob mice. FABP1, 
RARRES2, and CPT1C were only upregulated in ob/ob mice. CPT1B 
was downregulated in ob/ob mice but upregulated in the other two 
groups. Genes such as ACCS2, SCARB1, SQLE, FXR1, and HMGCS1 
were upregulated in human NAFL but unchanged or downregulated 
in both mouse models (Figure 5A).

3.5.2  |  Fatty acid metabolism

ACOT4 and FADS3 were downregulated in HFD-fed mice and human 
NAFL but upregulated in ob/ob mice. CD36, AGPAT1, and FABP2 
showed similar trends in both mouse models but not in human NAFL. 
A key gene of fatty acid metabolism, ACOT2, was upregulated in 
three groups (Figure 5B).

3.5.3  |  Glucose metabolism and insulin signaling

GPLD1 was substantially downregulated in HFD-fed mice but not in 
ob/ob mice and NAFL patients. PRKCZ was slightly upregulated in ob/

ob mice and NAFL patients but not in HFD-fed mice. INSR showed no 
obvious change in the three groups. Several genes showed different 
trends in three groups, including RGN, PRKC1, and IRS1; these were 
upregulated in NAFL patients, downregulated in HFD-fed mice, and 
almost unchanged in ob/ob mice (Figure 5C).

3.5.4  |  Cholesterol metabolism

Genes such as LRP6 and HMGCR showed similar trends in the three 
groups and slightly in HFD-fed mice. APOC3, APOC2, and APOE were 
upregulated in both mouse models but not in human NAFL. PCSK9 
and CYP7A1 were downregulated in both mouse models but not in 
human NAFL. The level of APOA2 was only upregulated in ob/ob 
mice. APOC1 and APOA1 were upregulated in the three groups but 
stronger in ob/ob mice. Furthermore, APOB, LRP1, and APOH were 
downregulated in ob/ob mice but upregulated in human NAFL. LPLR 
and LIPA were upregulated in HFD-fed mice and NAFL patients but 
downregulated in ob/ob mice (Figure 5D).

3.5.5  |  Steroid metabolism

The level of HSD17B6 was only upregulated in ob/ob mice. Genes 
such as CYP26A1, CYP2R1, HSD11B1, and BAAT were upregulated 
in ob/ob mice but showed almost no change in HFD-fed mice and 
NAFL patients. CYP2E1 and CYP1A2 were downregulated in the 
three groups to varying degrees. Several genes, including FDPS, 
CYP7B1, PON1, and CYP27A1, showed opposite trends between 
mouse models and NAFL patients. Genes such as DIO1 and RDH16 
were upregulated in HFD-fed mice and human NAFL but not in ob/
ob mice. However, HSD17B2 was upregulated in ob/ob mice and 
human NAFL but not in HFD-fed mice (Figure 5E).

3.5.6  |  Immunity

Among immunity-related genes, TREM2 was substantially downreg-
ulated in NAFL patients but was significantly upregulated in HFD-fed 
mice. The level of SUSD4 showed similar trends in the three groups. 
One of the key genes, SPI1, was upregulated in both mouse groups 
but slightly downregulated in NAFL patients. Genes such as LGALS9 
and CEACAM1 were downregulated in HFD-fed mice but slightly or 
not altered in ob/ob mice and NAFL patients. CASP1, DAPP1, and 
RNASE6 were upregulated only in HFD-fed mice. KLRD1, HAVCR2, 
and TYROBP were upregulated in HFD-fed mice, which showed simi-
lar trends in human NAFL but slightly (Figure 5F).

3.5.7  |  Monocyte recruitment and inflammation

Among inflammation-related genes, ARRB2, TNF, CCR1, CD68, 
CCL2, and CCL5 were significantly upregulated in HFD-fed mice 
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F I G U R E  5  Gene set analysis of differences in two mouse models and NAFL (nonalcoholic fatty liver) patients. Heat maps of log2 fold 
change for significantly regulated (A) lipid metabolism-related genes, (B) fatty acid metabolism-related genes, (C) glucose metabolism and 
insulin signaling-related genes, (D) cholesterol metabolism-related genes, (E) steroid metabolism-related genes, (F) immunity-related genes, 
and (G) monocyte recruitment and inflammation-related genes in two mouse models and NAFL patients.
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but unchanged or even downregulated in ob/ob mice and NAFL 
patients. OAS2, CD68, and MIF were also upregulated in HFD-fed 
mice and only moderately upregulated in NAFL patients. Genes 
such as SMAD4 and ARG1 were downregulated in the three 
groups but slightly in ob/ob mice and NAFL patients. One of the 
key genes, TRAF6, was downregulated in both mouse groups but 
stronger in HFD-fed mice, which was different from NAFL pa-
tients (Figure 5G).

3.6  |  Similarities and differences in NAFL pathway 
in two mouse models and NAFL patients

Next, we compared the differences in the key pathway related with 
NAFLD in mice and humans (Figure 6). In the NAFL pathway, as we 
expected, most genes, such as IL-6, NF-­кB, INSR, RXR, SREBP-1c, LEP, 
and p38, showed similar trends in mice and human NAFL, and most 
of them were downregulated slightly. Additionally, several genes, in-
cluding SOCS3, TNFα, TNFR1, IRS-1, AKT, GSK-3, ACDC, and AMPK, 
exhibited different trends in mice and human NAFL. Besides, these 
genes showed some differences between the two mouse models, 
some genes showed similar trends in just one mouse model group 
and the human NAFL group, and the degrees of change were dif-
ferent. The results may guide us in selecting research targets in the 
future.

4  |  DISCUSSION

Here, we provided an overview of changes in NAFL improvement in 
two common mouse models and human NAFL, and compared the 
key histologic and metabolic changes in the HFD-fed mouse model 
and ob/ob mouse model.

An ideal animal model of NAFL should display a phenotype as 
close to human disease as possible, which can be assessed through 
genetics, diet, physiological requirements, histological requirements, 
cell signaling requirements, transcriptomic validation, and metabolo-
mic validation.18,28 To realistically mimic human NAFL, the rational 
use of models that best reflect the pathogenic aspect targeted as the 
most appropriate approach is the best choice.29,30 Our findings sug-
gest that although the biochemical parameters of both models are 
similar to human NAFL, the histologic appearance and transcriptomic 
characteristics of the liver may not be similar. It would be better to 
evaluate models based on transcriptomic characteristics, rather than 
on histology alone, to assess their relevance to human NAFL.

The liver transcriptome features partly overlapped in mice and 
humans, yet gene expression signatures in both mouse models were 
still distinguished from humans, suggesting that the pathophysiol-
ogy of mouse models does not replicate human NAFL completely. 
Given the diversity and range of gene expression changes, this indi-
cates widespread alterations in hepatic molecular signaling in both 
mouse models and NAFL patients.

F I G U R E  6  Comparison of differential expression response for NAFL (nonalcoholic fatty liver) pathway-related genes in two mouse 
models and NAFL patients. Color scale of log2 fold changes: the lowest (blue) to the highest (red).
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In terms of the number of DEGs, HFD induced a greater number 
of genes changing the expression, whether upregulated or down-
regulated. The number of DEGs in the HFD mouse model was far 
greater than that in the ob/ob mouse model, suggesting that the 
stimulation of HFD may have a wider impact on the body, which not 
only leads to fat accumulation in the liver but also causes other phe-
notypes, which does not meet our expectations. The other model, 
hereditary leptin deficiency, can lead to lipid accumulation in the 
liver but may not do so by pathways known to be relevant to human 
NAFL and therefore does not completely recreate the phenotype of 
human NAFL. On the contrary, this is also confirmed by ob/ob mice 
having fewer DEGs than patients with NAFL. Clinical studies have 
shown that serum leptin levels in patients with NAFL and NASH are 
normal or elevated compared to healthy controls.12,31 Therefore, 
ob/ob mouse models used for NAFLD studies are limited.

Some transcriptomic characteristics include altered immune 
signaling and altered lipid and glucose metabolism. Previous re-
search has also shown that human genetic variants linked to NAFLD 
risk are heavily biased toward genes related to lipid metabolism,32 
which is consistent with our findings. Take oxysterol 7α-hydroxylase 
(CYP7B1) as an example; CYP7B1 controls the levels of intracellular 
regulatory oxysterols. An inability to upregulate CYP7B1 results in 
the accumulation of toxic cholesterol metabolites that promote the 
transition from NAFL to NASH.33 This is also confirmed by transcrip-
tomic and lipidomic analyses in the early stage of fatty liver.34

Besides, HFD-induced NAFL mice had not only lipid metabolism 
disorders resulting in the development of NAFL disease but also 
more inflammation and immune responses, and these characteristics 
were more inclined to NASH than simple steatosis. Though ob/ob 
mice did not show obvious inflammatory and immune responses, the 
expression of lipid metabolism–related genes changed more signifi-
cantly than human NAFL. Furthermore, several functionally relevant 
genes exhibited directional (upregulated vs. downregulated) differ-
ences between mice and human NAFL.

In conclusion, these results showed that both NAFL mouse mod-
els can only partially simulate the occurrence and development of 
human NAFL and cannot fully approximate the physiological and 
pathological characteristics of real human NAFL disease. This leads 
us to use a combination of multiple animal models to study diseases 
in basic research to avoid one-sided or even opposite conclusions.
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