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Abstract. Non‑alcoholic steatohepatitis (NASH) is a common 
clinicopathological condition. Currently, the pathogenesis 
of NASH remains unknown, and no optimal therapy option 
currently exists. It has previously been demonstrated that 
diallyl disulfide (DADS) was capable of attenuating liver 
dysfunction, as DADS supplementation had a positive impact 
on liver regeneration, proliferation and oxidative damage. 
Thus, DADS could serve as a potential therapeutic agent that 
can protect against the effects of NASH. The present study 
aimed to evaluate the effect of DADS on NASH and to under-
stand the associated underlying molecular mechanisms. A 
methionine‑ and choline‑deficient diet (MCD) and high‑fat diet 
(HFD) are the two common animal models that induce NASH. 
C57BL/6J mice were fed an MCD for 4 weeks, or an HFD for 
20 weeks, in the present study. The mice were treated with 
or without DADS (20, 50 and 100 mg/kg) for 4 or 20 weeks. 
For the histopathological examination, hematoxylin and 
eosin staining, oil red O staining and immunohistochemical 
analyses were performed using the liver sections. Biochemical 
assays and ELISA were performed to measure the serum 
biochemical indicators of hepatic function and inflammatory 
indicators, respectively. Reverse transcription‑quantitative 
PCR, immunofluorescence and western blotting were used to 
detect expression levels of the genes involved in the molecular 
mechanisms underlying DADS protection. MCD or HFD 

induced the histological features of NASH in mice, including 
significant vacuolated hepatocytes, marked inflammatory cell 
infiltration and severe micro‑ and macro‑vesicular steatosis. 
Serum alanine transferase and aspartate aminotransferase 
levels, as well as the contents of liver triglyceride and total 
cholesterol, were significantly increased in these two models. 
DADS attenuated these histological and biochemical changes. 
DADS ameliorated hepatic steatosis by regulating sterol regu-
latory element‑binding transcription factor 1, apolipoprotein 
A1, cyclic AMP‑responsive element‑binding protein H and 
fibroblast growth factor 21. Furthermore, DADS was revealed 
to prevent lipotoxicity via peroxisome proliferator‑activated 
receptor α elevation and stearoyl‑coenzyme A desaturase 1 
inhibition in HFD‑fed mice. In addition, DADS markedly 
inhibited lipid peroxidation by modulating malondialdehyde 
and superoxide dismutase, and it also decreased tumor 
necrosis factor‑α production, interleukin‑6 production and 
macrophage influx, as well as suppressing nuclear factor‑κB 
activation, indicating suppression of MCD‑induced hepatic 
inflammation. Taken together, the results have shown that 
DADS exerts beneficial effects on MCD‑ or HFD‑induced 
NASH by suppressing key regulators of lipid metabolism, lipid 
peroxidation and inflammation.

Introduction

Nonalcoholic steatohepatitis (NASH) is a common clini-
copathological disease characterized by lipid deposition, 
inflammatory lesions and hepatocyte damage, which may 
induce varying degrees of liver cirrhosis or result in the 
development of hepatocellular carcinoma  (1). Previous 
evidence has demonstrated that NASH can be induced by 
several factors, such as lipotoxicity, oxidative stress, genetic 
susceptibility, mitochondrial dysfunction, abnormal lipid 
metabolism and endoplasmic reticulum stress (2,3). Currently, 
the pathogenesis of NASH remains unclear, and key events 
in NASH have always been targets of therapeutic manage-
ment (4). Thus, physical exercise, weight loss and lifestyle 
adjustments remain the best treatment methods for NASH. 
Furthermore, the absence of approved pharmacological 

Diallyl disulfide attenuates non‑alcoholic steatohepatitis 
by suppressing key regulators of lipid metabolism, 

lipid peroxidation and inflammation in mice
NING ZHANG1*,  YULI WANG2*,  JUNLI ZHANG1,  BEIBEI LIU1,  

GUIXIN LI1,  SHENGLIANG XIN1  and  KESHU XU1

1Division of Gastroenterology, Union Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Wuhan, Hubei 430022; 2Department of Oncology, 

The First Affiliated Hospital of Medical College, Shihezi University, Shihezi, Xinjiang 832002, P.R. China

Received November 2, 2018;  Accepted May 3, 2019

DOI:  10.3892/mmr.2019.10316

Correspondence to: Dr Keshu Xu, Division of Gastroenterology, 
Union Hospital, Tongji Medical College, Huazhong University of 
Science and Technology, 1277 Jiefang Avenue, Wuhan, Hubei 430022, 
P.R. China
E‑mail: xuzoumedmail@126.com

*Contributed equally

Key words: diallyl disulfide, non‑alcoholic steatohepatitis, lipid 
metabolism, lipid peroxidation, inflammation

https://www.spandidos-publications.com/10.3892/mmr.2019.10316


ZHANG et al:  Diallyl disulfide attenuates NASH1364

therapies has contributed to expanse of extensive research 
into NASH treatment.

Garlic compounds have gained increasing attention over 
the last few decades, owing to their diverse biological activities, 
including their antioxidant, antiatherosclerotic, antithrom-
botic, antidiabetic, anticarcinogenic and anti‑inflammatory 
effects (5‑7). Diallyl disulfide (DADS), a major component of 
the secondary organosulfur compounds derived from garlic, 
has demonstrated protective effects against cancer develop-
ment, as well as against the onset of allergies, arthritis, and 
cardiovascular, neurological, and liver diseases (8‑11). Drug 
metabolism can be divided into one of two phases: The first 
phase is called a biotransformation reaction, which includes 
oxidation, reduction and hydrolysis reactions; and the second 
phase is known as the binding reaction, where the reaction 
is combined with endogenous substances. These beneficial 
effects may be attributed to DADS‑mediating phase I and II 
metabolizing enzymes (12,13). DADS was demonstrated to 
inhibit dichloroacetate‑induced reactive oxygen species (ROS) 
production, inflammatory factors and the expression of p50 
in the nucleus in a dose‑dependent manner. Feng et al (14) 
revealed that DADS may be a good candidate for the chemical 
prevention and therapy of Barrett's esophagus and esophageal 
adenocarcinoma. In addition, DADS has previously been 
reported to induce mitochondrial biogenesis to attenuate 
cardiac hypertrophy via the eNOS‑Nrf2‑Tfam pathway in 
rats (15). Previous studies have also suggested that the use of 
DADS supplementation following major hepatectomy had a 
positive impact on liver regeneration, proliferation and oxida-
tive damage (16,17). DADS was capable of attenuating liver 
dysfunction, as it had been metabolized into allylglutathione 
sulfide and allylmercaptan in rats and humans (18). However, 
the effects of DADS in NASH, and the associated underlying 
molecular mechanisms, remain unclear.

In the present study, the effect of DADS on NASH models 
induced by a methionine‑ and choline‑deficient diet (MCD) 
or a high‑fat diet (HFD) was evaluated. The potential mecha-
nisms of the protective effects of DADS, in regard to lipid 
metabolism, lipid peroxidation, lipotoxicity and inflammation, 
were also further investigated.

Materials and methods

Animals and experimental groups. The experimental 
protocol was approved by the Animal Ethics Committee of 
Tongji Medical College, Huazhong University of Science 
and Technology (Wuhan, China), and performed according 
to the principles of the Institutional Animal Care and Ethics 
Committee guidelines (IACUC no. S619). A total of 60 male 
C57BL/6J mice weighing 22  g (6‑7  weeks of age) were 
purchased from Beijing Huafukang Bioscience Co., Ltd., and 
maintained in a temperature‑controlled room (23±2˚C) with a 
12‑h light‑dark lighting cycle.

NASH mice models were established via an MCD for 
4 weeks and an HFD for 20 weeks (19). These models demon-
strated increased adipose tissue inflammation, enlarged fat 
cells and less oxidized fat in their muscles. DADS (purity 
>75%; Sigma‑Aldrich; Merck KGaA) dissolved in corn oil 
was prepared immediately prior to treatment. Following a 
2‑week acclimation period with standard pellet chow and 

water ad  libitum given prior to the experiments, the mice 
were randomly divided into one of the following 12 groups 
(n=5 mice per group): i) Mice fed a normal diet with daily 
oral gavage of corn oil [Normal + negative control (NC) 
group]; ii) mice fed a normal diet with daily oral gavage of 
20 mg/kg DADS (Normal + DADS‑L group); iii) mice fed 
a normal diet with daily oral gavage of 50 mg/kg DADS 
(Normal + DADS‑M group); iv) mice fed a normal diet with 
daily oral gavage of 100 mg/kg DADS (Normal + DADS‑H 
group); v) mice fed an MCD diet with daily oral gavage of corn 
oil (MCD + NC group); vi) mice fed an MCD diet with daily 
oral gavage of 20 mg/kg DADS (MCD + DADS‑L group); 
vii) mice fed an MCD diet with daily oral gavage of 50 mg/kg 
DADS (MCD + DADS‑M group); viii) mice fed an MCD diet 
with daily oral gavage of 100 mg/kg DADS (MCD + DADS‑H 
group); ix) mice fed an HFD diet with daily oral gavage of corn 
oil (HFD + NC group); x) mice fed an HFD diet with daily oral 
gavage of 20 mg/kg DADS (HFD + DADS‑L group); xi) mice 
fed an HFD diet with daily oral gavage of 50 mg/kg DADS 
(HFD + DADS‑M group); and xii) mice fed an HFD diet with 
daily oral gavage of 100 mg/kg DADS (HFD + DADS‑H 
group). The DADS concentrations were selected based on 
previous studies with minor modifications (5,17).

Following treatment with MCD for 4 weeks and HFD for 
20 weeks, the mice were sacrificed following a 12‑h fast via 
pentobarbital sodium injection. Blood samples were collected 
from the heart following euthanasia and serum was isolated 
via centrifugation at 4˚C for 15 min at 2,000 x g. Liver tissues 
were collected and weighed following washing with physi-
ological saline, and then a portion of the tissue was fixed with 
4% paraformaldehyde for 24 h at room temperature to prepare 
for histological staining. The remaining hepatic tissues were 
stored at ‑80˚C for molecular biological assays.

Liver histology and immunohistochemical staining of 
F4/80‑positive cells. Paraformaldehyde‑fixed liver tissues 
were used for hematoxylin and eosin (H&E) staining and oil 
red O staining, as described in a previous study (20). The 
NASH activity score, a histological feature scoring system, 
was utilized to assess the liver lesions: Steatosis (score, 
0‑3), lobular inflammation (score, 0‑3), and hepatocellular 
ballooning (score, 0‑2). Samples with scores >4 were diag-
nosed as ‘NASH’, samples with scores <3 were designated 
as ‘not NASH’, and samples with scores between 3‑4 were 
designated as ‘possible for NASH’ (21). The expression of 
F4/80, a macrophage‑surface marker, was detected via 
immunohistochemistry using an immunohistochemistry kit 
(Wuhan Boster Biological Technology, Ltd.) with the rat 
anti‑F4/80 monoclonal antibody (1:3,000; cat. no. MCA497; 
Bio‑Rad Laboratories, Inc.) at 37˚C for 2 h, and subsequent 
incubation at 37˚C for 2 h with the secondary antibodies 
(horseradish peroxidase‑conjugated anti‑mouse IgG; 1:2,000; 
cat. no.  SV0004; Wuhan Boster Biological Technology, 
Ltd.). Detection of positive staining was performed using 
3,3'‑diaminobenzidine reagent (Wuhan Boster Biological 
Technology, Ltd.) for 3 min at room temperature. Finally, 
all sections were counterstained with 10% hematoxylin for 
30 sec at room temperature, and were then left to dry and 
covered with a coverslip. For every section, 5 fields were 
randomly selected to evaluate the quantification of F4/80 
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using Image‑Pro Plus 6.0 (Media Cybernetics, Inc.) under a 
light microscope (magnification, x40).

Lipid and transaminase analysis. Serum aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) levels 
were measured using biochemical methods according to 
protocols by the Nanjing Jiancheng Bioengineering Institute. 
Serum triglyceride (TG) and total cholesterol (TC) levels were 
measured using GPO‑PAP and COD‑PAP enzymatic colori-
metric assay kits (Nanjing Jiancheng Bioengineering Institute), 
respectively, according to the manufacturer's protocol.

Cytokine measurement. The plasma concentrations of malo-
ndialdehyde (MDA), superoxide dismutase (SOD), interleukin 
(IL)‑6 and tumor necrosis factor (TNF)‑α were measured 
using specific ELISA kits (BioLegend, Inc.) according to the 
manufacturer's protocol. The absorbance of the samples and 
standards was detected at 450 and 570 nm for the respective 
kits using a microplate reader (Bio‑Rad Laboratories, Inc.).

Immunofluorescence. Paraffin‑embedded liver sections (4‑µm 
thickness) were dewaxed with dimethyl‑benzene, permeabi-
lized with 0.3% Triton X‑100, and blocked with normal donkey 
serum (GeneTex, Inc.) for 60 min at room temperature. The 
sections were then co‑incubated with cyclic AMP‑responsive 
element‑binding protein H (CREBH) antibody (1:100; cat. 
no. sc‑377332; Santa Cruz Biotechnology, Inc.), and peroxi-
some proliferator‑activated receptor α (PPARα) antibody 
(1:100; cat. no. ab8934; Abcam) or stearoyl‑coenzyme A desat-
urase 1 (SCD‑1) antibody (1:100; cat. no. 2794; Cell Signaling 
Technology, Inc.) overnight at 4˚C. After being washed with 
phosphate buffer, the samples were incubated with secondary 
antibodies, including Alexa Fluor® 488‑linked (green) 
anti‑mouse and Alexa Fluor® 647‑linked (red) anti‑rabbit 
antibodies (1:200; cat. nos. R37114 and A‑31573; both from 
Thermo Fisher Scientific, Inc.). Nuclei were stained using 
DAPI at room temperature for 10 min. All slides were exam-
ined under a fluorescent confocal microscope (magnification, 
x40; FV‑500; Olympus Corporation). Images were acquired 
using simultaneous dual‑channel scanning.

Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
from the liver tissues was extracted using TRIzol® reagent 
(Thermo Fisher Scientific, Inc.). Next, 5 µg of RNA was used 
for cDNA synthesis using an M‑MLV RTase cDNA Synthesis 

kit (Takara Bio Inc.). Then, RT‑qPCR was performed 
using a SYBR Green PCR kit (Takara Bio Inc.) with the 
LightCycler480 sequence detector system (Roche Applied 
Science), using the following reaction conditions: 95˚C for 
5 min, 45 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 70˚C 
for 30 sec. The primer sequences for the RT‑qPCR are listed 
in Table I. The 2‑ΔΔCq method was used to calculate the relative 
mRNA expression (22), which was normalized against the 
internal control gene, β‑actin. Gene expression levels for each 
sample were analyzed in duplicate.

Western blot assay. Tissue lysates were prepared using RIPA 
lysis buffer containing 0.1 mmol/l phenylmethylsulphonyl 
fluoride (PMSF; Sigma‑Aldrich; Merck KGaA). After being 
quantified using a Bio‑Rad protein assay kit (Bio‑Rad 
Laboratories, Inc.), protein extracts (50  µg/lane) were 
separated via 10% SDS‑PAGE and transferred onto a poly-
vinylidene fluoride (PVDF) membrane (EMD Millipore). 
Membranes were blocked with 5% fat‑free milk at room 
temperature for 60  min, followed by incubation with 
primary antibodies overnight at 4˚C. The membranes were 
washed and subsequently incubated at room temperature for 
2 h in the next day with the secondary antibodies [horse-
radish peroxidase‑conjugated anti‑rabbit IgG (1:2,000; cat. 
no. GTX213110‑01) and horseradish peroxidase‑conjugated 
anti‑mouse IgG (1:2,000; cat. no.  GTX213111‑01); both 
GeneTex, Inc.]. Immunoreactive proteins were visualized 
using chemiluminescence kits (Thermo Fisher Scientific, 
Inc.). The protein expression of each sample was analyzed 
three times and normalized against the internal reference 
antibody, GAPDH or tubulin.

The following primary antibodies were used: Anti‑sterol 
regulatory element‑binding transcription factor 1 (SREBP1c; 
1:1,000; cat. no. ab28481; Abcam); anti‑CREBH (1:1,000; cat. 
no. sc‑377332; Santa Cruz Biotechnology, Inc); anti‑PPARα 
(1:2,000; cat. no. ab8934; Abcam); anti‑SCD‑1 (1:1,000; cat. 
no.  2794; Cell Signaling Technology, Inc.); anti‑phospho 
(p)‑nuclear factor (NF)‑κB p65 (1:2,000; cat. no.  3033; 
Cell Signaling Technology, Inc.); anti‑tubulin (1:2,000; cat. 
no. GTX76511; GeneTex, Inc.); and anti‑GAPDH (1:2,000; cat. 
no. GTX100118; GeneTex, Inc.).

Statist ical analysis. Values are expressed as the 
mean ± standard error of the mean (SEM). All statistical anal-
yses were performed using SPSS software (version 16.0; SPSS 

Table I. Primer sequences for reverse transcription‑quantitative PCR assays.

Genes	 Forward primers (5'‑3')	R everse primers (5'‑3')

SREBP‑1c	 GCAGCCACCATCTAGCCTG	CA GCAGTGAGTCTGCCTTGAT
ApoA‑1	 GCTCAAGAGCAACCCTACCTT	 GCTTTCTCGCCAAGTGTCTTC
CREBH	CC TCCCGCTTCAACCTCAC	CC GGATCTTTCTGCGGATTTT
FGF21	 GTGTCAAAGCCTCTAGGTTTCTT	 GGTACACATTGTAACCGTCCTC
PPARα	 GTCATCACAGACACCCTCTCTCC	 TGTCCCCACATATTCGACACTC
SCD‑1	CA GTTCCTACACGACCACCACTA	 GGACGGATGTCTTCTTCCAGAT
β‑actin	 TTCTTTGCAGCTCCTTCGTTGCCG	 TGGATGGCTACGTACATGGCTGGG
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Inc.), and statistical significance was calculated using one‑way 
analysis of variance. Post hoc multiple comparison testing 
among groups was performed using the least significance 
difference test. All experiments were repeated independently 
a minimum of three times. P<0.05 was considered to indicate 
a statistically significant difference.

Results

DADS ameliorated hepatic dysfunction in mouse models of 
NASH. Following 4 weeks of feeding with MCD or 20 weeks 
of feeding with HFD, the liver morphology and liver sections 
in the mice exhibited significant vacuolated hepatocytes, 
marked inflammatory cell infiltration and severe micro‑ and 
macro‑vesicular steatosis, which indicated the successful 
establishment of two NASH mouse models (Fig. 1A and B). 
The inclusion of DADS (50 and 100  mg) in the MCD or 
HFD models, respectively, greatly ameliorated the hepatic 
dysfunction, as determined via H&E staining (Fig. 1B). It is 
worth noting that supplementation with DADS had no effect 

on liver histology in mice fed a normal diet, demonstrating 
its non‑hepatotoxic properties (P>0.05; Fig. 1B, E and F). 
Mice fed with MCD had the lowest liver weight and mice fed 
with HFD had the heaviest liver weight compared with those 
mice fed with a normal diet (P<0.01; Fig. 1C). DADS (50 and 
100 mg) significantly increased the liver weight in MCD‑fed 
mice and decreased it in HFD‑fed mice, respectively (P<0.01; 
Fig. 1C). The trend of changes in body weight was similar to 
the liver weight in mice (P<0.05; Fig. 1D). Furthermore, the 
serum ALT and AST levels were significantly increased in 
these two NASH models, and these levels were significantly 
decreased by DADS treatment in a dose‑dependent manner 
(P<0.05; Fig. 1E and F).

DADS decreased hepatic lipid accumulation in mouse models 
of NASH. Oil Red O staining was performed in liver sections 
in order to investigate the effect of DADS on lipid deposi-
tion and lipid droplet accumulation. As presented in Fig. 2A, 
the hepatic lipid accumulation was greater in mouse models 
of NASH than in the mice fed with a normal diet (P<0.05). 

Figure 1. Evaluation of hepatic dysfunction in MCD‑fed or HFD‑fed mice with or without DADS treatment. (A) Representative images of liver morphology 
and (B) hematoxylin and eosin‑stained liver sections (scale bar, 20 µm). (C) Fresh liver weights in the mice. (D) Body weights in the mice. (E) ALT level and 
(F) AST levels in plasma. Data were presented as mean ± standard error of the mean; n=5. *P<0.05 vs. normal group with same treatment; #P<0.05 vs. NC in 
the same models. MCD, methionine‑ and choline‑deficient diet; HFD, high‑fat diet; DADS, diallyl disulfide; ALT, alanine transferase; AST, aspartate amino 
transferase; NC, negative control.
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DADS treatment caused a marked decrease in the number 
and size of lipid droplets (P<0.01; Fig. 2A). The liver TG and 
TC contents in MCD‑fed mice were elevated by 2.51‑ and 
1.81‑fold in MCD‑fed mice, respectively, compared with the 
mice fed a normal diet (P<0.05; Fig. 2B and C). These contents 
were also increased by 2.42‑ and 1.72‑fold in HFD‑fed mice, 
respectively, when compared with those mice fed a normal 
diet (P<0.05; Fig. 2B and C). Interestingly, DADS treatment 
significantly decreased MCD‑induced or HFD‑induced eleva-
tions in the liver TG and TC contents in a dose‑dependent 
manner (P<0.05; Fig. 2B and C). These results clearly indicated 
the anti‑steatotic role of DADS on MCD‑ or HFD‑induced 
NASH. Since the high‑dose DADS group displayed the best 
hepatoprotective effects, 100 mg/kg DADS was chosen for the 
following experiments.

DADS ameliorated hepatic steatosis by regulating key 
regulators of lipid metabolism. To investigate the molecular 
mechanisms behind DADS in ameliorating hepatic steatosis, 
the mRNA levels of key lipid metabolism‑associated genes 
were examined. MCD or HFD caused a significant increase 
in the mRNA levels of SREBP‑1c and apolipoprotein A1 
(ApoA‑I), while they led to a significant decrease in the 

mRNA levels of CREBH and fibroblast growth factor (FGF)21 
(P<0.05; Fig. 3A and B). In addition, DADS treatment reversed 
the effect of MCD or HFD on the expression of these genes 
(P<0.05; Fig.  3A and B). As the major regulators of lipid 
biosynthesis, SREBP‑1c and CREBH regulate the expres-
sion of several genes associated with TG and fatty acid (FA) 
synthesis. Thus, the protein levels of SREBP‑1c and CREBH 
were detected and the results revealed that DADS decreased 
the protein expression levels of SREBP‑1c and increased the 
protein expression levels of CREBH (P<0.05; Fig. 3C and D).

DADS attenuated lipotoxicity and lipid peroxidation in 
HFD‑fed mice. To investigate the role of DADS in lipotoxicity 
and lipid peroxidation in HFD‑fed mice, the expression levels 
of PPARα and SCD‑1 were detected in the present study. As 
presented in Fig. 4A and B, the expression levels of PPARα 
or SCD‑1 were significantly decreased or increased, respec-
tively, in HFD‑fed mice when compared with the normal 
control group (P<0.05). DADS treatment led to an increase 
in PPARα expression and a decrease in SCD‑1 expression in 
HFD‑fed mice (P<0.05; Fig. 4A and B). These results were 
further verified via an immunofluorescence assay, demon-
strating the expression levels of PPARα and SCD‑1 (Fig. 4C). 

Figure 2. Hepatic lipid accumulation in MCD‑fed or HFD‑fed mice with or without DADS treatment. (A) Representative images of oil red O stained liver 
sections (scale bar, 20 µm). (B) The hepatic TG and (C) TC content were measured using GPO‑PAP and COD‑PAP enzymatic colorimetric assay kits. Data are 
presented as mean ± standard error of the mean; n=5. *P<0.01 vs. normal group with same treatment; #P<0.01 vs. NC in the same models. MCD, methionine‑ and 
choline‑deficient diet; HFD, high‑fat diet; DADS, diallyl disulfide; TG, serum triglyceride; TC, total cholesterol; NC, negative control; NASH, non‑alcoholic 
steatohepatitis.
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The abnormalities in MDA and SOD levels in the plasma 
could also be alleviated by DADS treatment in HFD‑fed mice 
(P<0.05; Fig. 4D).

DADS inhibits inflammation through the NF‑κB pathway 
in MCD‑fed mice. The results of immunohistochemical 
staining of F4/80‑positive cells revealed that the number 
of macrophage cells had increased in the liver in MCD‑fed 
group, while it had decreased following DADS treat-
ment (P<0.05; Fig. 5A). TNF‑α and IL‑6 are the two most 
common inflammatory cytokines. TNF‑α is the earliest and 
most important inflammatory mediator in the inflamma-
tory process; it activates neutrophils and lymphocytes and 
allows them to pass through the vascular endothelial cells. 
In addition, TNF‑α regulates other metabolic activities in 
the tissues and promotes the synthesis and release of other 
cytokines. IL‑6 induces B‑cell differentiation and produces 
antibodies. It also induces the activation, proliferation 
and differentiation of sputum cells, and participates in the 
immune response of the body. IL‑6 is a trigger for inflam-
matory reactions. Therefore, these two most representative 
inflammatory factors were chosen to assess the therapeutic 
effects of DADS in the present study. The plasma levels of 
IL‑6 and TNF‑α were higher in the MCD‑fed mice than 
in the mice that were fed a normal diet (P<0.05; Fig. 5B). 
In addition, DADS treatment in MCD‑fed mice effectively 

reversed these elevations (P<0.05; Fig.  5B). We then 
detected the expression of the NF‑κB pathway, which was 
revealed to play a pivotal role in the pathogenesis of NASH. 
As presented in Fig. 5C and D, MCD led to an increase in 
the protein expression levels of p‑NF‑κB p65 in the liver of 
MCD‑fed mice, and DADS treatment blocked this increase 
(P<0.05).

Discussion

The global incidence of NASH increases constantly with 
the improvement of living standards. However, the medica-
tions that have been proven to be most effective for NASH 
are limited, and treatment for end‑stage NASH is confined 
to liver transplantation only  (23,24). Thus, discovering 
effective drugs for NASH and elucidating its underlying 
molecular mechanism is urgently required. Herein, the 
results from the present study demonstrated the apparent 
hepatoprotective effect of DADS that was involved in regu-
lating the key regulators of hepatic steatosis, lipotoxicity, 
lipid peroxidation and inflammation. Diversified animal 
models of NASH have been established to understand its 
etiology and to discover efficient therapies. Two mouse 
models of NASH induced by MCD or HFD were established, 
which were associated with decreased very‑low‑density 
lipoprotein secretion or increased FA levels associated 

Figure 3. Effects of DADS on key molecules of lipid metabolism in NASH mice. (A and B) reverse transcription‑quantitative PCR analyses of hepatic mRNA 
levels for critical genes involved in lipid metabolism in the MCD and HFD models. Specific mRNA expression values were normalized to the expression of 
β‑actin. (C and D) Total protein levels of SREBP‑1c, CREBH and tubulin were analyzed using western blotting in MCD models and HFD models. Tubulin was 
used as the internal control. Data are presented as mean ± standard error of the mean; n=5. *P<0.01 vs. normal group; #P<0.05 vs. NASH models. DADS, diallyl 
disulfide; NASH, non‑alcoholic steatohepatitis; MCD, methionine‑ and choline‑deficient diet; HFD, high‑fat diet; SREBP‑1c, sterol regulatory element‑binding 
transcription factor 1; ApoA‑I, apolipoprotein A1; CREBH, cyclic AMP‑responsive element‑binding protein H; FGF21, fibroblast growth factor 21.



Molecular Medicine REPORTS  20:  1363-1372,  2019 1369

with the liver, respectively (25). Consistent with a previous 
study, the results from the present study revealed that both 
MCD and HFD induced the histological features of NASH 
in mice, and included significant vacuolated hepatocytes, 
marked inflammatory cell infiltration and severe micro‑ and 
macro‑vesicular steatosis (Fig. 1A and B) (19). Mice fed with 
an MCD had the lowest liver weight when compared with 
that of the mice fed a normal diet (Fig. 1C). The trend of 
changes with body weight was similar to the liver weight in 
mice (P<0.05; Fig. 1D). Furthermore, the serum ALT and 
AST levels, which are sensitive markers of liver damage, 
were also significantly increased in these two NASH models 
(Fig.  1E  and  F). In addition to the hepatic dysfunction, 
hepatic lipid accumulation was observed in the MCD‑fed and 
HFD‑fed mice (Fig. 2A). The two mouse models of NASH 
induced by MCD and HFD were associated with reduced 
very‑low‑density lipoprotein secretion and increased FA 
delivery to the liver, respectively. MCD and HFD induced 
the histological features of NASH in mice, including 
significant vacuolated hepatocytes, marked inflammatory 
cell infiltration and severe micro‑ and macro‑vesicular 
steatosis. Previous studies have suggested that DADS has 
potential as a treatment option for metabolic syndrome and 
acute liver injury due to its hepatoprotective and antioxidant 
effects (5,17). Thus, amelioration of hepatic dysfunction by 

DADS was thought not to be due to direct interactions with 
either the MCD or HFD diet. Excessive TG and TC accu-
mulation in the liver has been proven to be an early event 
in NASH, which may be attributed to the enhancement of 
FA synthesis and to the impairment of FA oxidation (26,27). 
It was revealed that there were significantly greater liver 
TG and TC contents in MCD‑fed and HFD‑fed mice when 
compared with those mice fed a normal diet (Fig. 2B and C).

DADS is one of the most abundant, oil‑soluble organosulfur 
compounds derived from garlic. It has been demonstrated 
to have protective effects against several diseases (9). In the 
present study, it was revealed that DADS treatment ameliorated 
hepatic dysfunction and reduced hepatic lipid accumulation in 
MCD‑fed and HFD‑fed mice (Figs. 1 and 2). Previous studies 
have also suggested that DADS demonstrated potential in the 
treatment of metabolic syndrome and acute liver injury (5,17,28). 
Lee et al (28) revealed the hepatoprotective and antioxidant 
effects of DADS on carbon tetrachloride‑induced hepatic 
oxidative damage and the inflammatory response in rats. To 
elucidate the underlying molecular mechanisms of DADS 
in ameliorating hepatic steatosis, the expression of key lipid 
metabolism‑associated genes was examined. It was revealed 
that DADS decreased the expression levels of SREBP‑1c and 
ApoA‑I and increased the expression levels of CREBH and 
FGF21 (Fig. 3A and B). Lipid metabolism‑associated SREBP‑1c 

Figure 4. Lipotoxicity and lipid peroxidation in HFD‑fed mice with or without DADS treatment. (A) Relative mRNA expression levels of PPARα and 
SCD‑1 were detected via reverse transcription quantitative‑PCR. (B) Western blot analyses of hepatic protein levels of PPARα and SCD‑1 in HFD‑fed mice. 
(C) Representative images of immunofluorescence. Liver sections were co‑stained CREBH (green) with PPARα (red) or SCD‑1 (‑red) and DAPI (blue). 
Three independent experiments were carried out. Scale bar: 20 µm. (D) The expression of MDA and SOD were examined by ELISA assay. Data were 
presented as mean ± SEM; n=5. *P<0.01 vs. normal group; #P<0.05 vs. HFD model group. HFD, high‑fat diet; DADS, diallyl disulfide; PPARα, peroxisome 
proliferator‑activated receptor α; SCD‑1, stearoyl‑coenzyme A desaturase 1.
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has been indicated to regulate several crucial genes associated 
with TG synthesis, including ApoA‑I and SCD‑1, thus playing a 
pivotal role in hepatic steatosis (29). Furthermore, CREBH can 
modulate the expression levels of genes involved in lipogenesis, 
sterol metabolism, lipid peroxidation, lipotoxicity, inflammation 
and gluconeogenesis (30,31). These data indicated that DADS 
ameliorated hepatic steatosis by regulating SREBP‑1c and 
CREBH, the key regulators of lipid metabolism (Fig. 3C and D).

In addition, data from the present study also revealed 
that the expression levels of the genes involved in FA oxida-
tion (including PPARα and SCD‑1) and lipid peroxidation 
(including MDA and SOD) were reversed by DADS in HFD‑fed 
mice (Fig. 4). Decreased PPARα expression may result in the 

reduction of FA oxidation and lead to an acceleration of lipid 
accumulation in the liver, thereby contributing to the develop-
ment of NASH. MDA is a marker for oxidative stress, which 
can lead to lipid peroxidation. The anti‑oxidant enzyme SOD is 
capable of eliminating ROS, which leads to hepatic apoptosis. 
Therefore, upregulated PPARα, decreased MDA and increased 
SOD induced by DADS indicated its attenuated effect on the 
lipotoxicity and lipid peroxidation in HFD‑fed mice.

In addition to lipid peroxidation, the inflammatory response 
was also a striking feature of NASH. The inflammatory response 
in the NASH model induced by MCD was investigated in the 
present study, which could induce high‑grade hepatic inflam-
matory cell infiltration. It was revealed that DADS dramatically 

Figure 5. DADS inhibited inflammation through NF‑κB pathway in MCD‑fed mice. (A) Representative images of immunohistochemistry. The expression 
of F4/80 was detected in liver sections (scale bar: 40 µm). (B) The expression of TNF‑α and IL‑6 were examined by ELISA assay. (C and D) Total protein 
levels of p‑NF‑κB p65 and GAPDH were analyzed using western blotting in MCD models. GAPDH was used as the internal control. Data were presented as 
mean ± standard error of the mean; n=5. *P<0.01 vs. normal control group; #P<0.01 vs. MCD model group. DADS, diallyl disulfide; NF‑κB, nuclear factor‑κB; 
TNF, tumor necrosis factor; IL, interleukin; MCD, methionine‑ and choline‑deficient diet.



Molecular Medicine REPORTS  20:  1363-1372,  2019 1371

reduced the number of macrophage cells in the liver (Fig. 5A). 
Furthermore, DADS also decreased the expression levels of 
TNF‑α and IL‑6 (Fig. 5B), which is consistent with results from 
previous studies (32,33). The activity of NF‑κB was decreased 
by DADS treatment in MCD‑fed mice (Fig. 5C and D). It has 
been reported that DADS was effective in reducing the levels 
of oxidized low‑density lipoprotein, lipid peroxidation, as 
well as NF‑κB activity, revealing good anti‑inflammatory and 
antioxidant properties (34). The results from the present study 
demonstrated that the therapeutic effects of DADS on NASH 
were associated with decreased inflammatory cell infiltration 
and downregulated pro‑inflammatory cytokines in MCD‑fed 
mice.

There were certain limitations to the present study. The 
results of the study indicated that DADS exerted beneficial 
effects on MCD‑ or HFD‑induced NASH by suppressing 
key regulators of lipid metabolism, lipid peroxidation and 
inflammation; however, insulin resistance and abnormal sterol 
metabolism are also involved in the pathogenesis of NASH. 
Whether DADS improves insulin resistance and sterol metabo-
lism abnormalities requires further investigation. Previous 
research has demonstrated that DADS inhibited the prolifera-
tion and transdifferentiation of lung fibroblasts via the induction 
of cyclooxygenase and the synthesis of prostaglandin E2 (35), 
suggesting that DADS may also have an important role in the 
pathogenesis of hepatic fibrosis. It will serve as the direction for 
future research.

In conclusion, DADS effectively attenuated hepatic 
steatosis, lipotoxicity, lipid peroxidation and inflammation in 
NASH mouse models. These results suggest that DADS may be 
a potential therapeutic agent in the prevention and treatment of 
NASH, given its high efficacy and low risk of side effects.
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