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Abstract. Obesity has been increasing globally for over three 
decades. According to previous studies, dietary obesity is 
usually associated with endoplasmic reticulum stress (ERS) and 
STAT3 signaling, which result in interference with the homeo-
static control of energy and lipid metabolism. Ginsenosides 
(GS) administered to mice will modulate adiposity and food 
intake; however, the mechanism of food inhibition is unknown. 
The aim of the present study was to investigate whether GS 
may inhibit ERS and regulate STAT3 phosphorylation in 
GT1‑7 cells (a mouse hypothalamus gonadotropin‑releasing 
hormone neuron cell line) and the hypothalamus in order to 
reduce the body weight and ameliorate hepatic steatosis in 
high fat diet (HFD)‑induced obese mice. In the present study, 
GS inhibited the appetite, reduced the body weight, visceral 
fat, body fat content and blood glucose, and ameliorated the 
glucose tolerance of the obese mice compared with HFD 
mice. In addition, the levels of aspartate aminotransferase and 
alanine aminotransferase, triglyceride (TG), leptin and insulin 
in the serum were reduced compared with HFD mice. There 
was less TG in the liver, but more in the feces compared with 
HFD mice. Using hematoxylin and eosin staining of HepG2 
cells and liver tissues, GS were demonstrated to improve the 
non‑alcoholic fatty liver of the HFD‑induced obese mice and 
reduce the diameter of the fat cells compared with HFD mice. 
GS also increased oxygen consumption and carbon dioxide 
emissions in the metabolic cage data compared with HFD 
mice. In the GT1‑7 cells, GS alleviated the ERS induced 
by tunicamycin and enhanced the activation of the STAT3 

phosphorylation pathway. Furthermore the ERS of the liver 
was relieved to achieve the aforementioned pharmacological 
effects. GS were used in the homeostatic control of the energy 
and lipid metabolism of a diet‑induced obesity model. In 
conclusion, present studies suggest that GS exert these effects 
by increasing STAT3 phosphorylation expression and reducing 
the ERS. Thus, GS reduce body weight and ameliorate hepatic 
steatosis in HFD‑induced obese mice.

Introduction

The incidence of metabolic disorders and obesity has increased 
globally, and this has become a major health problem. Although 
<5% of the global population live in America, 13% of the obese 
population globally reside there (1). Two‑thirds of the obese 
population reside in developing countries, including China 
and India (2,3). Obesity and nonalcoholic fatty liver disease 
(NAFLD) are not superficial diseases; they have become major 
risk factors for morbidity and mortality (4). For example, they 
increase the risk of type 2 diabetes and high blood pressure, and 
cause dyslipidemia, cardiovascular disease, hyperuricemia and 
obstructive sleep apnea‑hypopnea syndrome (5).

Leptin, a type of protein hormone secreted by adipose 
tissue and skeletal muscle, may participate in the regulation 
of sugar, adipose and energy metabolism (6). Free leptin, its 
active form, binds to specific transport proteins, which are 
transmitted via signal transduction and STAT3 pathways (7,8). 
The phosphorylation of STAT3 results in a reduction in inges-
tion, increased energy release and inhibition of the synthesis 
of adipose cells, which results in an overall reduction in 
weight (9). Leptin is then cleared by the kidneys (10).

In the endoplasmic reticulum stress (ERS) of eukaryotic 
cells, unfolded or misfolded proteins accumulate and trigger 
the unfolded protein response (UPR)  (11). The UPR is an 
indicator of ERS and is mediated by three important ERS 
receptor proteins: Double stranded RNA‑dependent protein 
kinase‑like endoplasmic reticulum kinases (PERKs), inositol 
requiring enzyme l (IRE) and activating transcription factor 6c 
(ATF6) (12). In the resting state, the three types of transmem-
brane protein and glucose regulation protein 78 (GRP78) 
binding immunoglobulin protein are in the inactive state (13). 
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Numerous studies have demonstrated that chronic overeating 
may result in tissue ERS, insulin resistance and inflammation 
in adipose tissue in ob/ob mice and high‑fat diet (HFD)‑fed 
mice (14,15).

NAFLD refers to the clinicopathologic syndrome charac-
terized by excessive fat deposition in hepatocytes caused by 
alcohol exclusion and other definite hepatogenic factors (16). 
A large quantity of free fatty acids (FFAs) accumulate in 
hepatocytes, inducing lipid peroxidation in hepatocytes and 
eventually the apoptosis and necrosis of cells. In this process, 
strong lipid peroxidation is the inducing factor of ERS (17). 
ERS is conducive to the homeostasis of hepatocytes  (18). 
However, due to the excessive accumulation of lipids and 
persistent lipid peroxidation reaction, the ERS response lasts 
too long and is too strong, which causes cellular damage (19). A 
previous study revealed that mice without ATF6‑α, eukaryotic 
initiation factor 2α (eIF2‑α) and IRE1‑α in the ERS pathway, 
exhibited ERS disorder and hepatic steatosis, suggesting that 
ERS may be involved in the cause of fatty liver disease (20).

Ginsenosides (GS) [Chemical Abstracts Service (CAS) 
no. 90045‑38‑8] are an extract from the roots, stems and leaves 
of ginseng (21). It is a yellow‑white or light yellow amorphous 
powder that has a slight smelly odor and is bitter and hygro-
scopic (22). GS have various pharmacological effects on the 
human body (23). In the cardiovascular system, GS reduce 
arrhythmia, cardiac hypertrophy, myocardial ischemia and 
myocardial cell apoptosis (24). In terms of a tumor, GS may 
induce apoptosis, inhibit tumor cell proliferation and regulate 
signal pathways and immune functions (25). With regards to 
metabolic regulation, GS inhibit feeding behavior through the 
ventromedial hypothalamic nucleus, and inhibit the absorption 
of fatty foods in the intestinal tract by reducing the activity of 
pancreatic lipase (PL) or through regulation of the lipogenic 
transcription factor‑peroxidase proliferator activation receptor 
(PPAR) (26,27). Glucolipid metabolism regulates the expression 
of adenosine activated protein kinase (AMPK) and its target 
genes  (28). However, the mechanism by which GS reduces 
dietary intake is unknown. In a previous study, GS were 
revealed to exert a significant effect on reducing the food intake 
and weight of HFD‑induced obese mice, significantly reducing 
serum triglycerides (TGs; P=0.03), increasing glucose toler-
ance, improving insulin resistance and reducing the degree of 
obesity in mice, compared with HFD mice (29). A further study 
demonstrated that GS significantly inhibited the transcriptional 
activity of C/EBP homologous protein (CHOP; P=0.028) and 
GRP7 (P=0.04) compared with HFD mice, indicating that GS 
reduce ERS (30). Therefore, the present study hypothesized that 
GS may alleviate ERS and thus increase the sensitivity of the 
leptin receptor in order to inhibit obesity.

Materials and methods

Compounds. GS (CAS no. 90045‑38‑8; cat. no. PS010497) 
were purchased from Chengdu Push Bio‑Technology Co., 
Ltd. According to the product specification, the extract is 
mainly composed of saponins (total content, >80%). The GS 
were dissolved in dimethylsulfoxide (DMSO; Sigma‑Aldrich; 
Merck KGaA) for in  vitro studies. Tunicamycin (TM; 
CAS no.  11089‑65‑9; cat.  no.  T7765) was obtained from 
Sigma‑Aldrich (Merck KGaA) in order to induce ERS.

Animals and diet. The present study was conducted in accor-
dance with the ethical standards and according to the Ethical 
Committee of Shanghai University of Traditional Chinese 
Medicine (Shanghai, China). The protocols were ethnically 
approved by the Institutional Animal Care and Use Committee 
of Shanghai University of Traditional Chinese Medicine 
(approval no. SZY201708002).

Male C57BL/6 mice (n=15; weight, 15‑20 g) were purchased 
from Shanghai Laboratory Animal Center, certificate 
no. 20080016722050; Shanghai, China) at 4 weeks of age. The 
mice were individually housed under a 12 h light‑dark cycle 
at 22‑23˚C, with access to a standard chow diet and distilled 
water ad libitum during the adaptation week. Subsequently, 
the mice were placed on a HFD (60% of calories derived 
from fat, 5.24 Kcal/gm; cat. no. D12492; Research Diets, Inc.) 
for 3 months to induce obesity (31). The HFD‑fed mice were 
distributed into two groups of five mice and housed in cages to 
permit control of their food intake and body weight. All mice 
in these two groups continued to receive a HFD. A separate 
group of mice (n=5) were fed a standard chow diet (10% of 
calories derived from fat; cat. no. D12450B; Research Diets, 
Inc.) as a control group.

The C57BL/6 were fed either a standard chow diet (CHOW 
group; n=5) or a HFD (HFD group; n=5) for 3 months. The 
HFD‑fed mice were treated with either GS at 120 mg/kg/ day 
(HFD+GS group; n=5) or with the vehicle (HFD group; n=5) 
for the final 28 days of the study period.

Cell culture. HepG2 and GT1‑7 cell lines (American Type 
Culture Collection) were cultured in DMEM (Biological 
Industries) supplemented with 10% FBS (Thermo Fisher 
Scientific, Inc.) and 1% penicillin/streptomycin solution 
(Thermo Fisher Scientific, Inc.). The GT1‑7 cells were incu-
bated in a fully humidified 5% CO2 incubator at 37˚C. The 
medium was changed every 2‑3  days, and the cells were 
routinely passaged every 6‑8 days. Briefly, for the ERS group, 
the cells were seeded at a density of 2x105 cells per well in 
6‑well plates. The first well contained no treatment (control). 
From the second to the sixth wells, 5 µg/ml TM, 5 µg/ml TM 
+ 25 µg GS, 5 µg/ml TM + 50 µg GS, 5 µg/ml TM + 100 µg 
GS and 5 µg/ml TM + 200 µg GS were added, respectively, 
subsequent to incubation at 37˚C for 24 h to analyze the pres-
ence of ERS through the expression levels of GRP78, CHOP, 
phosphorylated (p)‑PERK, PERK and activating transcription 
factor 4 (ATF4). For the phosphorylated p‑STAT3/STAT3 
group, the cells were seeded at a density of 2x105 cells per 
well in 6‑well plates. The first well contained no treatment 
(control). From the second to the sixth wells, GS (12.5, 25, 50, 
100 and 200 µg) were added, respectively, and the cells were 
incubated at 37˚C for 24 h to extract the protein to measure the 
p‑STAT3/STAT3 ratio (32).

Preparation of FFAs. A hepatocyte steatosis model was 
established using complete medium containing oleic acid 
(OA; Sigma‑Aldrich; Merck KGaA) and palmitic acid (PA; 
Sigma‑Aldrich; Merck KGaA) and the efficacy was evalu-
ated using oil red O staining. DMEM medium with 10% FBS 
containing 200 M OA and 100 M PA was used. Initially, the 
palmitic acid was saponified with sodium hydroxide solution 
and turned into sodium palmitate to prepare the solution. At 
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a normal temperature water‑soluble OA and PA sodium was 
low, so they were dissolved in a 75˚C water bath for 10 min. 
Then, 20 and 40% degreased bovine serum albumin (BSA; 
Sigma‑Aldrich; Merck KGaA) solutions were prepared, 
and the BSA was completely dissolved using centrifugation 
at 5,255 x g for 15 min at room temperature. Completely 
dissolved OA or PA sodium solution, respectively, was mixed 
with 20% BSA or 40% BSA solution, and then run through a 
0.22 µm filter subsequent to eliminating bacteria, and stored at 
4˚C in a refrigerator.

Western blotting. Following the treatments listed above, 
2x105 cells/well were lysed using RIPA lysis buffer (Beyotime 
Institute of Biotechnology) containing a protease inhibitor 
cocktail (Beyotime Institute of Biotechnology). A BCA 
assay kit was used for protein concentration determination 
(Beyotime Institute of Biotechnology) and either 20 or 80 µg 
protein, to measure ERS or the p‑STAT/STAT3 ratio, respec-
tively, was mixed with 2X SDS‑PAGE sample buffer (25% 
SDS, 62.5 mM Tris‑HCl, pH 6.8, 25% glycerol, 0.5 M DTT 
and 0.1% Bromophenol Blue) and then boiled for 7 min at 
99˚C. Proteins were separated by 12% SDS‑PAGE and then 
transferred to a PVDF membrane (EMD Millipore). The 
membranes were blocked with 5% BSA (Gibco; Thermo Fisher 
Scientific, Inc.) for 2 h at room temperature. Subsequently, the 
membranes were incubated with primary antibodies against 
GRP78, CHOP, p‑PERK, PERK, ATF4 and β‑actin for 4˚C 
for 12 h to assess ERS, whereas primary antibodies against 
p‑STAT3, STAT3 and β‑actin were incubated at 4˚C for 24 h 
to obtain the p‑STAT3/STAT3 ratio. Following the primary 
antibody incubation, membranes were incubated with an 
IR‑DyeTM‑700/800‑labeled fluorescent secondary antibody 
(LI‑COR Biosciences) for 1 h at room temperature in the dark. 
Finally, proteins were visualized using the LI‑COR Odyssey 
infrared imaging system (LI‑COR Biosciences) and expres-
sion levels were quantified using Image‑Pro Plus version 6.0 
software (Media Cybernetics, Inc.).

For the tissue‑based assays, at the end of the treatment, 
overnight fasting blood samples were withdrawn by cardiac 
puncture following anesthesia (urethane, 2 g/kg, intraperi-
toneal). Whether the mice were in a coma was determined 
using the following three criteria: i) The depth of anesthesia 
in mice was determined by pinching the toes with forceps; 
ii) the normal respiratory rate of the mice should be 180 times 
per min, and when anesthetized, the respiratory rate should 
decrease proportional to the depth of the anesthesia, but the 
mice should remain breathing; and iii) the mucous membranes 
of the mice must remain pink, not blue or gray. Subsequent 
to extracting the tissue and blood, the mice were placed into 
a sealed box and euthanized (filled with CO2, 30% per min, 
1‑3 min). When all the mice had succumbed to mortality (deter-
mined by observing the respiratory rate of the mice and the 
color change of the mucous membrane), they were registered 
(species, sex, number, etc.) and handed over to a professional 
for disposal. The liver and hypothalamus tissues of the mice in 
each group were homogenized using RIPA buffer containing 
protease inhibitor cocktail and phosphatase inhibitor cocktails 
(Beyotime Institute of Biotechnology) using a hand‑held motor 
and maintained on ice for 1 h to lyse the cells completely. The 
homogenates were then centrifuged at 12,000 x g for 30 min 

at 4˚C. The supernatants were collected, and protein concen-
tration was determined using BCA protein assay kit, and then 
boiled for 10 min at 99˚C. The remaining steps are consistent 
with the cell western blotting protocol.

Antibodies against p‑STAT3 (1:500; cat. no. CST9134) and 
STAT3 (1:1,000; cat. no. CST9139) were obtained from Cell 
Signaling Technology, Inc. Antibodies against CHOP (1:1,000; 
cat. no. 15204‑1‑AP), ATF4 (1:1,000; cat. no. 24169‑1‑AP), 
PERK (1:1,000; cat. no. 20582‑1‑AP) and β‑actin (1:1,000; 
cat. no. 66009‑1‑lg) were purchased from ProteinTech Group, 
Inc. Antibodies against GRP78 (1:500; cat. no. 35394) and 
p‑PERK (1:500; cat. no. 12379) were purchased from Signalway 
Antibody LLC. The IR‑DyeTM‑700/800‑labeled fluorescent 
secondary antibody (1:10,000; cat. no. 042‑07‑18‑06) was 
purchased from LI‑COR Biosciences.

Administration of GS. Intraperitoneal injections were 
performed in the daytime. The mice were acclimatized for 
28 days by daily intraperitoneal injections of vehicle (DMSO+ 
normal saline; NS) prior to the start of GS injections. GS 
(120 mg/kg/mice) were dissolved in DMSO (10 µl) + NS (40 µl) 
and administered to the mice intraperitoneally once a day. The 
corresponding vehicle groups were injected intraperitoneally 
with a total volume of 50 µl DMSO+NS once a day. The daily 
food intake was calculated as the mean food intake per day 
during the four weeks of treatment.

Intraperitoneal glucose and insulin tolerance tests. For the 
glucose tolerance test, the C57BL/6 mice were fasted for 12 h 
and the basal blood glucose levels (0 min) were measured 
from the tail vein. Subsequently the mice were intraperitone-
ally injected with glucose (1 g/kg body weight) and the blood 
glucose levels were measured at 15, 30, 60 and 90 min. For the 
insulin tolerance test, the mice were intraperitoneally injected 
with 0.75 U/kg insulin (cat. no. I‑9278; Sigma‑Aldrich; Merck 
KGaA) without fasting. Prior to the injection of insulin, the 
blood samples were collected from the tail vein for measure-
ment of basal blood glucose levels (0 min), and the blood 
glucose levels were also measured at 15, 30, 60 and 90 min, as 
previously described (33).

Metabolic chamber measurements. Metabolic parameters 
of the mouse models (lean and diet‑induced obesity) were 
determined using a Comprehensive Lab Animal Monitoring 
System (Columbus Instruments International). The following 
four parameters were tested: Oxygen consumption (VO2), 
carbon dioxide consumption (VCO2), respiratory exchange 
ratio (RER) and ambulatory activity (X‑Amb) (34).

Magnetic resonance imaging (MRI). The mice were examined 
in an MRI scanner (EchoMRI™‑500; EchoMRI LLC) in a 
prostrate position, using a whole‑body coil and a two‑point 
Dixon sequence. The mice were fixed in plastic cylindrical 
barrels to reduce their movement. The remaining operations 
were conducted according to the manufacturer's protocol.

Hematoxylin and eosin (H&E) and oil red O staining. For H&E 
staining, the liver tissue was fixed with 10% formaldehyde for 
24 h at 4˚C, embedded in paraffin and cut into 10 mm sections 
according to a standard protocol. The sections were stained with 
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H&E (hematoxylin, 10 min; eosin, 30 sec; room temperature). 
The adipose tissue or frozen sections of liver were washed with 
phosphate buffered saline twice, fixed with 10% formalin at 
room temperature for 10 min and then stained with oil red O 
(Sigma‑Aldrich; Merck KGaA) at 60˚C for 10 min. Subsequently, 
images were captured using a light microscope (magnification, 
x200 or x400; Nikon Corporation). Oil red O stained sections 
were evaluated using Image‑ProPlus 6.0  software (Media 
Cybernetics, Inc.) and H&E staining sections were evaluated 
according to The Pathology Committee of the NASH Clinical 
Research Network's histological feature scoring system (35).

Serum biochemistry analysis. Subsequent to overnight fasting 
for 12 h, all mice were anesthetized with urethane (2 g/kg, 
intraperitoneally) and then blood samples were collected for 
analysis. The blood samples were drawn from the apex cordis 
into an epoxy resin tube, and serum samples were separated 
from the blood. Serum TG, total cholesterol (TC), high‑density 
lipoprotein cholesterol (HDL‑c), low‑density lipoprotein 
cholesterol (LDL‑c) levels, alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) were measured using a 
Hitachi 7020 Automatic Analyzer (Hitachi, Ltd.).

Liver lipid content analysis. The liver, abdominal adipose, 
perirenal adipose and epididymis adipose were collected 
rapidly at the end of treatment, frozen in liquid nitrogen and 
stored at ‑80˚C for the following experiments. To assess the 
liver lipid content, 50 mg frozen liver tissues were homog-
enized in 1 ml lysis buffer (20 mM Tris‑HCl, pH 7.5, 150 mM 
NaCl and 1% Triton) and mixed with an equal volume of 
chloroform. The chloroform layer was separated, dried and 
resuspended in isopropyl alcohol to measure the lipid levels 
using a Triglycerid Reagent kit (cat.  no. A0‑10017) and a 
Total Cholesterol Reagent kit (cat. no. A010027; both Nanjing 
JianCheng Bioengineering Institute) according to the manu-
facturer's protocol.

Feces lipid content analysis. The feces were collected rapidly 
within three days prior to the end of the treatment, frozen in 
liquid nitrogen, and stored at ‑80˚C for the following experi-
ments. To assess the feces lipid content, 100 mg frozen feces 
were homogenized in 1 ml lysis buffer (20 mM Tris‑HCl, pH 7.5, 
150 mM NaCl and 1% Triton) and mixed with an equal volume 
of chloroform. The chloroform layer was separated, dried and 
resuspended in isopropyl alcohol to measure the lipid levels 
using a using a Triglycerid Reagent kit (cat. no. A0‑10017) 
and a Total Cholesterol Reagent kit (cat. no. A010027; both 
Nanjing JianCheng Bioengineering Institute) according to the 
manufacturer's protocol.

ELISA. The serum insulin and leptin levels were measured 
using an ELISA. The mouse serum was stored at ‑80˚C 
and incubated at  37˚C for thawing prior to analysis. The 
kits for insulin (cat.  no.  80‑INSMSU‑E01) and leptin 
(cat. no. 80‑LEPMS‑E01) were obtained from ALPCO. The 
enzyme levels in the supernatants were measured according 
the manufacturer's protocol.

Statistical analysis. All values are expressed as the 
mean  ±  SEM. Data were analyzed using SPSS software 

(version  21.0; IBM Corp., Armonk, NY, USA). One‑way 
ANOVA and Duncan's multiple range tests were used to deter-
mine the significance of differences between groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

GS administration reduces food intake and reverses the 
obesity and hyperleptinemia induced by HFD. To assess 
whether GS reduce diet‑induced obesity, C5BL/6 mice were 
fed a HFD for 4 weeks and administered GS via an intra-
peritoneal injection every day (120 mg/kg/day). The mice 
fed the HFD had an above mean body weight compared 
with the standard chow diet‑fed mice subsequent to 4 weeks 
of treatment (Fig. 1A). The HFD+GS group, however, had a 
significantly reduced body weight in the mice compared with 
the HFD group (Fig. 1A and B; P<0.01). Similarly, the food 
intake amount was significantly different between the HFD 
and HFD+GS group (P<0.05; Fig. 1C), implying that the lower 
body weight in the HFD+GS group resulted from a lower 
calorie intake. The diameter of fat cells may indirectly reflect 
lipid metabolism (36). Histological analysis demonstrated that 
the GS group significantly reduced the size of the white adipose 
tissue compared with the HFD group (P<0.01), implying that 
GS reduces adipocyte mass in HFD‑fed mice (Fig. 1D and E). 
GS administration altered the lean mass of HFD‑fed mice 
relative to the standard chow group (Fig. 1F and G; P<0.05). 
Also, the percentage fat of the bodyweight in the HFD+GS 
group were significantly less compared with that of standard 
chow diet‑fed groups (Fig.  1H  and I ; P<0.01). When the 
experiment was completed, the weight of visceral fat in the 
mice was measured. The data revealed that the liver weight, 
abdominal fat, epididymis fat and perirenal fat were signifi-
cantly reduced in the HFD+GS group compared with the HFD 
group (Fig. 1J‑M; P<0.01). These results suggested that GS 
may induce a suppressed appetite and lose the weight caused 
by a HFD in mice.

GS increase glucose tolerance, reduce insulin resistance and 
reduce blood leptin and insulin levels in HFD mice. A large 
number of studies have reported that HFD‑fed mice demon-
strate impaired glucose and insulin intolerance compared 
with standard chow‑fed mice (37‑40). In the present study, the 
HFD+GS group had a significantly improved fasting glucose 
level, glucose tolerance and insulin tolerance compared with 
the HFD group. (Fig. 2A and B; P<0.01). Similarly, leptin, an 
endocrine hormone secreted by adipose tissue, is present at 
significantly higher levels in HFD‑fed mice compared with 
those in standard chow diet‑fed mice (41). In order to examine 
whether the leptin levels were increased in HFD‑fed mice in the 
present study, leptin contents were assessed using an ELISA. 
GS significantly reduced the leptin levels of the HFD‑fed mice 
compared with the HFD group. (Fig. 2C; P<0.01). Obesity is 
able to increase blood sugar, reduce glucose tolerance, raise 
insulin resistance and cause hyperinsulinemia and hyperlepti-
nemia (42‑44). In order to examine whether the insulin levels 
were increased in the HFD‑fed mice, the insulin parameters 
were assessed using an ELISA. The results demonstrated that 
the insulin levels were increased significantly in the HFD‑fed 
mice compared with the CHOW group (P<0.01). Furthermore, 
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GS treatment significantly suppressed the insulin level, 
indicating that GS improved the hyperinsulinemia in the 
HFD‑induce mice (Fig. 2D; P<0.01).

GS improved the lipid metabolism of HFD mice. In order to 
determine the toxic effect of GS, the levels of ALT and AST 
in the blood were tested. The levels in the obese mice induced 
by a HFD‑diet were significantly increased compared with 
standard chow‑fed mice, while the AST and ALT levels were 
significantly decreased following GS treatment (Fig. 3A and B; 
P<0.01). The results revealed that GS exerted no toxicity to 
the liver at this dose. As expected for the HFD‑fed mice, the 
serum TC, TG, LDL‑c and HDL‑c levels were significantly 
increased compared with the CHOW group (Fig. 3C‑F; P<0.05 
or P<0.01). By contrast, the GS group exhibited significantly 
reduced serum TG levels compared with the HFD group 
(Fig. 3C; P<0.01). GS treatment also significantly reduced 
serum TC and HDL‑c levels compared with the HFD group 
(Fig. 3D and E; P<0.05). However, no difference in the serum 
LDL‑c levels were observed between the HFD + GS group 
and the HFD group (Fig. 3F). Subsequently, the TG levels in 
the liver and TC in the feces were tested. The levels of TG in 
the liver were significantly reduced in the HFD + GS group 

compared with the HFD group, whereas TC levels in the feces 
were significantly increased compared with the HFD group 
(Fig. 3G and H; P<0.05).In summary, the results suggest that 
GS are not only non‑toxic but may also alleviate lipid meta-
bolic disorders.

GS alleviates lipid droplet accumulation in vivo and vitro. 
Excessive accumulation of TGs in cells is also a manifesta-
tion of the disorder of lipid metabolism in hepatocytes (45). 
A hepatocyte steatosis model was established using complete 
medium of OA and PA. The efficacy was evaluated using oil 
red O staining subsequent to drug intervention. In the present 
study, 24 h following the administration of GS, it was revealed 
that the oil red O inside the cells became lighter and the area 
decreased compared with the OA+PA well. This suggests that 
the mixture of OA and PA increased the lipid accumulation 
in HepG2 cells, while GS inhibited the lipid accumulation 
(Fig. 4A and G; P<0.05).

Obesity develops into hepatic steatosis, primarily due to the 
destruction of the balance between fatty acid storage and mobi-
lization (46,47). In the present study, H&E‑stained liver sections 
revealed microvesicular and macrovesicular steatosis of the liver 
in the HFD‑fed mice compared with the normal liver structure 

Figure 1. GS administration reduces food intake and reverses the obesity induced by a HFD. (A) Body weight n=5 per group. (B) Percentage reduction in body 
weight. (C) Food intake of the HFD‑fed mice during the four weeks of treatment. The mice were subjected to a 4‑weeks treatment of standard chow, HFD or 
GS (120 mg/kg; daily, intraperitoneal injection). (D) Hemoxylin and eosin staining of the adipose tissue. (E) Relative area of the adipocytes. (F) Lean weight. 
(G) Lean percentage of body weight. (H) Fat weight. (I) Fat percentage of body weight. The HFD‑fed mice were analyzed with by magnetic resonance imaging 
following 3 weeks of treatment. (J) Liver weight. (K) Abdominal, (L) perirenal and (M) epididymis adipose tissues. Error bars present the mean ± standard 
error of the mean. P‑values were determined by one‑way ANOVA. *P<0.05 and **P<0.01 vs. HFD group; #P<0.05 and ##P<0.01 vs. CHOW group; n=5 for all 
groups. GS, ginsenosides; HFD, high‑fat diet; CHOW, mice administered a standard chow diet.
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Figure 3. GS improve the lipid metabolism of HFD‑fed mice. (A) Serum ALT, (B) serum AST, (C) serum TG, (D) serum TC, (E) serum HDL‑c, (F) serum 
LDL‑c, (G) liver TG levels and (H) feces TG levels. Error bars present the mean ± standard error of the mean. P‑values were determined by one‑way ANOVA. 
*P<0.05 and **P<0.01. vs. HFD group; #P<0.05 and ##P<0.01 vs. CHOW group; n=5 for all groups. GS, ginsenosides; HFD, high‑fat diet; CHOW, mice admin-
istered a standard chow diet; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, triglyceride; TC, total cholesterol; HDL‑c, high‑density 
lipoprotein cholesterol; LDL‑c, low‑density lipoprotein cholesterol; NS, no significance.

Figure 2. GS increases glucose tolerance, reduces insulin resistance and reduces blood leptin and insulin levels in HFD‑fed mice. (A) Glucose tolerance test. 
The mice were fasted for 12 h and the tail vein blood was used to measure the blood glucose levels. (B) Insulin tolerance test. (C) Serum leptin. (D) Serum 
insulin. Error bars represent the mean ± standard error of the mean. P‑values were determined using one‑way ANOVA. **P<0.01 vs. HFD group; ##P<0.01 
vs. CHOW group; n=5 for all groups. GS, ginsenosides; HFD, high‑fat diet; CHOW, mice administered a standard chow diet; IPGTT, intraperitoneal glucose 
tolerance test; ITT, insulin tolerance test.
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of the standard chow diet‑fed mice. By contrast, GS treatment 
efficiently reversed the structural changes and improved the 
hepatic steatosis (Fig. 4B). In addition, oil red O staining is 
an important method to observe fat accumulation. The liver 
sections confirmed that there were few lipids in the livers of the 
standard chow diet‑fed mice, but a massive lipid accumulation in 
the livers of the HFD mice. GS treatment notably mitigated the 
lipid accumulation in the livers of the HFD‑fed mice (Fig. 4C). 
Altogether, GS attenuate fatty liver and reduce the diameter of 
fat cells in HFD‑fed mice (Fig. 4D‑F; P<0.05).

Effect of GS on metabolic measures. Based on the aforemen-
tioned data, it was hypothesized that GS, despite their robust 
effects on food intake and body weight, also enhance oxygen 
consumption, carbon dioxide exhalation and result in the utili-
zation of fat as the main energy source. Therefore following 
metabolic parameters were measured in the HFD‑fed mice 
and HFD+GS group: VO2, VCO2, RER and X‑Amb. The 
results revealed that the HFD+GS group had significantly 
increased VO2 and VCO2 compared with the HFD‑fed mice 
(Fig. 5A and B; P<0.05 and P<0.01). However, as the two 

Figure 4. GS alleviates lipid droplet accumulation in vivo and in vitro. (A) Oil red O staining of HepG2 cells (magnification, x400). (B) Hemoxylin and 
eosin and (C) oil red O staining of liver sections (magnification, x200). Scoring of (D) inflammation injury, (E) steatosis injury and (F) ballooning injury. 
(G) Lipid accumulation in HepG2 cells. Error bars present the mean ± standard error of the mean. P‑values were determined by a one‑way ANOVA. Scale 
bars, 25 or 50 µm. *P<0.05, vs. HFD group (D‑F); *P<0.05 vs. PA + OA group (G); n=5 for all groups. GS, ginsenosides; HFD, high‑fat diet; CHOW, mice 
administered a standard chow diet; PA, palmitic acid; OA, oleic acid.
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parameters increased (VO2 and VCO2), their ratio remained 
relatively constant (Fig. 5C). Notably, the levels of activity 
were significantly lower in the HFD+GS group compared 
with the HFD group. (Fig. 5D; P<0.05 and P<0.01). There are 
two potential reasons for this effect. First, previous studies 
have reported that large doses of GS inhibit the activity of 
mice (48,49). Second, aside from their appetite, mice exhibit 
reduced consumption and exercise levels naturally (50,51). In 
conclusion, GS increase the basal metabolic rate of mice to 
enhance fat mobilization and thereby reduce weight.

GS improve liver ERS and regulate STAT3 phosphoryla‑
tion in GT1‑7 cells and hypothalamus. Specific markers for 
intracellular STAT3 signaling, and ERS in the GT1‑7 GnRH 
neuron cell line and the liver tissues were analyzed using 
immunoblotting as previously described (32). As presented in 
Fig. 6, GS not only reduced the expression of ERS‑associated 
proteins in GT1‑7 cells and the liver (Fig. 6A and B; P<0.05), 
but also regulated the p‑STAT3/STAT3 ratio in GT1‑7 and 
hypothalamus tissue (Fig. 6C and D).

Discussion

The present study identifies a novel function for GS as a 
potential weight‑reducing medicine based on its function in 

reducing obesity, nonalcoholic fatty liver disease, hyperlepti-
nemia and insulin resistance. The results of the present study 
demonstrate that GS alleviate metabolic disorders, including 
obesity, fatty liver, dyslipidemia and hyperglycemia in mice. 
Furthermore, GS regulate the expression of p‑STAT3 and 
reduce ERS in GT1‑7 cells and the liver. These results reveal 
that GS reduce weight and ameliorate nonalcoholic fatty liver 
disease partly by increasing the expression of p‑STAT3 and 
reducing the ERS.

China was the first country globally to use and record 
ginseng in medical literature. Ginseng has been recorded 
in Chinese medical literature for >2,000 years (51). GS are 
regarded as the main active ingredient in ginseng, thus 
becoming the point of focus in research (52). GS have a wide 
range of pharmacological effects and are extensively used to 
treat numerous different diseases (53). Examples include in 
the treatment of neurodegenerative diseases in the nervous 
system, improvement of memory function and protection of 
brain tissue (54). In the cardiovascular system, GS reduce 
arrhythmia, cardiac hypertrophy, myocardial ischemia and 
myocardial apoptosis (24). In terms of tumor types, they may 
induce apoptosis, inhibit tumor cell proliferation, regulate 
signal pathways and regulate immune functions (55). With 
regards to metabolism, they inhibit the absorption of fatty food 
in the intestinal tract by reducing the activity of PL or through 

Figure 5. Effect of GS on metabolic measures. (A) Oxygen consumption. (B) Carbon dioxide elimination. (C) RER. (D) Ambulatory count (physical activity). 
Error bars present the mean ± standard error of the mean. P‑values were determined by a one‑way ANOVA. *P<0.05, **P<0.01 vs. HFD group; n=5 for all groups. 
NS, no significance; GS ginsenoside; HFD, high‑fat diet; RER, respiratory exchange ratio; VCO2, carbon dioxide consumption; VO2, oxygen consumption.
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the regulation of the lipogenesis transcription factor PPAR 
and the glucolipid metabolism regulation molecule AMPK 
and its target gene expression (56). The compound used in the 
present study contained up to 80% GS. Thus, it is rational to 
propose that GS may be one of the ingredients responsible for 
the activities of ginseng.

In the present study, the GS treatment reduced the body 
weight gain induced by HFD and food intake was markedly 
reduced, indicating that the effect was caused by a reduction in 
calorie intake (21). The results also revealed that the treatment 
lowered blood glucose, serum AST, serum ALT, serum TG 
and liver TG contents and increased the fecal excretion of TG 
in the mice fed a HFD, suggesting that GS effectively lower 
HFD‑induced hyperglycemia and hyperlipidemia (57).

Decreased food intake may be associated with 
drug‑induced liver injury (58,59). Thus, in the present study, 
the effect of drug toxicity on the feeding of the HFD‑fed mice 

was investigated extensively. Therefore, H&E and Oil Red 
O staining were performed on the liver tissues to observe 
the effect of the drug, and the results demonstrated that the 
reduction of dietary intake was not caused by drug‑induced 
liver injury (60). This was supported by further evidence, 
including low levels of ALT and AST in the serum  (61). 
In addition, GS reduced lipid accumulation in  vivo and 
in vitro (21). The present results are consistent with previous 
reports.

Obesity usually causes hyperinsulinemia and hyperlep-
tinemia in the blood circulation, which mainly manifest as 
reduced glucose tolerance, leptin resistance and dyslipid-
emia (62,63). Leptin and insulin resistance were induced in 
mice following 12 weeks on a HFD (64). In the present study, 
GS administration significantly reduced the levels of circu-
lating insulin and leptin in the HFD‑fed mice (P<0.05). The 
combination of the results of the glucose tolerance and insulin 

Figure 6. Effect of GS on p‑STAT3/STAT3 and ERS. Following treatment for 24 h (ERS)/12 h (p‑STAT3/STAT3), western blotting was performed to deter-
mine the relative expression of ERS‑associated proteins. (A) Expression of GRP78, CHOP, total PERK and p‑PERK in GT1‑7 cells treated with 5 µg/ml TM, 
5 µg/ml TM + 25 µg GS, 5 µg/ml TM + 50 µg GS, 5 µg/ml TM + 100 µg GS or 5 µg/ml TM + 200 µg GS. *P<0.05 vs. TM. (B) Expression of GRP78, CHOP and 
ATF4 in the liver. *P<0.05 vs. HFD group. (C) Expression of p‑STAT3 and total STAT3 in GT1‑7 cells treated with GS (12.5, 25, 50, 100 and 200 µg). *P<0.05 
vs. 0 µg. (D) Expression of p‑STAT3 and total STAT3 in the hypothalamus. **P<0.01 vs. HFD group. GS, ginsenosides; HFD, high‑fat diet; CHOW, mice 
administered a standard chow diet; STAT3, signal transducer and activator of transcription 3; p‑, phosphorylated; ERS, endoplasmic reticulum stress; GRP78, 
glucose regulation protein 78; CHOP, C/EBP homologous protein; PERK, protein kinase‑like endoplasmic reticulum kinase; ATF4, activating transcription 
factor 4; TM, tunicamycin.
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tolerance tests indicate that GS improve leptin and insulin 
resistance in HFD‑fed mice (21).

Previously, an increasing number of studies have 
demonstrated that leptin resistance was a major cause of 
obesity (65‑67). The important reasons are the regulation of 
p‑STAT3 and increased ERS in the hypothalamus (68,69).

STAT3 is a member of the STAT protein family  (70). 
Leptin receptor is activated by leptin and p‑STAT3 (71). Thus, 
STAT3 is a classical up‑regulator of leptin signaling. For 
example, Liu et al (72) reported that celastrol suppresses appe-
tite, reduces body weight and ameliorates disorders of glucose 
and lipid metabolism through p‑STAT3. Ibars  et  al  (68) 
reported that proanthocyanidins reduce appetite and weight by 
increasing phosphorylated STAT3. Interestingly, the present 
study produced opposing results in vivo and in vitro. The 
potential reason for this is that there is no ligand of leptin in 
cells to bind to the leptin receptor, and the effect of increased 
phosphorylation of STAT3 is all derived from GS. However, 
in vivo, the excess ligand binding of hyperleptinemia in the 
serum of obese mice ameliorated the decrease in the receptor 
ligand binding rate caused by receptor passivation, so the 
results were inconsistent. In addition, age and other factors 
would also cause different results (8,73‑76).

The endoplasmic reticulum is an extremely active and 
important organelle in the cell  (76,77). It is involved in 
protein synthesis, storage, processing and modification, and 
folding (78). Dysfunction of the endoplasmic reticulum results 
in the accumulation of unfolded or misfolded proteins in the 
endoplasmic reticulum, which results in ERS (79). There are 
three mechanisms to survive a stress response in the endo-
plasmic reticulum: The ATF6 mechanism, the IRE1‑splice 
X‑box binding protein 1 mechanism and the PERK‑eIF2 mech-
anism (80). The results of the present study indicate that GS 
reduce ERS via the PERK‑eIF2‑α mechanism. For example, 
Joe et al (81) reported that fibroblast growth factor 21 induced 
by carbon monoxide mediated metabolic homeostasis via the 
PERK/ATF4 pathway. Cai et al (82) reported that the allevia-
tion of ERS by aerobic exercise was able to suppress appetite 
and reduce weight in HFD‑fed mice. Wang et al (83) revealed 
that the alleviation of ERS was able to reduce nonalcoholic 
fatty liver disease. Furthermore, Fujii et al (84) demonstrated 
that reducing ERS does reduce nonalcoholic fatty liver disease. 
Notably, the present study reports that GS significantly reduce 
ERS through the p‑PERK/PERK/ATF4 pathway.

The results of the present study provide evidence that GS 
serve an important function in weight loss and ameliorating 
nonalcoholic fatty liver disease in HFD‑fed mice. GS also 
upregulated the phosphorylated protein expression of STAT3 
and reduced ERS in vitro and ameliorated nonalcoholic fatty 
liver disease in vivo. GS may be a novel choice as a highly 
efficient non‑toxic strategy for the treatment of metabolic 
disorders. The present study still has numerous limitations. 
Future studies ought to: i) Detect the constituents of total 
ginsenosides with high‑performance liquid chromatography, 
ii) Observe the feed intake of the obese mice following the 
injection of GS into the lateral ventricle and iii) Analyze the 
hypothalamic samples (the dorsomedial hypothalamus, the 
ventromedial hypothalamus and the arcuate nucleus) using 
immunostaining with p‑STAT3 (Tyr705)‑specific antibodies. 
In conclusion, results from the present study demonstrated 

that GS reduced weight and improved non‑alcoholic fatty 
liver, and identified possible pathways regulating p‑STAT3 
and alleviating endoplasmic reticulum stress pathway.
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