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Abstract
So far, the majority of the previous animal studies have focused on the preventive effects of resveratrol (RSV) on non-
alcoholic fatty liver disease (NAFLD) rather than the therapeutic effects. In this study, the therapeutic effects of RSV on 
hepatic oxidative stress (OS), inflammation, and lipid metabolism-related gene expression of obese mice induced by a high-fat 
diet (HFD) were investigated. Male C57BL/6 mice were fed a HFD for 8 weeks to induce obesity-related NAFLD model. 
And then, NAFLD mice were treated with daily RSV oral gavage at the dose of 100 mg/kg body weight for an additional 4 
weeks. HFD-induced the elevation of serum total cholesterol, high-density lipoprotein cholesterol, glucose, insulin, aspar-
tate aminotransferase and alanine aminotransferase levels, and homeostasis model assessment of insulin resistance, hepatic 
histology changes, the increases in hepatic triglyceride, malondialdehyde and tumor necrosis factor alpha concentrations, 
as well as the higher mRNA expression of hepatic toll-like receptor 4 and cluster of differentiation 36 in mice, were restored 
by RSV. The therapeutic effects of RSV against hepatic steatosis of HFD obese mice were attributed to the reduction of OS, 
inflammation and free fatty acid uptake.
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Introduction

In recent years, the prevalence of obesity has increased 
substantially and is considered as a major health problem 
worldwide [1]. Moreover, obesity individuals have a high 
risk of numerous diseases, such as type 2 diabetes, cardio-
vascular disease and hypertension, particularly non-alco-
holic fatty liver disease (NAFLD) [2]. NAFLD is one of the 
most common liver diseases that includes hepatic steatosis, 
steatohepatitis, fibrosis and hepatic cirrhosis characterized 
by excessive fat accumulation [triglycerides (TG)] in hepato-
cytes [3]. Augmented lipid accumulation in hepatocytes is 
the result of an increased free fatty acid input correlated 

with its inefficient β-oxidation, esterification, or both [4]. 
It is widely acknowledged that oxidative stress (OS) and 
inflammatory response in hepatocyte of obese individu-
als are involved in liver lipid accumulation, consequently 
progressing to hepatic steatosis in the course of NAFLD 
[4]. Epidemiological and animal studies have demonstrated 
that the increased reactive oxygen species (ROS) production 
[5], lower antioxidant levels [5], higher pro-inflammatory 
cytokines concentrations [6] and aberrant lipid metabolism 
[7, 8] were observed in the subjects with NAFLD. In addi-
tion, a previous study has shown that a pathogenic loop is 
suggested to link lipid accumulation, inflammation and OS 
in the liver of obese individuals [9]. Thus, one or several 
targeted regulations of hepatic lipid metabolism, inflamma-
tion and OS may have certain therapeutic effects on NAFLD 
associated with obesity.

Resveratrol (RSV, 3,5,4′-trihydroxystilbene) is a natu-
ral polyphenol that could be found in many plants such as 
grapes, berries, and peanuts [10]. Accumulating evidence 
indicates that RSV exhibits anti-cancer, cardio-protective, 
anti-aging, anti-inflammatory and antioxidant properties 
[11–14]. Numerous animal studies of RSV on NAFLD have 
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been carried out, and span a wide range of model including 
rodents and swine, intervention periods and RSV doses [15]. 
These studies almost uniformly support the beneficial effects 
of RSV on NAFLD subjects by the inhibition of hepatic de 
novo lipogenesis and inflammation [11, 16], an increase in 
fatty acid β-oxidation [17] and the reduction of OS [18]. 
However, the RSV treatment in the previous experimental 
documents is generally started from the beginning of the 
study and, therefore, most of the studies concentrate on the 
preventive effects of RSV and not the therapeutic effect [15]. 
It has been hypothesized that whether the therapeutic effects 
of RSV against the NAFLD are the same as that of RSV 
in preventive studies. Therefore, in the present study, we 
investigated the therapeutic effects of RSV on hepatic lipid 
metabolism, inflammation and OS of obese mice induced by 
a high-fat diet (HFD). The current study is the first to dem-
onstrate that the hepatic lipid accumulation in obese mice 
was found to be decreased by RSV through the inhibition of 
cluster of differentiation 36 (CD36), which may contribute to 
the suppression of OS and inflammation. Additionally, clini-
cal studies that have been conducted to explore the effects of 
RSV on hepatic steatosis are scare. This study may guide the 
new nutritional intervention for NAFLD patients to alleviate 
steatosis in clinical setting.

Materials and methods

Animal treatment

All experimental procedures on animals were allowed by 
the Animal Experimental Ethical Committee of Nanjing 
Agricultural University. Approximately 6-week-old male 
C57BL/6 mice (19–21 g) were purchased from the Ani-
mal Multiplication Centre of Qinglong Mountain (Nanjing, 
China) and housed in individual cages. During the experi-
mental period, the animals were provided food and water 
ad libitum, and maintained on a 12-h light/dark cycle in a 
controlled environment (temperature 20–24 °C; humidity 
40–60%). The HFD-NAFLD mice model was established 
according to the method described previously with some 
modifications [19, 20]. Briefly, after 1 week of adap-
tion,  mice were randomly allocated to 2 treatments, and fed 
with a normal control diet (CON group, n = 10; #TP23302, 
fat 10%, carbohydrate 71.0%, protein 19.0%) and a HFD 
(HFD group, n = 20; #TP23300, fat 60%, carbohydrate 
20.6%, protein 19.4%) for 8 weeks, respectively. All types 
of diet were purchased from Trophic Animal Feed High-
tech Co Ltd. (Nantong, China). After 8-week induction of 
NAFLD, HFD group was further divided into 2 subgroups, 
and oral-fed with 100 mg RSV/kg body weight/day (HFD-
RSV group, n = 10; 99%, TCI Co., Ltd., Tokyo, Japan) or 
equivalent volume of 0.5% carboxymethylcellulose sodium 

(HFD control group, n = 10) for another 4 weeks, while CON 
group orally received daily vehicle. The administration of 
RSV dose was based on previous document [21]. From 1 
to 12 weeks of this experiment, mice were continued on 
their original diets, and inspected daily for food intake and 
weighted weekly. At the end of the experiment, mice were 
anesthetized with phenobarbital sodium (50 mg/kg) follow-
ing a 12-h fast and blood was taken from the eye enucleation 
to measure serum biomarkers. After that, the liver and white 
adipose tissues (epididymal and perirenal adipose tissue) 
were quickly removed, rinsed with physiological saline, blot-
ted and weighed. Among them, one part of the liver was 
stored in liquid nitrogen until used for lipid measurement, 
enzyme activity and/or RNA analysis, and the other part of 
liver tissue was fixed in 4% paraformaldehyde for histology.

Serum biochemical parameters

The glucose, TG, total cholesterol (TC), high-density lipo-
protein cholesterol (HDL-C), and low-density lipoprotein 
cholesterol (LDL-C) levels in the serum were measured 
using commercial kits (Shanghai Kehua Bio-Engineering 
co., Ltd., Shanghai, China) with automatic biochemical ana-
lyzer (Selecta E, Wasson, Eindhoven, Holland). The com-
mercial kits (Nanjing Jiancheng Institute of Bioengineering, 
Nanjing, China) were used to analyse the serum alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST) 
activities. The serum insulin level was estimated using a 
commercial enzyme-linked immunosorbent assay (ELISA) 
kit (Elabscience Biotechnology Co., Ltd., Wuhan, China) 
according to the manufacturer’s instructions. The detection 
limits were for 0.31 ng/mL insulin; the inter- and intra-assay 
coefficients were < 10%. The homeostasis model assessment 
of insulin resistance (HOMA-IR) was used to calculate the 
insulin resistance according to the following formula [22]: 
HOMA − IR = fasting serum insulin (µU/mL) × fasting 
plasma glucose (mmol/L)/22.5.

Histology of liver

After being dehydrated with graded alcohol series, liver 
samples were embedded in paraffin and cut into sections. 
Sections with 5 µm thickness were stained with hematoxylin 
and eosin (HE). For hepatic lipid staining, frozen liver tis-
sues were cryosectioned, briefly fixed in 10% formalin, and 
stained with Oil Red O.

Hepatic TG analysis

The hepatic lipids were extracted with a chloroform/
methanol (2:1, v/v) solution by the method of Folch et al. 
[23]. According to the instructions of the manufacturer, 
the hepatic TG level was measured using commercially 
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available kits (Nanjing Jiancheng Institute of Bioengineer-
ing, Nanjing, China).

Liver homogenate preparation

Approximately 0.5 g of liver sample was diluted 1:4 (w/v) 
with ice-cold 0.9% sodium chloride buffer and homogenized 
by Ultra-Turrax homogenizer (Tekmar Co., Cincinnati, OH), 
and centrifuged at 4550g for 15 min at 4 °C. The supernatant 
was collected and rapidly stored in − 20 °C until the subse-
quent analysis. The protein concentration in the homogenate 
was determined by the Bradford method [24].

Analysis of hepatic OS

The activities of hepatic total superoxide dismutase (T-SOD) 
and glutathione peroxidase (GPX), the glutathione (GSH) 
level and the concentration of malondialdehyde (MDA) were 
determined using commercially available assay kits (Nanjing 
Jiancheng Institute of Bioengineering, Nanjing, China), in 
line with the manufacturer’s instructions [25]. All results 
were normalized to total protein concentration in each sam-
ple for inter-sample comparison.

Determination of hepatic cytokines

Liver concentrations of tumor necrosis factor alpha (TNF-
α) and interleukin 6 (IL-6) were measured by commercial 
ELISA kits (Elabscience Biotechnology Co., Ltd., Wuhan, 
China) following the manufacturer’s protocols. The mini-
mum detectable concentrations of TNF-α and IL-6 were 
31.25 pg/mL and 31.25 pg/mL, respectively. The intra- and 
inter-assay coefficients of variation were < 10% and < 10% 
for TNF-α, < 10% and < 10% for IL6, respectively.

Total RNA isolation and mRNA quantification

The mRNA abundance was performed as previously 
described [26]. Total RNA was isolated from snap-frozen 
liver samples using TRIzol Reagent (TaKaRa Biotechnol-
ogy, Dalian, China). The 1% agarose gel with ethidium 
bromide staining was used to confirm the integrity of the 
samples. After the determination of RNA concentration, 
1 µg of total RNA was reverse-transcribed into complemen-
tary DNA using the PrimeScripte RT Reagent Kit (TaKaRa 
Biotechnology, Dalian, China) according to the manufac-
turer’s protocol. Real-time PCR was carried out on an ABI 
StepOnePlus Real-Time PCR system (Applied Biosystems, 
Foster City, CA, USA) according to the manufacturer’s 
instructions. The primer sequences of the target and refer-
ence genes (SOD, GPX, TNF-α, IL-6, toll-like receptor 4 
(TLR4), cluster of differentiation 68 (CD68), adhesion G 
protein-coupled receptor E1 (F4/80), CD36, microsomal 

triglyceride transfer protein (MTP), sterol regulatory ele-
ment-binding protein 1c (SREBP-1c), fatty acid synthase 
(FAS), acetyl-CoA carboxylase (ACC), stearoyl-CoA desat-
urase-1 (SCD-1), peroxisome proliferator-activated receptor 
alpha (PPAR-α), PPAR-γ, carnitine palmitoyltransferase 1 
alpha (CPT-1α) and β-actin) used in real-time PCR are given 
in Table 1. Briefly, the reaction mixture was prepared using 
2 µL of complementary DNA, 0.4 µL of forward primer, 
0.4 µL of reverse primer, 10 µL of SYBR Premix Ex Taqe 
(TaKaRa Biotechnology, Dalian, China), 0.4 µL of ROX 
Reference Dye (TaKaRa Biotechnology, Dalian, China), and 
6.8 µL of double-distilled water. Each sample was tested in 
duplicate. PCR consisted of a pre-run at 95 °C for 30 s and 
40 cycles of denaturation at 95 °C for 5 s, followed by a 
60 °C annealing step for 30 s. The conditions of the melting 
curve analysis were as follows: one cycle of denaturation at 
95 °C for 10 s, followed by an increase in temperature from 
65 to 95 °C at a rate of 0.5 °C/s. The relative levels of mRNA 
expression were calculated using the 2− ΔΔCt method [27] 
after normalization to those of β-actin as a housekeeping 
gene. The values of CON group were used as a calibrator.

Statistical analysis

All data were analyzed by one-way ANOVA using the SPSS 
16.0 (SPSS Inc., Chicago, IL). Tukey’s multiple range test 
was used to compare the differences among groups. All data 
are expressed as mean ± SE. The level of statistical signifi-
cance was considered to be P < 0.05.

Results

Body weight, food intake and organ weight

During 1–8 weeks, the  body weight of HFD mice was 
higher (P < 0.05) than that of CON mice (Fig. 1b). The body 
weight was also significantly elevated (P < 0.05) in the HFD 
mice relative to the CON group from week 9 to week 12 
(Fig. 1d), while the RSV treatment did not affect the body 
weight (P > 0.05). Meantime, the food intake was not sig-
nificantly altered (P > 0.05) by RSV and HFD through the 
whole experiment (Fig. 1a, c). At week 12, the organ weight 
(liver, epididymal and perirenal white adipose tissue) was 
greater (P < 0.05) in the HFD mice compared to the CON 
mice (Fig. 1e, f). Unfortunately, RSV had no effect on the 
organ weight in the HFD-RSV mice compared to the HFD 
mice (P > 0.05).

Serum metabolic parameters

At week 12, HFD increased (P < 0.05) the serum TG, TC, 
glucose, HDL-C, LDL-C, insulin and HOMA-IR levels 
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compared with the control diet (Table 2). The administration 
of RSV to HFD mice led to decreases (P < 0.05) in the serum 
levels of TC, HDL-C, glucose, insulin and HOMA-IR.

Hepatic morphology, function, Oil Red staining, 
and TG level

As shown in Fig. 2a, the CON mice displayed normal liver 
histology. However, the HFD mice exhibited classical stea-
tosis such as ballooning degeneration and inflammatory foci 
compared with that of the normal control mice. Addition-
ally, hepatic injury index (serum AST and ALT levels) was 
higher in the HFD mice (Fig. 2c). Furthermore, hepatic TG 
content was higher in HFD-fed mice than that in CON mice 
(Fig. 2c). The Oil Red staining results further validated that 
HFD induced hepatic lipid deposition (Fig. 2b). As expected, 
RSV treatment attenuated the elevation of hepatic TG, serum 
AST and ALT contents, and the changes of pathology in the 
HFD mice.

Hepatic redox status

The hepatic MDA (Fig.  3c) concentration was higher 
(P < 0.05) in the HFD group compared with the CON group. 
As expected, the RSV treatment in the HFD-RSV restored 
(P < 0.05) the increased MDA content and elevated T-SOD 
(P < 0.05, Fig. 3a) and GPX (P = 0.099, Fig. 3b) activities 

in the liver compared with the HFD group. In addition, the 
changes of SOD (Fig. 3d) gene transcriptional expression 
were similar with that of its activities. No differences were 
observed in hepatic GSH level and GPX gene expression 
among treatments (P > 0.05, Fig. 3e, f).

Hepatic inflammation

The increased (P < 0.05) TLR4 mRNA expression and 
TNF-α concentration were found in the liver of the HFD 
group compared with the CON group (Fig. 4a, b). Compared 
with the HFD group, the protein and mRNA abundance 
of TNF-α and TLR4 gene expression were significantly 
reduced (P < 0.05) in the HFD-RSV group due to the RSV 
treatment. No differences (P > 0.05) were noted between the 
groups with regard to the IL-6 protein and gene expression, 
F4/80 and CD68 gene expression levels in the liver.

Hepatic expression of genes involved in lipid 
metabolism

Compared with the CON mice, the HFD mice had the 
increased (P < 0.05) CD36 and PPAR-γ mRNA abundance 
in the liver (Fig. 5). RSV administration decreased (P < 0.05) 
hepatic CD36 mRNA expression level in the HFD-RSV 
group when compared with the HFD group. There were no 
statistically significant differences in SREBP-1c, FAS, ACC, 

Table 1   Sequences for real-time 
PCR primers

SOD superoxide dismutase, GPX glutathione peroxidase, TNF-α tumor necrosis factor alpha, IL-6 inter-
leukin 6, TLR4 toll-like receptor 4, CD68 cluster of differentiation 68, F4/80 adhesion G protein-coupled 
receptor E1, PPAR-γ peroxisome proliferator-activated receptor gamma, CD36 cluster of differentiation 36, 
MTP microsomal triglyceride transfer protein, SREBP-1c sterol regulatory element-binding protein 1c, FAS 
fatty acid synthase, ACC​ acetyl-CoA carboxylase, SCD-1 stearoyl-CoA desaturase-1, PPAR-α peroxisome 
proliferator-activated receptor alpha, CPT-1α carnitine palmitoyltransferase 1 alpha, β-actin beta-actin

Gene Forward primer (5′→3′) Reverse primer (5′→3′)

SOD CAG​ACC​TGC​CTT​ACG​ACT​ATGG​ CTC​GGT​GGC​GTT​GAG​ATT​GTT​
GPX AGT​CCA​CCG​TGT​ATG​CCT​TCT​ GAG​ACG​CGA​CAT​TCT​CAA​TGA​
TNF-α GGC​AGG​TCT​ACT​TTG​GAG​TCA​TTG​C ACA​TTC​GAG​GCT​CCA​GTG​AAT​TCG​G
IL-6 AGT​TGC​CTT​CTT​GGG​ACT​GA CCA​CGA​TTT​CCC​AGA​GAA​C
TLR4 TCA​GAG​CCG​TTG​GTG​TAT​CTT​ CCT​CAG​CAG​GGA​CTT​CTC​AA
CD68 TGT​CTG​ATC​TTG​CTA​GGA​CCG​ GAG​AGT​AAC​GGC​CTT​TTT​GTGA​
F4/80 GAG​TGG​AAT​GTC​AAG​ATG​TTA​ CAG​TGG​AAG​AAG​AGA​AGC​
PPAR-γ CAC​AAT​GCC​ATC​AGG​TTT​GG GCT​GGT​CGA​TAT​CAC​TGG​AGATC​
CD36 CTT​ACA​CAT​ACA​GAG​TTC​GTT​ATC​ TCC​AAC​AGA​CAG​TGA​AGG​
MTP CCG​CTG​TGC​TTG​CAG​AAG​A TTT​GAC​ACT​ATT​TTT​CCT​GCT​ATG​GT
SREBP-1c CAT​GCC​ATG​GGC​AAG​TAC​AC TGT​TGC​CAT​GGA​GAT​AGC​ATCT​
FAS CCC​GGA​GTC​GCT​TGA​GTA​TATT​ GGA​CCG​AGT​AAT​GCC​ATT​CAG​
ACC​ GTC​CCG​GCC​ACA​TAA​CTG​AT CGC​TCA​GGT​CAC​CAA​AAA​GAAT​
SCD-1 CAG​TGC​CGC​GCA​TCTCT​ CCC​GGG​ATT​GAA​TCT​TCT​TG
PPAR-α CGG​CAG​TGC​CCT​GAACA​ TGG​TAC​CCT​GAG​GCC​TTG​TC
CPT-1α GAA​CCC​CAA​CAT​CCC​CAA​AC TCC​TGG​CAT​TCT​CCT​GGA​AT
β-actin CAT​CCG​TAA​AGA​CCT​CTA​TGC​CAA​C ATG​GAG​CCA​CCG​ATC​CAC​A
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Fig. 1   Body weight, food intake and organ weight of mice. a Food 
intake and b body weight in mice fed HFD (CON, n = 10; HFD, 
n = 20) during 1–8 weeks. c Food intake and d body weight during 
9–12 weeks after administration of resveratrol to HFD mice (n = 10). 
e Liver weight and f epididymal and perirenal white adipose tissue 

weight in mice at 12 weeks (n = 10). CON control diet, HFD high-
fat diet, HFD-RSV high-fat diet plus resveratrol treatment. Data are 
expressed as the mean ± SE. *P < 0.05 when compared with the CON 
group
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SCD-1, PPAR-α, CPT-1α, MTP mRNA expression levels 

between the groups (P > 0.05).

Discussion

Many lines of evidence regarding RSV have focused on the 
protective or beneficial effects on NAFLD or non-alcoholic 
steatohepatitis (NASH) [4, 11, 19]; limited studies have 
been performed to elaborate RSV-mediated therapeutic role 
against established NAFLD injury. In the current study, to 
establish obesity-related NAFLD model, the mice were fed 
a HFD for 8 weeks and it was observed that mice developed 
heavier body weight, higher hepatic injury makers (serum 
AST and ALT levels) and glucose metabolism disorder 
(higher serum glucose and insulin level, HOMA-IR), imply-
ing the successful development of NAFLD in this model 
(unpublished data). These results are in agreement with pre-
vious studies that showed the development of NAFLD by a 

Table 2   Serum parameters in mice

Data are expressed as the mean ± SE (n = 10). *P < 0.05 when com-
pared with CON group, #P < 0.05 when compared with HFD group
CON control diet, HFD high-fat diet, HFD-RSV high-fat diet plus res-
veratrol treatment, TG triglyceride, TC total cholesterol, HDL-C high-
density lipoprotein cholesterol, LDL-C low-density lipoprotein cho-
lesterol, HOMA-IR homeostasis model assessment-insulin resistance

Items CON HFD HFD-RSV

TG, mmol/L 0.15 ± 0.04 0.93 ± 0.28* 0.60 ± 0.14
TC, mmol/L 0.57 ± 0.29 3.92 ± 0.24* 1.26 ± 0.36#

HDL-C, mmol/L 0.30 ± 0.07 2.22 ± 0.10* 0.42 ± 0.13#

LDL-C, mmol/L 0.18 ± 0.04 0.37 ± 0.05* 0.22 ± 0.03
Glucose, mmol/L 6.28 ± 2.67 34.21 ± 4.65* 11.00 ± 3.34#

Insulin, µU /mL 11.24 ± 5.54 29.14 ± 2.54* 14.94 ± 1.38#

HOMA-IR 6.40 ± 5.06 45.87 ± 8.82* 7.19 ± 2.39#

Fig. 2   Hepatic morphology, function and lipid deposition in mice. 
a Hematoxylin and eosin  (H&E) and b Oil Red O staining of rep-
resentative liver sections (magnification, ×200). c Hepatic triglycer-
ide (TG), serum aspartate aminotransferase (AST) and alanine ami-

notransferase (ALT) levels. CON control diet, HFD high-fat diet, 
HFD-RSV high-fat diet plus resveratrol treatment. Data are expressed 
as the mean ± SE (n = 10). *P < 0.05 when compared with the CON 
group, #P < 0.05 when compared with the HFD group
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Fig. 3   Hepatic redox status in mice. a Total superoxide dismutase 
(T-SOD) activity. b Glutathione peroxidase (GPX) activity. c Malon-
dialdehyde (MDA) concentration. d SOD mRNA relative expres-
sion. e GPX mRNA relative expression. f Glutathione (GSH) level. 

CON control diet, HFD high-fat diet, HFD-RSV high-fat diet plus 
resveratrol treatment. Data are expressed as the mean ± SE (n = 10). 
*P < 0.05 when compared with the CON group, #P < 0.05 when com-
pared with the HFD group
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HFD [19, 20]. In the present study, administration of RSV to 
HFD obese mice for 4 weeks showed beneficial therapeutic 
effects in hepatic steatosis, as evidenced by the improvement 
of glycolipid metabolic parameters, hepatic histology, oxi-
dative status, inflammation and lipid contents. RSV exerted 
several actions that may contribute to the beneficial effects, 
including increases in T-SOD and GPX activities, inhibition 
of TNF-α production as well as suppression expression of 

TLR4 and CD 36 at the transcriptional level. Although the 
conclusions are based on nutritional intervention in HFD 
mice, the parallel progression of metabolic disease between 
human and mice suggests the relevance of the present study 
in the context of nutritional intervention in obese human 
with NAFLD.

In general, it is accepted that OS is considered to be an 
important factor in the pathogenesis of NAFLD. OS is an 
imbalance in favor of the factors that generate  ROS and 
away from the factors that protect cellular macromolecules 
from these reactants including antioxidants (e.g., SOD and 
GPX) [28]. The increasing ROS production damages lipid, 
protein and DNA because of the limited antioxidants. Epi-
demiological data showed that the higher ROS levels and 
impaired antioxidant defense systems were observed in 
patients with NAFLD [29]. Numerous animal studies also 
reported that the consumption of HFD caused abnormal 
mitochondrial oxidative phosphorylation and accumulation 
of ROS [5, 6]. In the present study, MDA, an end product 
of lipid peroxidation, was increased in the liver of HFD 
mice, which is in agreement with the study conducted by 
Li et al. [20]. MDA is commonly used as a reliable bio-
marker of OS. The results of this study suggested that OS 
had occurred in the HFD mice. As expected, RSV adminis-
tration decreased the hepatic MDA contents in HFD-RSV 
group, which may be explained by the increased T-SOD 
and GPX activities. SOD catalyzes the reduction of the 
superoxide anion to hydrogen peroxide, which is degraded 
into molecular oxygen and water by GPX. Similar obser-
vations were noted in the previous study [20]. In a recent 
study, the therapeutic effects of RSV on renal oxidative 
damage have been demonstrated in HFD rats, as indicated 
by the decreased MDA level and increased T-SOD activity 
[30]. Although RSV can directly scavenge ROS due to the 

Fig. 4   Hepatic inflammatory response in mice. a The interleukin 6 
(IL-6) and tumor necrosis factor alpha (TNF-α) concentrations. b The 
inflammation-related gene expression. CON control diet, HFD high-
fat diet, HFD-RSV high-fat diet plus resveratrol treatment, TLR4 toll-

like receptor 4, CD68 cluster of differentiation 68, F4/80 adhesion 
G protein-coupled receptor E1. Data are expressed as the mean ± SE 
(n = 10). *P < 0.05 when compared with the CON group, #P < 0.05 
when compared with the HFD group

Fig. 5   Hepatic lipid metabolism-related gene expression in mice. 
CON control diet, HFD high-fat diet, HFD-RSV high-fat diet plus 
resveratrol treatment, SREBP-1c sterol regulatory element-binding 
protein 1c, FAS fatty acid synthase, SCD-1 stearoyl-CoA desatu-
rase-1, ACC​ acetyl-CoA carboxylase, PPAR-γ peroxisome prolifer-
ator-activated receptor gamma, CD36 cluster of differentiation 36, 
MTP microsomal triglyceride transfer protein, PPAR-α peroxisome 
proliferator-activated receptor alpha, CPT-1α carnitine palmitoyl 
transferase 1 alpha. Data are expressed as the mean ± SE (n = 10). 
*P < 0.05 when compared with the CON group, #P < 0.05 when com-
pared with the HFD group
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presence of phenolic hydroxyl groups, its low bioavail-
ability makes it unlikely that the cytoprotective effect can 
be achieved directly through chemical reactions. A more 
plausible speculation is that RSV initiates a series of intra-
cellular events that result in the up-regulation of cellular 
defense systems or inhibition of ROS production, which in 
turn averts oxidative damage [31]. The mRNA abundance 
of SOD was up-regulated by RSV in the liver of HFD 
mice, which may provide an explanation for the increased 
protein expression of hepatic SOD. The antioxidant prop-
erty of RSV in vivo could be achieved by complexed vari-
ous molecular mechanism [32]. How RSV could influence 
diverse signaling pathways in liver of NAFLD subjects, 
resulting in cellular defense systems activation, should be 
further investigated in our models.

Obesity associated with HFD also leads to a pronounced 
increase in recruited hepatic macrophage infiltration in par-
allel with the local production of inflammatory chemokines 
and cytokines that are implicated as contributors to hepatic 
steatosis [16]. In the present study, HFD had no effect on 
the hepatic F4/80 and CD68 gene expression, which are bio-
markers of macrophage infiltration, suggesting that hepatic 
macrophage infiltration has not happened in the HFD mice. 
However, the higher hepatic TNF-α profile was still found 
in the HFD mice in the present study. This could be ascribed 
to the increased TLR4 mRNA expression. The TLR4 is a 
member of toll-like receptor which can be indirectly bound 
and triggered by free fatty acids, resulting in NF-КB acti-
vation [33]. Once activated, these pathways can enhance 
the synthesis and secretion of pro-inflammatory cytokines 
such as TNF-α from hepatocytes, leading to inflammation. 
These results of the present study suggested that HFD led 
to hepatic inflammation in mice due to the local production 
of cytokines. Interestingly, in the present study, RSV treat-
ment alleviated the hepatic inflammation in the HFD-RSV 
group evidenced by the down-regulation of TLR4 mRNA 
expression and TNF-α protein and gene expression levels. 
The results are consistent with the report of Li et al. [20], 
who revealed the beneficial and therapeutic effects of RSV 
on NAFLD pathogenesis in a murine model partially due 
to the suppression of inflammation via mediating IКBα-
NF-КB pathways. Similarly, Jiang et al. [33] reported that 
oral administration of RSV might be a promising therapeu-
tic treatment for obesity-related osteoarthritis due to the 
fact that it decreased systematic inflammation levels and/
or inhibited TLR4 signaling pathway in cartilage of HFD 
mice. Pan et al. [30] also suggested that the therapeutic effect 
of RSV on renal injury in rats fed a HFD partly could be 
attributed to the suppression of inflammation. It is worthy 
to state that a vicious cycle among OS and inflammation is 
observed, and contributes to hepatic steatosis. Therefore, the 
antioxidant ability of RSV may be beneficial for alleviating 
hepatic inflammation.

Hepatic lipid accumulation arises when the balance 
between lipid availability (from circulating lipid uptake or 
de novo lipogenesis) and lipid disposal (via fatty acid oxida-
tion or triglyceride-rich lipoprotein secretion) is disturbed [8]. 
Unfortunately, aberrant lipid metabolism eventually triggers 
lipoperoxidative stress, and leads to hepatic injury. In the 
present study, the higher TG concentration was observed in 
the liver of HFD mice, which also received the support of 
the Oil Red O staining results. However, in the current study, 
no differences were found in various hepatic genes’ expres-
sion (e.g., β-oxidation, de novo fatty acid synthesis and tri-
glyceride secretion), indicating that lipid disposal and fatty 
acid biosynthesis were unaltered. At transcriptional level, the 
hepatic PPAR-γ and CD36 were up-regulated in mice by a 
HFD. When it is overexpressed, hepatic PPAR-γ in HFD mice 
promotes lipid uptake and lipid droplet formation and acceler-
ates the development of steatosis [34]. Previous studies have 
reported that PPAR-γ in the liver was significantly elevated in 
HFD-NAFLD [16, 35]. As a downstream target of PPAR-γ, 
CD36 mediates fatty acid uptake into cells used for TG syn-
thesis [8]. Previous findings also suggest that increased hepatic 
CD36 activity may be a critical determinant for the develop-
ment of steatosis under pathological conditions (e.g., a HFD 
and obesity) [36, 37]. In contrast, using a deletion method to 
inhibit the activity of CD36 can delay the development of 
hepatic steatosis [38]. Clinical study in patients with NAFLD 
also found that the increased hepatic CD36 gene expression 
was correlated with liver fat content [39]. Therefore, in the pre-
sent study, HFD induced abnormal hepatic lipid accumulation 
via up-regulation of hepatic PPAR-γ and its target gene CD36, 
contributing to hepatic steatosis. To the best of our knowledge, 
this is the first study to prove that RSV administration allevi-
ated the hepatic lipid accumulation by decreasing the CD36 
mRNA expression in the liver of HFD-RSV mice. However, 
no difference in the PPAR-γ mRNA expression was detected 
in the liver of HFD-RSV mice compared with the HFD mice. 
These results indicated that RSV improved the hepatic lipid 
uptake independent of PPAR-γ-dependent pathway. In addition 
to the PPAR-γ, the molecular mediators of CD36 transporter 
expression includes the activation of pregnane X receptor and 
liver X receptor [8]. This is the first study to explore the thera-
peutic effects of RSV on the hepatic lipid metabolism in HFD 
mice. Certainly, more detailed studies in the future are required 
to explore the molecular mechanisms involved. On the other 
hand, the improvement of lipid metabolism in the liver of the 
HFD-RSV mice also has major implications for attenuating 
OS and inflammation.
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Conclusions

The therapeutic effects of RSV on hepatic steatosis in HFD 
mice could be achieved through reducing OS, inflammation 
and fatty acid uptake. This study may provide insights into 
the role of RSV in treating obese patients with NAFLD.
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