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Abstract: Nonalcoholic fatty liver disease (NAFLD) is a disorder of the liver found worldwide. The molecular mechanisms underly-
ing NAFLD initiation and progression, however, remain poorly understood. In this study, fluorescence difference gel electrophoresis 
(DIGE) combined with mass spectrometry was performed to profile the intracellular processes in the rat liver at the proteome level 
when rats were fed a high-fat diet for 8 weeks. Dynamic changes of 27 protein spots were observed. Among them, upregulation of 14 
spots and downregulation of 13 spots were observed during the eight weeks of the high fat diet-induction period. These spots were ana-
lyzed by matrix-assisted laser desorption/ionization tandem time-of-flight mass spectrometry (MALDI-TOF/TOF), and ultimately 24 
proteins were identified with more than 95% confidence. Gene ontology (GO) annotation indicated that these proteins were implicated 
in the metabolism of carbohydrates, lipids, and amino acids. Four proteins were validated by western blot. Further functional studies on 
these dynamically changing proteins may lead to a better understanding of the mechanisms of high fat diet-induced fatty liver disease. 
(DOI: 10.1293/tox.2018-0045; J Toxicol Pathol 2019; 32: 223–232)
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Introduction

The liver is one of the most important organs in humans 
and animals and plays many key roles in life processes1, 2. As 
a major site of metabolism and detoxification, the liver is the 
system of choice in studies involving toxicoproteomics and 
metabolic disorders due to various pathological processes. 
Liver diseases such as hepatitis, hepatocirrhosis, and liver 
cancer are among the most common causes of death around 
the world3, 4. It has been confirmed that the development of 
fatty liver is the main cause of many chronic liver diseases5.

Recently, nonalcoholic fatty liver disease (NAFLD), 
which is considered to be the most common liver disease, 
has been the focus of study6–8. It is well known that many 
factors, such as industrial toxins and hepatic viruses, lead 

to liver damage; what is worse, NAFLD may potentiate 
these processes9, 10. It has been estimated that approximately 
20–30% of adults in the United States and other western 
countries have excess fat accumulation in their liver. In 
some developing countries, fatty liver disease also affects a 
large proportion of the country’s population11, 12. However, 
the pathogenesis of NAFLD remains largely unknown.

In this study, we wanted to resolve the proteins that are 
involved in the pathogenesis of NAFLD in the HFD-induced 
rat liver. To this end, the fluorescent two-dimensional differ-
ence gel electrophoresis (2D-DIGE) technique, which was 
originally introduced to detect differences between two or 
more biologic samples13–15, was performed to monitor pro-
tein dynamic changes in the rat liver. Dynamic changes of 
27 protein spots were found, and 24 proteins were identified 
with more than 95% confidence. Further functional study 
of these dynamically changing proteins may lead to better 
understanding of the mechanisms of high fat diet-induced 
fatty liver disease.

Materials and Methods

Animal model and experimental protocol
Adult male Sprague Dawley rats, 10 weeks old, weigh-

ing 170–200 g were purchased from the Center of Experi-
mental Animals of Sun Yat-sen University (Guangzhou, 
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China). The protocol was approved by the Committee on 
Experimental Animal Management of Guangxi Normal 
University. Animals were housed in a pathogen-free envi-
ronment at room temperature and maintained on rat chow 
and water for 10 days. After that, the rats were divided ran-
domly into a normal diet group and four groups with high-
fat diet (HFD) feeding for 2, 4, 6, and 8 weeks. The basic 
composition of the standard chow was 4% beef tallow, 15% 
alpha-corn starch, 14% casein, 1% vitamin mixture, 3.5% 
mineral mixture, 0.25% choline hydrogen tartrate, 0.18% 
L-cystine, and 0.0008% t-butylhydroquinone. High-fat di-
ets had the following composition: 40% beef tallow, 15% 
alpha-corn starch, 14% casein, 10.5% beta-corn starch, 1% 
vitamin mixture, 10% sugar, 5% cellulose, 3.5% mineral 
mixture, 0.18% L-cystine, 0.25% choline hydrogen tartrate, 
and 0.0008% t-butylhydroquinone (W/W per 100 g diet). 
The body weight of each rat was recorded every week. Rats 
were fasted 24 hours before sacrifice (animals were eutha-
nized by inhalation of CO2) after the last day of high-fat 
diet feeding. Livers were rapidly excised and washed with 
ice-cold PBS buffer three times. After that, the livers were 
cut into pieces of about 1–2 mm3 and then weighed and im-
mediately frozen in liquid nitrogen. Blood samples were 
collected from rat hearts into evacuated tubes containing 
EDTA as an anticoagulant. Plasma was separated within 30 
min at 4°C and stored at −80°C.

Biochemical analysis
Alanine aminotransferase (ALT), aspartate amino-

transferase (AST), triglyceride (TG), and total cholesterol 
(TC) concentrations were determined using biochemical 
kits and methods as described by Zhang et al.16. Triglycer-
ides were assayed using a triglyceride assay kit (Triglycer-
ide GPO-POD assay kit, Shanghai Zhen Biotechnology Co., 
Shanghai, China), and cholesterol was assayed with a rat 
cholesterol assay kit (Catalog # 79960, Crystal Chem USA, 
Elk Grove Village, IL, USA). A rat Alanine Aminotrans-
ferase (ALT/GPT) ELISA Kit was purchased from Qayee 
Bio-Technology Co., Ltd. (Catalog #QY-D0179, Shanghai, 
China). A rat Aspartate Aminotransferase (AST) ELISA 
kit was purchased from Cusabio Technology LLC (Code 
CSB-E13023r, Wuhan, China). Leptin was detected with a 
Rat ELISA Kit (Catalog #KRC2281, Thermo life, Shang-
hai, China). Glucose was detected with a Glucose Assay kit 
(Catalog #KA4088, Abnova, Wuhan, China).

Histological analysis
Liver specimens were fixed in 10% neutral-buffered 

formalin, embedded in paraffin, sectioned at 4 μm, and 
stained with hematoxylin and eosin (H&E). Light micro-
scopic examinations were performed.

2D-DIGE and imaging
Protein samples were pooled by treatment group for 

2D-DIGE. Then, the pooled samples were dissolved in ly-
sis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM 
Tris-HCL, pH 8.5) to produce stock solutions with final 

concentrations of approximately 5 mg/mL. Cyanine dyes 
were reconstituted in 99.8% anhydrous dimethyl formamide 
(DMF) and added to labeling reactions at a ratio of 400 pmol 
Cy dye to 50 μg protein in different groups following the 
cross-label rule, according to the manufacturer’s guidelines. 
The internal standard was created by pooling an aliquot of 
all biological samples in the experiment and labeling it with 
one of the Cy dyes (usually Cy2). Briefly, 50 μg of lysate 
was minimally labeled with 400 pmol Cy2, Cy3, and Cy5 
and incubated on ice for at least 30 min in the dark. The 
labeling reaction was terminated by adding 1 μL 10 mM 
lysine and incubating the sample on ice for at least 15 min 
in the dark. Two samples labeled with Cy3 and Cy5 were 
analyzed on the same gel, together with a pooled sample 
as an internal standard, which was labeled with Cy2. Prior 
to isoelectric focusing (IEF), differentially labeled samples 
to be separated in the same gel were mixed and added to 
an equal volume of 2× sample buffer (7 M urea, 2 M urea, 
4% CHAPS, 130 mM DTT, 2% Pharmalytes 3–10 NL) and 
ultimately brought to a total of 450 μL by addition of more 
of the samples dissolved in rehydration buffer (8 M urea, 2% 
CHAPS, 0.5% Pharmalytes 3–10 NL, 20 mM DTT). 2-DE 
was performed with Amersham Biosciences (Uppsala, Swe-
den) IPGphor IEF and Ettan Dalt Twelve electrophoresis 
units. Precast IPG strips (24 cm, pH 3–10 NL) were used 
for the separation in the first dimension with a total focus-
ing time of 76 kVh at 15°C. Prior to SDS-PAGE, each strip 
was equilibrated with 10 mL equilibration buffer A (6 M 
urea, 50 mM Tris-HCl, pH 8.8, 30% glycerol, 2% SDS, 10 
mg/mL DTT) on a rocking table for 15 min, followed by 
equilibration with 10 mL equilibration buffer B (6 M urea, 
50 mM Tris-HCl, pH 8.8, 30% glycerol, 2% SDS, 25 mg/
mL iodoacetamide) for another 15 min. The strips were then 
loaded and run on 12.5% acrylamide gels. The running pa-
rameters were a constant power of 15 mA per gel at 15°C for 
1 hour, 25 mA per gel at 15°C for 6 hours, and then 30 mA 
per gel at 15°C until the bromophenol blue dye front had run 
off the bottom of the gels. Labeled proteins were visualized 
with the TyphoonTM 9410 imager (GE Healthcare, Uppsala, 
Sweden). All gels were scanned at 100 nm resolution, and 
the intensity was adjusted to ensure the maximum volume 
of each image was within 60,000–90,000 U. Images were 
cropped to remove areas extraneous to the gel image using 
ImageQuant V5.2 (Amersham Biosciences, Buckingham-
shire, UK) prior to analysis. Gel analysis was performed 
with DeCyderTM 6.5 (GE Healthcare). Sets of gels were first 
analyzed, and spots were counted using the differential in-
gel analysis (DIA) mode of the DeCyder (GE Healthcare) 
software package, followed by a comprehensive biological 
variance analysis (BVA).

In-gel digestion and MS/MS analysis
Gels were fixed and stained with Coomassie brilliant 

blue. Proteins of interest, as defined by the 2D-DIGE/DeCy-
der analysis, were excised from the gels and digested by 
a modified in-gel tryptic digestion procedure. Briefly, gel 
pieces were washed in 50% ACN and 25 mM NH4HCO3 
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and then reduced with 10 mM DTT at 37°C and alkylated 
in the dark with 50 mM iodoacetamide (C2H4INO) at room 
temperature for 1 h. After vacuum drying, the gel pieces 
were incubated with sequencing-grade modified trypsin at 
a concentration of 0.01 mg/mL in 25 mM NH4HCO3 for 
16 h at 37°C. Tryptic peptide mixtures were first extracted 
with 20 μL 5% TFA at 40°C for 1 h and then re-extracted 
with the same volume of 2.5% TFA/50% ACN at 30°C for 
another 1 h. The extracted solutions were blended, lyophi-
lized, and used for identification by MALDI-TOF/TOF: 
peptide extracts were dissolved in 4 μL saturated matrix 
(7 mg/mL CHCA in 0.5% v/v TFA and 50% v/v ACN), 
and 0.6 μL of the mixture was spotted manually onto an 
ABI MALDI target plate. The spots were allowed to dry 
and then put into an ABI 4800 Proteomics Analyzer (Ap-
plied Biosystems, Framingham, MA, USA) equipped with 
a 200 Hz frequency-tripled Nd:YAG laser, operating at a 
wavelength of 355 nm and a repetition rate of 200 Hz in 
both MS and MS/MS modes. The laser intensity was set at 
4,300, and ions were collected between 700 Da and 4,000 
Da. All of the acquired MS spectra represented signal av-
eraging of 1,050 laser shots. The five most intense peptide 
spots with S/N exceeding 100 were selected and subjected 
to MS/MS analysis. MS/MS spectra were searched against 
the IPI rat database (v4.33) by GPS Explorer Software v2.0 
(with MASCOT as the database search engine). The follow-
ing search criteria were used: trypsin specificity, cysteine 
carbamidomethylation (C), and methionine oxidation (M) as 
variable modifications, 2 trypsin miscleavages allowed, 50 
ppm MS tolerance, and 0.5 Da MS/MS tolerance.

Western blot analysis
Ten micrograms of protein were separated on 10% 

polyacrylamide gels and transferred to PVDF membranes 
(Amersham Pharmacia Biotech, Buckinghamshire, UK). 
Blots were blocked with 5% nonfat milk in TBS buffer with 
0.1% Tween 20 (TBST) and then developed with diluted 
antibodies: anti-apolipoprotein monoclonal antibody (di-
luted 1:1,000, Abcam, Cambridge, UK), anti-malate dehy-
drogenase antibody (diluted 1:1,000, Abcam), anti-pyruvate 
dehydrogenase antibody (diluted 1:1,000, Santa Cruz Bio-
technology, Dallas, TX, USA) and anti-GAPDH antibody 
(diluted 1:1,000, Santa Cruz Biotechnology) at 4°C over-
night, followed by incubation with HRP-conjugated sec-
ondary antibodies for one hour prior to visualization of the 
bands with ECL reagents (Santa Cruz Biotechnology)17. All 
of the membranes were exposed to X-ray film and scanned 
with a GS-710 scanner (Bio-Rad, Hercules, CA, USA).

Statistical analyses
Data are expressed as means ± SEM. The statistical 

significance of differences was assessed by Student’s t-tests, 
and values of p<0.05 were considered statistically signifi-
cant.

Results

Effect of high-fat diet on rats
Adult rats were sacrificed after feeding them a high-

fat diet for 8 weeks. The livers were rapidly excised and 
washed three times with PBS. Images were taken, and liver 
sections were stained with H&E. As shown in Fig. 1, after 
6–8 weeks of HFD treatment, fatty liver disease symptoms 
were significantly observed. We found that the liver became 
yellow after 8 weeks of HFD feeding compared with the 
liver in the normal group, and the yellow liver atrophied and 
became brittle (Fig. 1A). HE staining showed that most of 
the hepatic lobules lost their normal architecture and mor-
phology after 6–8 weeks of HFD treatment, while no his-
tological abnormalities were observed in the control group 
(Fig. 1B). At 6 weeks of HFD treatment, fat droplets were 
significantly increased, with mild to moderate infiltration of 
inflammatory cells. By 8 weeks, most of the hepatic lob-
ules had lost their normal structure, and a large number of 
macrovesicular droplets appeared (Fig. 1B). Routine blood 
testing showed that the levels of ALT, AST, and cholesterol 
were markedly increased and that leptin was significantly 
decreased after 4 weeks of HFD treatment. However, the 
HFD had no effect on body weight, TG, or blood glucose 
levels (Table 1). Together, these data indicate that hepatic 
steatosis and steatohepatitis were successfully induced by 
the HFD.

The fluorescent 2D-DIGE analysis
The major goal of this study was to determine the dy-

namic changes in the rat liver proteome during feeding with 
a high-fat diet. To this end, liver samples from rats fed the 
high-fat diet for 0, 2, 4, 6, and 8 weeks were collected and 
subjected to 2D-DIGE. The SDS-PAGE gels were stained 
and analyzed with the DeCyderTM 6.5 software (GE Health-
care). As shown in Fig. 2A, the protein spots in the gels were 
similar and widely distributed, and there were no obvious 
interference stripes or protein gathering phenomena. Image 
analysis showed that an average of 1,626 (1,577 ± 49, n=6 
Cy2 images) protein spots were detected (Fig. 2A and B). 
Then, the BVA module of the DeCyderTM6.5 software was 
used to analyze the protein spot changes at each time point. 
According to the ANOVA test, there were 27 spots that ex-
hibited statistically significant dynamic expression changes 
across all five experimental time points (1-ANOVA, p<0.05) 
(Fig. 2B). The dynamic changes in the protein spots in the 
five experimental groups were determined by BVA ac-
cording to the ratios of log sample/standard. Twenty-seven 
protein spots exhibited significant up- or downregulated 
expression over time. The dynamic change profiles of the 
partial spots are shown in Fig. 3.

Identification of differentially expressed proteins
These 27 differentially expressed protein spots were 

picked from the preparative gels, digested by trypsin, and 
analyzed by mass spectrometry (MALDI-TOF/TOF MS/
MS). The obtained protein PMF and MS/MS data were 
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submitted to the Rat IPI 4.33 database. Finally, 24 proteins 
were successfully identified (Supplementary Table 1, Sup-
plementary data: online only). One such protein was spot 
534, which was identified as the glucose-regulated protein 
precursor through Mascot analysis; the matching peptides 
were ITPSYVAFTPEGER, VTHAVVTVPAYFNDAQR, 
DNHLLGTFDLTGIPPAPR, and SDIDEIVLVGGSTR 
(Fig. 2C).

Annotation of differentially expressed proteins
To further understand the functions of the differen-

tially expressed proteins, gene ontology annotation was 
performed by using the GOfact tool (http://61.50.138.118/
gofact/). As shown in Fig. 4, each protein was linked to at 

least one Gene Ontology (GO) annotation category. Among 
them, 22 proteins were assigned to biological processes, 
21 proteins were mapped to cellular components, and 24 
proteins were involved in molecular function ontology. We 
found that most of the proteins were located in the mito-
chondria and extracellular matrix, among which were 5 
proteins located in the mitochondria and 5 proteins anno-
tated as extracellular matrix proteins; the other proteins 
were located in the endoplasmic reticulum, cytoskeleton, 
and microorganella (Fig. 4A). For biological processes, 14 
proteins were identified as metabolism-related proteins, 
among which were 3 proteins involved with carbohydrates, 
3 proteins related to lipid metabolism, 3 proteins involved in 
nucleic acid metabolism, and 5 proteins involved in amino 

Fig. 1. Effect of HFD on liver hepatic pathology. A, Photograph of rat liver tissue (i–iii, control group; iv–vi, HFD induction for 8 weeks). 
B, Representative images of hematoxylin and eosin-stained liver from rats fed a high-fat diet for different periods are shown (×200).
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Table 1. Biochemical Parameters in the Different Groups

Parameter
0 w (n=8) 2 w (n=8) 4 w (n=8) 6 w (n=8) 8 w (n=8)

CTL HFD CTL HFD CTL HFD CTL HFD CTL HFD

Body 
weight (g)

241.5 ± 20.2 254.4 ± 17.1 267.5 ± 25.4 286.3 ± 21.8 320.2 ± 25.1 317.5 ± 24.3 345.2 ± 23.5 354.2 ± 26.0 379.5 ± 39.4 387.9 ± 33.6

TG  
(mmol/L) 0.28 ± 0.15 0.30 ± 0.17 0.30 ± 0.16 0.31 ± 0.23 0.35 ± 0.14 0.37 ± 0.19 0.38 ± 0.08 0.35 ± 0.14 0.41 ± 0.23 0.50 ± 0.25

Cholesterol 
(mmol/L) 1.26 ± 0.41 1.13 ± 0.33 1.16 ± 0.21 1.01 ± 0.24 1.42 ± 0.26 1.55 ± 0.18 1.53 ± 0.14 2.53 ± 0.29* 1.69 ± 0.14 2.61 ± 0.32*

ALT  
(U/L) 27.2 ± 4.6 25.2 ± 5.4 31.6 ± 16.2 34.7 ± 15.7 36.5 ± 18.1 67.3 ± 20.1** 45.2 ± 21.4 132.2 ± 30.5** 43.4 ± 32.5 211.4 ± 33.7**

AST  
(U/L) 130.8 ± 19.8 137.8 ± 24.6 143.2 ± 32.5 151.2 ± 37.3 142.54 ± 26.3 170.69 ± 35.1* 145.1 ± 16.55 257.4 ± 26.9** 137.6 ± 21.2 297.6 ± 36.3**

Glucose  
(mg/dL) 5.1 ± 1.76 4.5 ± 0.75 4.9 ± 1.55 5.2 ± 1.36 5.7 ± 1.04 5.5 ± 1.2 5.16 ± 0.53 4.94 ± 0.93 5.05 ± 1.02 4.79 ± 1.17

Leptin  
(ng/dL) 0.61 ± 0.09 0.73 ± 0.21 0.63 ± 0.07 0.67 ± 0.08 0.75 ± 0.05 0.42 ± 0.11* 0.86 ± 0.11 0.57 ± 0.15* 0.93 ± 0.15 0.54 ± 0.24*

Data represent the means ± SEM. *p<0.05, HFD versus CTL; **p<0.01, HFD versus CTL.

Fig. 2. DIGE images of differentially expressed protein spots. A, Two-dimensional DIGE images of the control and HFD-induced rats for 0 
week, 2 weeks, 4 weeks, 6 weeks, and 8 weeks. B, Protein spots with significant changes were labeled and identified. Spot numbers 
correspond to those in Supplementary Table 1: online only. pH 3–10, 300 μg proteins were loaded. C, The sequences of the precursor at 
m/z 1566.84, 1888.04, and 1943.08 were analyzed by MS/MS and found to be ITPSYVAFTPEGER, VTHAVVTVPAYFNDAQR, and 
DNHLLGTFDLTGIPPAPR. This protein was identified to be the glucose-regulated protein precursor after a database search.
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acid metabolism; 4 proteins were related to biosynthesis; 2 
proteins were involved in the response to stress; 2 proteins 
were related to cell communication; 2 proteins were related 
to development; and the other 5 proteins were involved in 
intracellular substance transfers (Fig. 4B). In the molecular 
function category, 3 GO terms in the binding and catalytic 
activity groups were enriched. Binding proteins were the 
major subcategory, including ion binding, protein binding, 
lipid binding, and nucleic binding (Fig. 4C).

Protein validation by western blot
Twenty-four proteins with a dynamic change profile 

were identified in the rats fed the HFD. To verify these 
DIGE results, protein samples from these experiments were 
further analyzed by western blot. As shown in Fig. 5, the 2D 
and 3D dynamic change maps of four protein spots changed 
in response to the high-fat diet for 8 weeks, and the western 
blotting results confirmed these results; we found that apo-
lipoprotein A-I precursor and pyruvate dehydrogenase E1 
were significantly increased after 8 weeks of HFD feeding. 
However, the expression levels of malate dehydrogenase and 

transthyretin precursor were downregulated.

Discussion

NAFLD is now considered to be the most common liver 
disease around the world, and the disease can progress slow-
ly from simple nonalcoholic steatosis (NAS) to nonalcoholic 
steatohepatitis (NASH) and subsequently to hepatic fibro-
sis, cirrhosis of the liver, and hepatoma18, 19; however, the 
molecular mechanisms underlying NAFLD initiation and 
progression remain poorly understood. Proteomics is widely 
used to study the dynamic changes of proteins in tissues and 
organs under physiological or pathological conditions20–26. 
For instance, You et al. analyzed the protein profile and 
function of liver mitochondria from rats with nonalcoholic 
steatohepatitis by using a proteomic strategy24. Using an 
LC-MS/MS combined label-free quantitative strategy, Rao 
et al. analyzed the high-density lipoprotein particles in 
patients with nonalcoholic fatty liver disease25. Spanos et 
al. found by using iTRAQ combined with a nano-LC-MS/
MS assay that dysregulation of GLO1 implicates the acet-

Fig. 3. The dynamic profiles of some key protein spots. Graphical representations of partial protein spots that showed dynamic changes during 
the 8 weeks of HFD induction; the left panel shows the images of the spots in the 2D gel. The volume of each spot was calculated and 
normalized by the Decyder-DIA software (right panel). Values are indicated as the standardized log of abundance.
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ylation-ubiquitination degradation pathway in nonalcoholic 
fatty liver disease26. In the present study, 2D-DIGE technol-
ogy was used to systematically analyze the liver proteome 
during NAFLD in the HFD-induced rat, and the results will 
be helpful in elucidating the mechanisms involved in the 
progression of NAFLD.

Twenty-seven protein spots with dynamic changes were 
successfully observed in the present study, among which 
were 24 proteins identified by mass spectrometry. The gene 
ontology analysis showed that most of these proteins are 
metabolism-related proteins, including carbohydrate metab-
olism-related proteins (such as pyruvate dehydrogenase E1 
component subunit beta, Pdhb; aldose 1-epimerase, Galm; 
malate dehydrogenase, Mdhl; and triosephosphate isomer-
ase, Tpil), lipid metabolism-related proteins (apolipoprotein 
A-I precursor, Apoal; 3-oxo-5-beta-steroid 4-dehydroge-
nase, as known as aldo-keto reductase family 1 member D1, 
Akr1D1), and amino acid and derivative metabolism-related 
proteins. Pdhb and Mdhl are two important enzymes in the 
TCA cycle. Pdhb participates in the transformation of pyru-
vic acid into acetyl CoA27, and Mdhl catalyzes malic acid 
into oxaloacetic acid28. We found that the expression of Pdhb 
was significantly increased in the rat liver after 8 weeks of 
HFD induction. Interestingly, the expression of Mdhl was 
dramatically decreased during the HFD-induction process. 
The upregulation of Pdhb suggested the acetyl CoA content 

increased during the HFD-induced process; however, the 
downregulation of Mdhl restrained the transformation of 
malic acid into oxaloacetic acid, which led to the TCA cycle 
pathway being suppressed, which resulted in a disorder of 
energy metabolism in liver cells.

Apolipoprotein is mainly synthesized in the liver and 
small bowel. ApoAI is the chief component of high-density 
lipoprotein (HDL)29. It is well known that ApoAI is an es-
pecially important factor in the cholesterol reverse trans-
portation process, and it can be combined with lecithin, a 
variety of plasma factors, and cell membrane receptors, as 
well as participate in plasma protein secretion and subse-
quently regulate HDL metabolism30. In this study, we found 
that the expression of ApoAI was decreased in the early 
stages of HFD induction (0–4 weeks) and then increased in 
the later stages (6–8 weeks). It has been generally thought 
that a decline of ApoAI is related to viral hepatitis, liver cir-
rhosis, and liver cancer. However, an increase in ApoAI was 
found to be closely related to alcoholic hepatitis and high 
lipoprotein-α (Lp-α). This result indicates that there may be 
a different mechanism between high fat diet-induced liver 
tissue lesions and viral infection that leads to liver lesions.

Akr1D1 is an oxidoreductase that participates in bile 
acid synthesis and corticosteroid metabolism31–33. In this 
study, we found that the expression of Akr1D1 was in-
creased during the first 6 weeks and then significantly de-

Fig. 4. Gene ontology annotation of identified proteins. Identified proteins were categorized based upon their subcellular location (A), biological 
process (B), and molecular function (C). Values in these pie charts represent the number of proteins found in that respective category for 
all submitted proteins with GO annotation.
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creased at the 8-week point. Many studies have shown that 
liver bile acid is one of the important markers of anomalous 
changes during liver damage. Collectively, our data suggest 
that a distinct change of Akr1D1 in liver tissue indicates that 
a subclinical hepatic injury may be occurring.

Many publications have shown that the most important 
pathogenesis of fatty hepatitis is free radical-mediated liver 
damage, which mainly manifests as an oxidation product 
increase and/or a reduction in antioxidant effect34, 35. It is 
well known that during the process of final pathogenesis of 
NAFLD, ROS are created, which would initiate an oxygen 
stress response and lead to lipid peroxidation and liver anti-
oxidant system abnormalities36. In this study, we found that 
catalase, which is related to hydrogen peroxide metabolism, 
increased and reached a peak at 4 weeks and then signifi-
cantly decreased. The dramatic change in catalase levels 
shows that there was an adjustment mechanism for high-
fat diet processing in rats, which is consistent with previous 
reports37, 38.

In summary, we adopted DIGE technology to monitor 
the dynamic change of proteins during the fatty liver forma-
tion process and found that 27 protein spots had dynamic 
changes, among which were 24 successfully identified 
proteins. GO annotation indicated that these proteins were 
implicated in the metabolism of carbohydrates, lipids, and 
amino acids. At present, the relationship between the chang-
es in the expression of these proteins and the formation of 
fatty liver is not very clear. An in-depth study of these pro-
teins will provide meaningful clues about the pathogenesis 
of fatty liver and early prevention and diagnosis.
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