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Ginseng has been widely used for the treatment of various  
human body disorders.  Despite extensive studies, the mech- 
anism of action of ginseng remains to be clarified.  In an  
effort of clarifying the mechanism of gluco-regulatory ac- 
tivity in ginseng, the effects of ginsenosides on glucose me- 
tabolism were studied in human hepatoma HepG2 cells.   
In this study, we showed that Rg1 significantly inhibited  
glucose production, glycogen synthesis, and lipogenesis.   
Rg1 also increased the phosphorylation of AKT and AMP- 
activated protein kinase (AMPK).  Further studies indi-
cated that the Rg1-mediated inhibition of glycogen and  
lipid synthesis was blocked in the presence of PI3K/AKT-  
and AMPK-specific inhibitors.  These results indicate that  
Rg1 contributes to glucose and lipid metabolism in liver 
cells through AKT and AMPK pathways.  Our findings 
provide evidence to support that Rg1 may be potential 
useful in counteracting insulin resistance and diabetes.
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Introduction

Liver is the major organ that coordinates metabolism 
in human body by maintaining glucose homeostasis  
(14).  Deranged glucose supply and metabolism in liver  
are linked with insulin resistance and diabetes, in which  
tissues become less responsive or even resistant to in- 
sulin.  In muscle and adipose tissues, insulin is crucial  
for the stimulation of glucose uptake.  Insulin also de- 
creases glucose output by inhibiting gluconeogenesis  
and stimulating glycogen synthesis in liver (35).  Hy- 
perglycemia is the primary contributor to many diabetes- 
associated disorders and can exacerbate defective glu- 
cose disposal by interfering with insulin’s action in  
insulin-targeted tissues.  Thus, the regulation of glu-
cose metabolism is critical for the treatment of insulin  
resistance.  Current therapeutic agents, however, have  
shortcomings, such as serious side effects, and their  

mechanisms of action are not completely understood.   
The identification of better therapeutic agents is ur- 
gently needed.  The identification of natural preventive  
and therapeutic agents with the potential to modulating  
deranged hepatic metabolism is an interesting topic that  
has drawn much attention (19).

AMP-activated protein kinase (AMPK) is a major  
energy sensor in cells which is activated by increased  
AMP/ATP ratio.  AMPK has been shown to be a key 
regulator of glucose and lipid metabolism.  In liver 
cells, the activation of AMPK leads to increased fatty  
acid oxidation and simultaneous inhibition of gluco- 
neogenesis, hepatic lipogenesis, and glycogen biosyn- 
thesis (18).  These metabolic effects of AMPK activation  
indicate that AMPK activators may be promising agents  
for the treatment of metabolic disorders, such as dia-
betes and insulin resistance.  In fact, several drugs in 
clinical use for the treatment of diabetes are potent 
AMPK activators (18, 36).

Ginseng is one of the most widely used herbal 
medicines and has a long history in Asian countries.   
Ginseng demonstrates a wide range of beneficial effects,  
such as anti-aging, improving cognitive performance,  
and enhancing metabolic functions (1).  The main active  
components in ginseng are ginsenosides, which are  
generally believed to contribute to ginseng’s pharma- 
cological actions (1).  Historically used in treating dia- 
betes, ginseng is known for its prominent hypoglycemic  
activity (28).  Ginseng has been shown to decrease 
postprandial glycemia in both nondiabetic and type 
2 diabetes subjects (33).  The aqueous extract of gin-
seng was shown to be capable of inducing hypogly-
cemia in both glucose-loaded healthy animals and in 
animals with experimentally induced diabetes (21).  
Despite extensive studies, the mechanism of action of  
ginseng remains to be clarified.  Previous studies on  
ginseng primarily focused on promoting glucose uptake  
in adipose and muscle tissues, with little attention to 
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the modulation of liver cell metabolism (10, 13).  In  
this study, the effect of ginsenoside Rg1 (Fig. 1A) on  
energy metabolism was investigated in human hepa-
toma HepG2 cells.  We showed that Rg1 significantly  
inhibited gluconeogenesis, glycogen and hepatic 
lipid synthesis through the activation of AMPK and 
PI3K signaling pathways.  Our findings provide a 
molecular basis for the hypoglycemic activity of gin- 
senoside Rg1, which is a promising candidate in the 
development of anti-diabetic agents.

Materials and Methods 

Extraction and Isolation of Ginsenoside Rg1

Ginsenoside was isolated from the dried roots of Panax  
notoginseng as described elsewhere (4).

Cell Culture

Human HepG2 cells were purchased from the ATCC  
(American Type Culture Collection, Manassas, VA,  
USA) and were cultured at 37°C in Dulbecco’s modi- 
fied Eagle’s medium (DMEM; Gibco Laboratories, 
Grand Island, NY, USA) supplemented with 15 mM 
HEPES, pH 7.4, 26 mM sodium bicarbonate, 2 mM 
L-glutamine, 100 μg/ml streptomycin, 100 U/ml peni- 
cillin, and 10% charcoal-dextran-treated fetal bovine 
serum with 5% CO2.  The growth curve of these cells  
was determined by counting the viable cells using trypan  
blue exclusion.  The cells were seeded into culture dishes  
and allowed to attach for 12 h prior to the treatment.  
Cell proliferation was then assayed by Cell Counting  
Kit 8 (Dojindo Molecular Technologies, Gaithersburg,  
MD, USA).

Cell Viability Assay

HepG2 cells were seeded in 96-well plates (1 × 104  
cells/well) 24 h prior to Rg1 treatment.  Rg1 was added  
to the media as a concentrated stock in DMSO.  The 
control groups were fed with media containing the 
same amount of drug-free DMSO.  After incubation 
for 48 h, 10 μl of CCK-8 solution (Dojindo Molecular  
Technologies) was injected into each well, and cells 
were further incubated for 3 h.  Relative cell viability  
was obtained by measuring absorbancy at 450 nm using  
an ELISA microplate reader (Spectra Max 190, Mo-
lecular Devices, Sunnyvale, CA, USA).

Glucose Production Assay

Glucose production was measured via the conversion  
of lactate and pyruvate to glucose as described else- 
where (5).  HepG2 cells were cultured in 6-well plates  
(5 × 105 cells/well) and incubated in the presence or 

absence of Rg1 for indicated time period.  The cells 
were washed with PBS to remove remaining glucose 
and then incubated for 4 h in 100 μl of glucose pro-
duction medium (glucose-free DMEM containing 2  
mM of sodium pyruvate and 20 mM of sodium lactate).   
Fifty microliters of medium was collected for the mea- 
surement of glucose concentration using a glucose assay  
kit (Cayman Chemical, Ann Arbor, MI, USA).  The glu- 
cose concentrations were normalized based on cellular  
protein concentrations afterward.

Assay of Glycogen Synthesis

Glycogen synthesis was measured by estimating the in- 
corporation of D-[14C]-glucose (2 μCi/ml) into glycogen  
as described elsewhere (17).  HepG2 cells were cul-
tured in 24-well plates (1 × 105 cells/well) and incu- 
bated in the presence or absence of Rg1 for indicated  
time period.  Glycogen synthesis was allowed to pro- 
ceed for 1 h after drug treatments.  Triplicate assays  
were performed with 5.5 mM unlabeled glucose.  The  
cells were washed and left lysing in 0.5 N NaOH.  The  
radioactivity incorporated into glycogen was assessed  
by precipitating glycogen onto glass fiber filters.  The 
filters were washed with 67% ethanol, dried, and ana- 
lyzed by scintillation counting.

Assay of Lipid Synthesis

HepG2 cells were seeded in 24-well plates (1 × 105  
cells/well) and incubated with the appropriate com-
pounds and indicated concentrations for the indicated  
time periods.  The incorporation of [U-14C]-glucose into  
lipids was analyzed as described previously (32).  The  
assay was terminated with a PBS wash, and then, the  
cells were scraped to ice-cold methanol.  The lipids 
were extracted by suspending the cells in a final mix-
ture containing chloroform: methanol:H2O:butylated  
hydroxytoluene (1:1:0.9:0.0001%).  The lipid-containing  
phase was isolated, dried under a nitrogen stream; and  
then scintillation counted.

Western Blot Analysis 

The cells were plated in 6-cm culture dishes at a density  
of 1 × 106 cells/dish.  The cells were treated with gin- 
senosides for 24 h.  The cells were then washed and 
left lysing in 0.2 ml of lysis buffer (1% NP-40, 50  
mM Tris-Cl, pH 7.4, 180 mM NaCl, 1 mM EDTA, 1 
mM PMSF, 1 mM NaF, 10 mM Na3VO4) for 30 min at  
4°C.  The protein concentrations determined, and equal  
amounts of cell lysate protein (20 μg) were separated 
by 10% SDS-PAGE and transferred to PVDF mem- 
branes (Millipore, Bedford, MA, USA).  Immunoblotting  
was performed using AKT antibodies, phosphorylated  
AKT, AMP-dependent kinase (AMPK), phosphorylated  
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AMPK, acetyl-CoA carboxylase (ACC), phosphory- 
lated ACC, and β-actin.  The signals were visualized  
with an enhanced chemoluminescence kit (ECL, 
Amersham, Biosciences, Buckinghamshire, UK) fol-
lowed by exposure of the blots to X-ray film.

Statistical Analysis

All results are representative of at least three indepen- 
dent experiments.  Statistical analysis was performed 
using Windows SPSS 11.0.  Analysis of variance 
(ANOVA) was used to determine the differences be- 
tween values of various experimental and control groups  
in an attempt to show statistical significance.  The data  
were expressed as the mean ± SD, and a P value < 0.05 
was considered statistically significant.

Results

In this study, human hepatoma HepG2 cells were used  
to study metabolic adaptation of liver cells in the pres- 
ence of ginsenosides.  HepG2 cells have been widely 
used as an in vitro hepatic model system as they re-
tain their morphology and most of the functions of  
hepatocytes in culture (29).  These cells have been ex- 
tensively used in the study of hepatic energy metabo- 
lism and modulation of insulin pathways (17, 20).  The  
cytotoxicity of Rg1 was first examined.  No apparent  
adverse effect was found regarding the morphology or  
viability of Rg1-treated HepG2 cells at concentrations  
up to 10 μM in this study (Fig. 1B).  These results sug- 
gest that Rg1 is relatively non-toxic to HepG2 cells.

Rg1 Inhibits Glucose Production in HepG2 Cells

The effect of Rg1 on glucose production was inves-
tigated.  Treatment of HepG2 cells with Rg1 for 1 h  
significantly suppressed glucose production.  As shown  
in Fig. 2, Rg1 significantly inhibited glucose produc- 

tion in HepG2 cells in a concentration-dependent man- 
ner from 83% to 70% over the concentration range of  
0.001 to 1.0 μM.  Insulin also inhibited glucose produc- 
tion in HepG2 cells as expected.  These results indicate  
that Rg1 suppressed glucose production in HepG2 cells  
in an insulin-independent manner.

Rg1 Downregulates Glycogen and Lipid Synthesis in 
HepG2 Cells

The effects of Rg1 on lipid and glycogen synthesis were  
studied for full understanding.  Glycogen synthesis and  
lipid synthesis were assessed by respectively measur- 
ing the incorporation of glucose carbon atoms into 
glycogen particles or chloroform extractable lipids 
(32).  The results shown in Fig. 3A indicate that Rg1 
treatment significantly inhibited glycogen synthesis 

Fig. 1.	 Rg1 displayed no apparent cytotoxicity in HepG2 cells.  (A) Chemical structure of ginsenoside Rg1.  (B) The cells were treated 
with the indicated concentrations of Rg1 for 48 h, and the cell viability was determined.  The percent growth was calculated, 
with 100% representing the growth of control cells treated with 0.1% DMSO.  Data represent the mean ± SD (n = 3).
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Fig. 2.	 Rg1 decreased glucose production in HepG2 cells. The 
cells were treated with the indicated concentrations of  
Rg1 or with 100 nM insulin (Ins) for 1 h.  The cells were  
then analyzed for glucose production as described in the 
Materials and Methods.  The data represent the mean ± 
SD (n = 3).  *, P < 0.05 vs. the sample without Rg1. 
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in HepG2 cells.  Rg1 significantly inhibited glycogen  
synthesis maximally to approximate 80% of the con-
trol level (P < 0.05) at the concentration of 0.01 μM, 
higher concentrations of Rg1, up to 1 μM, resulted in  
similar inhibition.  The results shown in Fig. 3B indicate  
that Rg1 significantly inhibited lipid synthesis in  
HepG2 cells, with the/ a maximum inhibition reached  
at 0.1 μM, which is approximately 85% of the level com- 
pared to untreated control cells (P < 0.05).  Higher doses  
of Rg1 up to 1 μM also displayed similar inhibitory 
effects on lipid synthesis.  The results shown in Fig. 3 
also demonstrate that in HepG2 cells, the incorpora- 
tion of glucose into glycogen and lipids was signifi-
cantly increased assisted by treatment with insulin.

Rg1 Activates the PI3K and AMPK Pathways in  
HepG2 Cells

Direct evidence of the activation of PI3K and AMPK  
signaling pathways was provided by measuring the phos- 
phorylation levels of AKT and AMPK in Rg1-treated 
HepG2 cells.  The results shown in Fig. 4 indicate that  
the phosphorylation levels of AKT (pAKT) and AMPK  
(pAMPK) were significantly increased in Rg1-treated  
HepG2 cells.  The results shown in Fig. 4A demon- 
strate that Rg1 increased the phosphorylation of AKT  
protein, with a maximum at 0.001 μM for pS473-Akt  
(142% of the control, P < 0.05).  It should be noted that  
Rg1 induced a slight, though not significant, increase  
in the pT308-Akt at all concentrations studied (110-
125% of the control).

The incubation of HepG2 cells with Rg1 signifi- 
cantly increased the pAMPK level in a dose-and time- 
dependent manner, with a maximum increase at 1 μM  
(177% of the control for pAMPK, P < 0.05, Fig. 4B) 

over the concentration range studied.  The pAMPK  
level reached a maximum after Rg1 treatment for 12 h  
(195% of the control for pAMPK, P < 0.01, Fig. 4C).  
The phosphorylation of acetyl-CoA carboxylase 
(pACC), the direct downstream target of AMPK, was  
also examined as further confirmation of AMPK ac-
tivation in HepG2 cells.  AICAR was included as a 
positive control for AMPK activation.  These results 
suggest that the activation of PI3K/AKT and AMPK 
signaling pathways might be involved in insulin-
independent mechanism of ginsenoside Rg1’s effects 
on energy metabolism in hepatocytes.

The PI3K and AMPK Pathways are Involved in  
Rg1-Mediated Inhibition of Glycogen and  
Lipid Synthesis

With the given result that PI3K and AMPK are acti-
vated in cells treated with Rg1, the effect of Rg1 on 
glycogen and lipid biosynthesis was examined in the 
presence of specific inhibitors for PI3K and AMPK.   
Considering the Rg1 concentration to cause significant  
inhibition in Fig. 3 and the stimulatory effect of Rg1  
on p-AMPK level is much more significant than p-Akt,  
we used 1 μM of Rg1 for the assays with inhibitors.   
As shown in Fig. 5, Rg1 alone significantly reduced 
glycogen (Fig. 5A) and lipid (Fig. 5B) synthesis to  
76% (P < 0.01) and 83% (P < 0.05) of the control levels,  
respectively.  The pretreatment of HepG2 cells with 
the PI3K inhibitor LY294002 or the AMPK inhibitor 
compound C markedly blocked Rg1-mediated inhibi- 
tion of glycogen synthesis (92% and 85% of the control  
levels, respectively, compared with 76% of Rg1 alone).   
Similarly, the Rg1-mediated inhibition of lipid biosyn- 
thesis was also greatly suppressed in the presence of  
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Fig. 3.	 Rg1 inhibited glycogen and lipid synthesis in HepG2 cells.  The cells were subcultured in 24-well plates and incubated with 
serum-free medium for 24 h.  The cells were then treated with the indicated concentrations of Rg1 or with 100 nM insulin (Ins) 
for 1 h before 14C(U)-D-glucose was added, after which the cells were incubated for 3 h.  The amounts of 14C-incorporated into  
glycogen (A) and lipids (B) were analyzed as described in the Materials and Methods.  The results represent the mean ± SD (n = 3), 
*P < 0.05, **P < 0.01 vs. the sample without Rg1.
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LY294002 or compound C (97% and 93% of the control  
level, respectively, compared with 83% of Rg1 alone).   
These results suggest that ginsenoside Rg1 demonstrates  
its metabolic effects in HepG2 cells through the PI3K  
and AMPK pathways.

Discussion

The use of ginseng is popular worldwide; however, sci- 

entific data supporting the claimed benefits are not 
always available.  Because ginseng is a classic adap-
togen, the hypoglycemic activity of ginseng is one of  
the most studied effects.  Although numerous in vitro  
and animal studies have reported the hypoglycemic 
effects of ginseng, evidence demonstrating the effi-
cacy of ginseng is still inconclusive (26, 27).  It has  
been shown that different species of ginseng or even  
different batches of the same species display quite vari- 
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Fig. 4.	 Rg1 increased PI3K and AMPK phosphorylation in HepG2 cells.  The cells were treated with the indicated concentrations of 
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ous gluco-regulatory effects (26, 27).  A possible ex- 
planation for diverse variable hypoglycemic effects 
of different ginseng preparations is the marked differ-
ence in the profile of ginsenosides (8).  To avoid any  
ambiguity, purified ginsenosides were used in our 
studies.  In our study, we investigated the beneficial 
activity of ginsenoside Rg1 on glucose metabolism in  
hepatic-derived HepG2 cells.  No apparent cytotoxicity  
of Rg1 at doses up to 10 μM toward HepG2 cells was  
found.  We used submicromolar concentrations (0.01 
to 1.0 μM) of ginsenoside Rg1, which are much lower  
than the concentrations used in other studies of gin-
senosides from different sources (12, 13).  The con-
centrations used in this study are important because 
lower concentrations could decrease side effects or 
other unwanted activities of Rg1.  In addition, con-
sidering that red ginseng contains about 0.1% of Rg1 
(3) and the oral bioavailability of Rg1 is around 10- 
20% (34), these Rg1 concentrations should fit well with  
dietary doses of normal subject in traditional use of 
dried ginseng slices.

Liver plays a key role in maintaining blood glu- 
cose concentration through glucose metabolic path-
ways, including gluconeogenesis, glycogen synthesis  
and degradation, as well as the conversion of glucose  
to fatty acids.  The net effect is to remove glucose 
from blood circulation after meals (14).  The control 
of glucose metabolism in hepatocytes is important be- 
cause there is a strong correlation between abnormal  
glucose metabolism and the development of dysregu- 
lated metabolism in the whole body (22).  In diabetes,  
the aberrantly activated hepatic gluconeogenic path- 
way supplies a relatively larger amount of glucose into  
blood circulation (14).  Abnormal glucose production,  
impaired glucose uptake, and impaired glycogen syn- 
thesis in liver are main causes of insulin resistance and  

type 2 diabetes.  Thus, the suppression of hepatic glu- 
cose production or facilitating glucose uptake and glyco- 
gen synthesis could be beneficial for the prevention 
and control of insulin resistance.

Traditional herbal medicines have been em-
ployed in the treatment of diabetes.  The compounds 
isolated form Moutan cortex and Astragalus extract 
were shown to be capable of restoring the impaired 
glucose uptake and glycogen synthesis under high 
glucose condition in hepatic cells, suggesting the po-
tential beneficial activity of these natural products (7,  
38).  In this study, using normal glucose concentrations,  
we found that Rg1 significantly inhibited glucose pro- 
duction in HepG2 cells, with a potency comparable to  
that of insulin (Fig. 2).  In addition, we also demon-
strated that acute exposure of Rg1 induced significant  
decreases in glycogen and lipid biosynthesis (Fig. 3).   
The activation of PI3K is involved in the ability of 
many ginsenosides to facilitate glucose uptake (2, 10,  
25).  The pentacyclic triterpenoid ursolic acid has been  
shown to act similarly to insulin, activating the PI3K  
signaling pathway (11).  In addition to PI3K pathway,  
AMPK has been shown to regulate glucose transport in  
muscle, adipose, and liver cells via an insulin-inde-
pendent mechanism (9, 10).  AMPK is an important 
therapeutic target for regulating energy balance in 
human body (15).  Compounds that activate AMPK 
have hypoglycemic effects by inhibiting gluconeo-
genesis in liver cells (5, 6, 12, 30, 36).  It has been  
shown that many compounds or drugs with beneficial  
effects on metabolic syndrome activate AMPK, with 
metformin being the prominent example (37).  In liver  
cells, the activation of AMPK signals a status of en-
ergy demand that inhibits energy-consuming anabolic  
processes, such as glucose production, glycogen syn- 
thesis, and lipogenesis.  Thus, our results suggest that  
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Fig. 5.	 The PI3K and AMPK pathways are involved in the Rg1-mediated effects in HepG2 cells.  The cells were subcultured in 24-well  
plates and incubated with serum-free medium for 24 h.  The cells were then treated with 1 µM Rg1 or 100 nM insulin (Ins) alone  
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the metabolic effect of ginsenoside Rg1 is primarily 
mediated through the activation of AMPK pathway.

To confirm the signaling pathways involved in 
Rg1-mediated activities, the phosphorylation levels 
of AKT and AMPK were analyzed in cells treated 
with Rg1.  As it has been shown that full activation 
of AKT requires phosphorylation at T308 and S473, 
the phosphorylation level of both sites were deter-
mined (23, 24).  Here, we showed that Rg1 increases 
the pS473- and pT308-AKT levels.  In addition, Rg1 
significantly increased the phosphorylation levels of  
pAMPK and pACC in HepG2 cells in a time- and dose- 
dependent manner (Fig. 4).  Furthermore, we showed  
that the Rg1-mediated inhibition of glycogen and lipid  
biosynthesis was substantially abrogated by specific 
AKT and AMPK inhibitors (Fig. 5).  These results in- 
dicate that PI3K/AKT and AMPK-ACC signaling path- 
ways are involved in Rg1-mediated activities.  In our  
previous study, ginsenosides CK and Rg1 were shown  
to activate PI3K/AKT and AMPK pathways in 3T3-L1  
adipocytes (10).  Cocoa flavonoids have been shown to  
improve insulin signaling via PI3K/AKT and AMPK 
pathways in HepG2 cells (6).  It should be noted that  
our results, shown here, are somewhat different from  
those of previous studies of ginsenosides in HepG2 cells,  
which indicated that CK and Rg1 induced AMPK, 
phosphorylation, but not AKT phosphorylation (12, 
13).  This discrepancy might be resulted from dif-
ferent concentrations of ginsenoside used, as much 
lower doses of Rg1 were used in this study.  In ad-
dition, it has also been reported that the increased 
phosphorylation of AKT can be induced by the acti-
vation of AMPK signaling (16, 31).  Thus, it is also 
possible that the mild increase in the phosphoryla-
tion of AKT might have been resulted from AMPK 
activation as our study pointed out.

In conclusion, we showed that ginsenoside Rg1 
effectively decreased glucose production in HepG2 
cells.  We also showed that Rg1 inhibited glycogen 
and lipid biosynthesis, primarily through AKT and 
AMPK-ACC pathways in HepG2 cells.  Although 
further research is necessary to elucidate the detailed 
mechanisms of action of these compounds, our find-
ings provide evidence to support the possibility of  
Rg1 serving as the treatment of insulin resistance and  
diabetes.  This potential use of Rg1 is important, as the  
regulation of glucose production would be beneficial  
for glucose homeostasis and present an effective way  
to control hyperglycemia or insulin resistance.
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