
pubs.acs.org/JAFCPublished on Web 05/04/2010© 2010 American Chemical Society

J. Agric. Food Chem. 2010, 58, 6039–6047 6039

DOI:10.1021/jf9034755

Effect and Mechanism of Ginsenosides CK and Rg1 on
Stimulation of Glucose Uptake in 3T3-L1 Adipocytes
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The glucoregulatory activities of ginsenosides compound K (CK) and Rg1 were investigated in 3T3-L1

adipocytes. Both compounds significantly enhanced glucose uptake in 3T3-L1 adipocytes in a dose-
response manner, which is correlated with increased GLUT4 translocation from intracellular vesicles

to the plasma membrane in adipocytes. The stimulating effects of CK and Rg1 on glucose uptake

and GLUT4 translocation are associated with activation of AMP-activated protein kinase (AMPK)

and phosphatidylinositol 3-kinase (PI3K) signaling pathways; both are key pathways in mediating

glucose uptake in animal cells. In addition to the acute stimulus effect of glucose uptake, prolonged

incubation of CK and Rg1 significantly induced GLUT4, but not GLUT1, expression at both the

mRNA and protein levels in 3T3-L1 adipocytes. Further studies showed that CK inhibited and Rg1

enhanced triglyceride accumulation in adipocytes, suggesting that the mechanism of action of these

ginsenosides may not be completely identical. In summary, this study demonstrated insulin-like

activities of CK and Rg1 in adipocytes. These findings are important in understanding the hypo-

glycemic properties and potential applications of ginseng and ginsenosides.
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INTRODUCTION

Insulin plays a key regulatory role in stimulating the transport
of blood glucose into peripheral tissues through the GLUT4
transporter, which is mainly expressed in skeletal muscle and
adipose cells. In these target cells, insulin stimulates the transloca-
tion and redistribution of the GLUT4 glucose transporter from
specific intracellular compartments to the plasma membrane,
where it facilitates glucose uptake (1). The insulin-mediated
glucose uptake is impaired in insulin resistance, thus resulting
in decreased glucose uptake into muscle or adipose cells. Insulin
resistance is a major metabolic disorder of diabetes, which is
associated with serious conditions such as cardiovascular and
kidney disease. Despite effective therapeutic drugs for diabetes
treatment, there are undesirable side effects and their precise action
mechanism remains to be completely clarified. Natural products
provide an important source for searching new drugs to prevent
metabolic disorders and as new therapeutic approaches (2).

Ginseng is one of the most widely used herbal medicines with
a long history in Asian countries. Ginseng exerts a wide range
of beneficial effects such as antiaging, improving cognitive per-
formance, and enhancingmetabolic functions (3). The main active
components in ginseng are ginsenosides, which are generally
believed to contribute to ginseng’s pharmacological actions (3).
Historically, used in treating diabetes, ginseng is known for its

prominent hypoglycemic activity (4). Ginseng was shown to dec-
rease postprandial glycemia in both nondiabetic and type 2 dia-
betes subjects (5). The aqueous extract of ginsengwas shown to be
capable of producinghypoglycemia in both glucose-loadedhealthy
animals and in animals with experimentally induced diabetes (6).
The proposedmechanisms for the hypoglycemic effect of ginseng
may involve enhanced insulin secretion (7), increased insulin
sensitivity (6), and reduced glucose absorption (8) or a combina-
tion of these modes. Despite extensive literature documenting the
glucoregulatory activity of ginseng, the mechanisms responsible
for ginseng’s hypoglycemic effect still need to be elucidated.

Previously, we demonstrated that these ginsenosides display a
significant but opposite effect on the rate of glucose transport
across the Caco-2 cell. We found that the protopanaxidiol type
compound K (CK) enhanced but the protopanaxitriol type Rg1
suppressed glucose uptake in Caco-2 cells (9). To get deeper and
further understanding of the action mechanism of the hypogly-
cemic activity of ginseng, the effect andmechanism of the ginseno-
sides CK and Rg1 on glucose uptake and the intracellular redis-
tribution ofGLUT4 in 3T3-L1 adipocytes were investigated. Our
results demonstrated that CK and Rg1 displayed significant
stimulatory effect on GLUT4 membrane redistribution, which
in turn increased glucose uptake activity in 3T3-L1 adipocytes.
Further studies demonstrated the involvement of phosphatidyl-
inositol-3kinase (PI3K) andAMP-activatedproteinkinase (AMPK)
in CK- or Rg1-mediated activities. In addition, the effects of CK
and Rg1 on GLUT1 and GLUT4 gene expression and on trigly-
ceride accumulation in 3T3-L1 adipocytes were also investiga-
ted. Our findings provide the molecular basis for hypoglycemic
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activity of ginsenosides CK and Rg1, which are promising
candidates in the development of an antidiabetic drug.

MATERIALS AND METHODS

Extraction and Isolation of Ginsenosides. Dried roots of Panax
notoginseng (5.05 kg) were extracted repeatedly with EtOH (10 L� 5) at
room temperature. The combined EtOH extract was evaporated in vacuo
to yield a dark brown syrup (778.19 g). The syrup was partitioned between
n-hexane and 80% MeOH to give an n-hexane layer (20.01 g), a MeOH
layer (741.41 g), and an insoluble layer (16.77 g). The MeOH layer was
chromatographed on an Amberlite XAD-4 column by elution with H2O,
50% MeOH/H2O, and 100% MeOH, gradually, to give three fractions:
H2O fraction (202.02 g; fraction 1), 50% MeOH/H2O fraction (68.35 g;
fraction 2), and 100% MeOH fraction (471.04 g; fraction 3). Fraction
2 was chromatographed on Lobar (RP-18, 75% MeOH/H2O) to give
ginsenoside Rb1 (5.53 g). Fraction 3 was subjected to SiO2 column chro-
matography and eluted with CHCl3/MeOH/H2O (65:35:10) and MPLC
(C-8, 75%MeOH/H2O) to give ginsenoside Rg1 (29.54 g) and ginsenoside
Rb1 (25.14 g). CK was produced by enzymatic hydrolysis of ginsenoside
Rb1 with naringinase as described (9).

Cell Culture. 3T3-L1 preadipocytes were obtained from American
Type Culture Collection (ATCC,Manassas, VA) and cultured inDulbecco’s
minimal essential medium (DMEM) supplemented with 100 IU/mL peni-
cillin, 100 μg/mL streptomycin, 1%nonessential amino acid, and 10%calf
serum (CS,Hyclone, Logan,UT) in 5%CO2 at 37 �C.Differentiationwas
induced by treating the cells with differentiation inducers (DMEM
containing 0.5 mM 3-isobutyl-1-methylxanthane (IBMX), 0.25 μM dexa-
methasone, 10 μg/mL insulin, and 10% fetal bovine serum (FBS, Gibco,
Gaithersburg, MD)) for 48 h. The cells were refed with DMEM supple-
mented with 10 μg/mL insulin and 10% FBS for the following 48 h and
changed every 2 days. More than 90% of the cells expressed the adipocyte
phenotype between 8 and 10 days after the initiation of differentiation and
were used for the experiments. 3T3-L1 cells stably expressing HA-GLUT4-
GFP were transfected by Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
and selected by G418 treatment. The plasmid to express HA-GLUT4-
GFP, an exofacial HA epitope and a C-terminal GFP, was a generous
gift from Dr. Timothy E. McGraw of Weill Cornell Medical College,
New York (10).

2-Deoxyglucose Uptake Assay. Glucose uptake in 3T3-L1 adipo-
cytes was performed using [14C] 2-deoxy-D-glucose (2-DG), a nonmeta-
bolizable analogue of D-glucose, as the substrate. Cells cultured in 24-well
plates and differentiated for 8-10 days were incubated in the serum-free
DMEM containing 0.2% BSA, followed by incubation in the media
without serum but with compound for various doses. In inhibitor study,
adipocytes were preincubated in the presence or absence of inhibitors
(1 μMLY294002 or compoundC) for 1 h and then incubated with 0.1 μM
CKorRg1 for 2 h.Cells were incubated for 3 h at 37 �C in transport buffer
Krebs-Ringer’s phosphate (KRP) buffer (20 mM HEPES, 137 mM
NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2,
and 2 mM pyruvate, pH 7.4, and 0.2% BSA) before the addition of
100 nM insulin. Transport experiments was started by replacing the KRP
buffer containing 0.1 mM 2-DG in which 0.2 μCi of [14C] 2-DG (200 μCi/
mL, Amersham Biosciences, Little Chalfont, Bucks, U.K.) was added for
5min. Cells were washed twice with ice-cold PBS and solubilized with 0.2%
SDS, and the amount of radioactivity was measured with a scintillation
counter (TopCount, Packard BioSciences, Meriden, CT). Protein con-
centration of each sample was quantified using a BCA (bicinchoninic acid)
protein assay kit (Pierce, Rockford, IL).

Western Blot Analysis. 3T3-L1 preadipocytes were seeded on 6-well
plates and left to undergo differentiation for 8-10 days prior to treatment
with various doses of ginsenosides for 2 or 24h.Toblock protein synthesis,
the cells were pretreated for 1 h with cycloheximide (CHX, 5 μg/mL)
before ginsenosides were added. The cells were then washed with ice-cold
PBS and lysed in 0.2 mL of lysis buffer (1%NP-40, 150 mMNaCl, 0.1%
SDS, 50mMTris-HCl, pH 7.6, 10mMEDTA, 0.5% deoxycholate, 1 mM
PMSF, 1mMNa3VO4, 10mMNaF, 10mMβ-glycerophosphate, 10μg/mL
protease inhibitor, and phosphotase inhibitor cocktails) for 30 min at 4 �C.
Equal amounts of protein of each sample were separated by sodium dodecyl
sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) and trans-
blotted onto polyvinylidene difluoride (PVDF) membranes (Millipore,
Bedford, MA). Immunoblotting was performed with antibodies for

GLUT1 (Abcam, Cambridge, MA), GLUT4 (R&D systems,Minneapolis,
MN), clathrin (Santa Cruz, CA), p-AKT (S473), AKT, p-AMPK (T172),
AMPK (Cell Signaling Tech, Danvers, MA), and β-actin (Chemicon,
Temecula, CA). Signals were visualized with an enhanced chemilumine-
scence kit (ECL, Amersham, U.K.) followed by exposure to X-ray films.

Subcellular Fractionation ofMembrane Systems. Subcellular frac-
tionation of plasma membrane (PM) and low-density microsomal mem-
brane (LDM) was performed essentially as described (11). Differentiated
3T3-L1 adipocytes were treated with insulin (100 nM) or with various
doses of ginsenoside for 2 h alone or in combination with 1 h pretreatment
of CHX (5 μg/mL) or 1 μM of specific kinase inhibitors. The cells were
washed in ice-cold PBS and scraped in HES buffer (20 mM Tris-HCI,
pH7.4, 255mMsucrose, 1mMEDTA, and protease inhibitormixture) on
ice and homogenized. The homogenate was centrifuged at 16000g for
20 min. The PM fraction was collected from the interface of a 1.12 M
sucrose cushion following centrifugation of the 16000g pellet at 70000g for
10 min. PM was then resuspended in homogenization buffer and pelleted
at 200000g for 4 min. The obtained fractions were then resuspended in
HES buffer to a mixture of about 1-2 mg/mL protein and subjected to
Western blotting analysis.

Quantitative Analysis of Glucose Transporter Transcripts. Re-
lative levels of GLUT1 and GLUT4 transcripts expressed in the 3T3-L1
adipocytes were performed by quantitative real time PCR (Q-PCR). After
the cells were treated with various doses of appropriate agents, total RNA
was isolated using Trizol (Invitrogen, Irvine, CA). RNA (1 μg) was
reverse-transcribed to cDNA using High-Capacity cDNA Reverse Tran-
scription Kits (Applied Biosystems, Darmstadt, Germany). The SYBR
GreenQ-PCRassaywas performedon the StepOne real-time PCRSystem
with SYBRgreen PCRmastermix (AppliedBiosystems, FosterCity,CA).
Relative gene expression values were determined by the ΔΔCT method
using the StepOne v2.0 software (Applied Biosystems). Primers were
designed using Primer Express 2.0 software (Applied Biosystems). The
following primers were used for amplification of mouse GLUT4 gene
(NM_009204): 50-CAGCCTACGCCACCATAG-30 (forward, F) and
50-TTCCAGCAGCAGCAGAGC-30 (reverse, R). Those used for mouse
GLUT1 gene (NM_011400) were 50-TGTGGTGTCGCTGTTTGTT-
GTAG-30 (F) and 50-CAATGAAGTTTGAGGTCCAGTTGG-30 (R)
and for mouse β-actin gene (NM_007393), 50-ACCACACCTTCTA-
CAATGAG-30 (F) and 50-ACGACCAGAGGCATACAG-30 (R). Data
are presented as the fold differences in gene expression normalized to the
housekeeping gene β-actin as endogenous reference and relative to the
untreated control cells.

Translocation Assay. Establishment of HA-GLUT4-GFP stable
transfected 3T3-L1 preadipocytes and analysis of surface-exposed HA-
GLUT4-GFP protein were performed as described with minor modifica-
tions (12). Briefly, the HA-GLUT4-GFP stable transfected 3T3-L1
preadipocytes were plated to 96-well plates and differentiated as described
above. After treatment with appropriate agents, cells were fixed in 4%
paraformaldehyde in PBS for 15 min at room temperature and then
incubated for 2 h with primary anti-hemagglutinin (HA) antibody
(12CA5) followed by incubation with rhodamine-conjugated secondary
antibodies (Leinco, Ballwin, MO) for 1 h at room temperature. Primary
and secondary antibodieswere usedat 1:100 dilutions in blocking solution.
Fluorescence (Em 480/Ex 425 nm and Em 576 nm/Ex 550 nm) was
measured using a fluorescencemicrotiter plate reader (POLARstar Galaxy;
BMG Labtechnologies, Offenburg, Germany). The ratio of rhodamine
fluorescence toGFP fluorescencewas calculated. This ratio is ameasure of
surface-exposedHA-GLUT4-GFP normalized for the total GFP expressed.

Analysis of Triglyceride Contents and Glycerol Release. Trigly-
ceride (TG) contentswere analyzed byOil-redO staining as described (13).
After 48 h of compound treatment, cells were washed with ice-cold PBS
and fixedwith 3.7% formaldehyde in PBS and then incubated inOil-redO
solution (0.2% Oil-red O in 60% isopropanol). The stained lipid droplets
were extracted in isopropanol and quantified spectrophotometrically at
490 nm. The amount of glycerol released into culture medium was mea-
sured using a glycerol assay kit (Randox Laboratories, Antrim, U.K.)
following the manufacturer’s direction.

Statistical Analysis. All results are representative of at least three
independent experiments. Statistical analysis was performed using the
SPSS 11.0 forWindows software. One-way analyses of variance (ANOVA)
were carried out in compound treatment. Multiple comparisons of the
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groups treated with different dosages were undertaken byTukey tests. The
comparison of an experimental group against the positive control was
determined by a two-sample t test. Datawere expressed asmean( SE, and
a p value of <0.05 was considered to be statistically significant.

RESULTS

CK and Rg1 Enhance Glucose Uptake in 3T3-L1 Adipocytes.

Treatment of fully differentiated 3T3-L1 adipocytes for 2 h with
increasing doses of CK and Rg1 resulted in significant enhance-
ment in glucose uptake (Figure 1). CK increased glucose uptake
in a dose-dependent manner from 142 to 233% of the control
(p<0.05,Figure 1) over the concentration range of 0.001-0.1 μM.
Similarly, Rg1 displayed a gradual increase in glucose uptake
from 0.001 to 0.1 μM (149-255% of the control, p<0.05) in
adipocytes. The results indicated that the submicromolar doses of
CKandRg1 have a remarkable effect on glucose uptake in 3T3-L1
adipocytes.

CK and Rg1 Enhance GLUT4 Translocation to Plasma Mem-

brane in 3T3-L1 Adipocytes.To study the effect ofCKandRg1 on
GLUT4 membrane translocation in adipocytes, plasma mem-
brane (PM)was fractionatedbyultracentrifugation and subjected
to immunoblotting of GLUT4 protein. As shown in Figure 2A,B,
CK and Rg1 caused a significant increase in GLUT4 redistribu-
tion in the PM fraction in a dose-dependent manner over the
concentration range of 0.001-0.1 μM. The amount of GLUT4
protein in PM increased from127 to 193%and from127 to 224%
of the control for CK and Rg1, respectively, p < 0.05. As an
experimental control for the translocation of GLUT4 to PM, the
GLUT4 level in the LDM fraction was also examined. Results in
Figure 2A show that theGLUT4 level inLDMdecrease gradually
as the GLUT4 level in PM increased. These results demonstrated
that both CK and Rg1 enhanced GLUT4 translocation from the
intracellular pool to the PM.

Adipocytes that overexpress HA-GLUT4-GFP were also used
to confirm the effects of CK and Rg1 on GLUT4 translocation.
The increase ofHA-GLUT4-GFP in the PMwasmeasured by an
increase in HA epitope in the PM. PM HA-GLUT4-GFP was
measured by indirect immunofluorescence of the HA epitope in
intact cells, and the total amount of HA-GLUT4-GFP per cell
was determined by the GFP fluorescence. The anti-HA/GFP
ratio is proportional to the fraction of GLUT4 in the PM. As
shown in Figure 2C, CK and Rg1 induced a dose-dependent
increase in the anti-HA/GFP ratio, with maximum increases of

2.1- and 1.8-fold at 0.1 μM for CK and Rg1, respectively. These
results indicated that CK andRg1 inducedGLUT4 translocation
to PM in 3T3-L1adipocytes.

To examine whether the change ofGLUT4 protein level in PM
fraction in the CK- andRg1-treated cells is dependent on de novo
protein synthesis, experiments were performed in the presence of
CHX to block de novo protein synthesis in 3T3-L1 adipocytes.
The results shown in Figure 3A indicate that the amount of
GLUT4 in PM fraction was significantly increased (187 or 182%
of control, respectively, p<0.05, Figure 3A) in adipocytes trea-
ted with CK or Rg1 for 2 h in the presence of CHX; however, the
total intracellular GLUT4 level did not change significantly
(Figure 3B). In addition to the acute effect, Figure 3C shows the
results of the prolonged treatment ofCKandRg1 in adipocytes in
the presence of CHX. Total GLUT4 protein levels in adipocytes
remained unchanged or increased slightly after 24 h of incubation
with CK, Rg1, and insulin (125, 95, and 122% of control, res-
pectively, p < 0.05, Figure 3C). These results indicate that the
acute effect of CK and Rg1 on glucose uptake was due primarily
to the enhanced GLUT4 translocation but not to de novo
GLUT4 protein synthesis.

CK and Rg1 Induce GLUT4 Gene Expression in 3T3-L1

Adipocytes. The effects of prolonged incubation of these ginseno-
sides on GLUT1 and GLUT4 gene expression in adipocytes are
also investigated. Results shown inFigure 4 indicate thatGLUT4
protein level was significantly increased in both of CK- and Rg1-
treated 3T3-L1 adipocytes. After 24 h of incubation, CK sig-
nificantly increased the GLUT4 protein level with maximum
increment at 0.1 μM (168%of the control, p<0.05, Figure 4A,B)
over the concentration range studied. Similarly, Rg1 also en-
hancedGLUT4 protein level withmaximum increment at 0.1 μM
(180% of the control, p < 0.05, Figure 4A,B). In contrast to
GLUT4 protein, CK and Rg1 showed little and insignificant
effects on GLUT1 protein expression in 3T3-L1 adipocytes.

Q-PCRwas used to analyze the relative level ofGLUT4mRNA
expressed in 3T3-L1 adipocytes. Results shown in Figure 4C

indicate that both CK and Rg1 treatments resulted in signifi-
cantly increased GLUT4mRNA levels at 0.1 μM (301 and 236%
of the control, respectively, p< 0.05, Figure 4C). As expected,
there is no significant change in GLUT1 mRNA in 3T3-L1
adipocytes treated with these compounds. These results indicate
that, in addition to an acute effect on GLUT4 membrane trans-
location, CK and Rg1 also exert a long-term effect on induction
of GLUT4 gene expression in 3T3-L1 adipocytes.

CK and Rg1 Display Differential Effects on Triglyceride Accu-

mulation and Lipolysis in 3T3-L1 Adipocytes. To explore the fate
of increased intracellular glucose in cells treated with CK and
Rg1, 3T3-L1 adipocytes were incubated with CK or Rg1 for 48 h
and the amounts of intracellular TG accumulated and glycerol
released intomediumwere determined. From the results shown in
Figure 5A, Rg1 significantly increased TG accumulation over the
concentration range of 0.001-0.1μMwith themaximum increase
at 0.001 μM (214 to 159% of the control, respectively, p<0.05).
Consistent with increased TG, 0.1 μM Rg1 inhibited glycerol
release into the medium significantly (62% of the control,
p<0.05,Figure 5B). In contrast toRg1,CKsignificantly decreased
TG accumulation in 3T3-L1 adipocytes in a dose-dependent
manner with maximum inhibition at 0.1 μM (69% of control,
p<0.05, Figure 5A) over the concentration range assayed. As
expected, 0.1 μM CK significantly enhanced glycerol release into
medium (154% of the control, p<0.05, Figure 5B). These results
indicate that the underlying mechanisms may not be identical for
CK and Rg1 on adipogenesis and lipolysis in 3T3-L1 adipocytes.

PI3K and AMPK Pathways Are Involved in CK- and Rg1-

Induced Glucose Uptake and GLUT4 Translocation. To elucidate

Figure 1. Effects of CK and Rg1 on 2-DG uptake in 3T3-L1 adipocytes.
3T3-L1 adipocytes were treated with indicated concentrations of CK and
Rg1 or 100 nM insulin (INS) for 2 h and then analyzed for 2-DG uptake.
Data represent mean ( SE (n = 3). /, p < 0.05 versus control.
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the signaling pathways involved in CK- or Rg1-mediated acti-
vities, the effects of CK or Rg1 on glucose uptake and GLUT4
translocation were analyzed in the presence of specific inhibitors
for PI3K and AMPK. Pretreatment of adipocytes with the PI3K
inhibitor, LY294002, or AMPK inhibitor, compound C, mark-
edly inhibited CK- and Rg1-mediated glucose uptake in 3T3-L1

adipocytes (49 or 41% of CK alone and 47 or 47% of Rg1 alone,
respectively, p< 0.05, Figure 6A). Direct evidence for the acti-
vation of PI3K and AMPK signal pathways was provided by
studying the phosphorylation of AKT andAMPK inCK- orRg1-
treated adipocytes. Results shown in Figure 6B,C demonstrate
that both CK andRg1 significantly increased the phosphorylation

Figure 2. Effects of CK and Rg1 on GLUT4 translocation in 3T3-L1 adipocytes. Adipocytes were pretreated with or without CK and Rg1 at the indicated
concentrations or 100 nM insulin (INS) alone for 2 h. (A) PM and LDM fractions were prepared as described under Materials and Methods and subjected to
immunoblotting with antibodies against GLUT4 or clathrin, as indicated. (B) Quantitative analysis of relative level of GLUT4 from (A). Data represent mean(
SE (n = 3). /, p < 0.05 versus the control. (C) Relative GLUT4 redistributed into plasma membrane was analyzed by indirect immunofluorescence with
antibodies against HA-tagged GLUT4. Immunofluorescence intensity was detected at 480/575 nm. Data represent mean( SE (n = 4-6). /, p < 0.05 versus
the control (Con).
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of these kinase proteins (151 and 198%of control for pAKT; 175
and 173% of control for pAMPK, p<0.05). Preincubation of
adipocytes with LY294002 or compound Cmarkedly suppressed
the phosphorylation level of AKT or AMPK in CK- and Rg1-
treated adipocytes (21 or 71%ofCK alone and 46 or 65%ofRg1
alone, respectively, p<0.05, Figure 6B,C). To assess the associa-
tionofCK-andRg1-inducedmembrane translocations ofGLUT4
with the activation of PI3K and AMPK, the GLUT4 level in the
PM fraction isolated from adipocytes pretreated with LY294002
or compound C was measured. As shown in Figure 6D, both

LY294002andcompoundCprevented the translocationofGLUT4
fromthe cytosol toPMfraction inducedbyCKorRg1 (38and36%
of CK alone or 42 and 60% of Rg1 alone, respectively, p<0.05,
Figure 6D). These results suggest that ginsenosides CK or Rg1
stimulated glucose uptake and GLUT4 translocation by activating
the PI3K and insulin-independent AMPK pathways.

DISCUSSION

Metabolic syndrome is a complex and chronic progressive
syndrome that leads to adverse function of many organs. Among

Figure 3. Effects of CHX on GLUT4 translocation and total GLUT4 protein level in CK- and Rg1-treated 3T3-L1 adipocytes. Adipocytes were pretreated with
CHX (5 μg/mL) for 1 h and then in combination with or without 0.1 μM CK or Rg1 or 100 nM insulin (INS) for 2 or 24 h. PM and LDM fractions (A), total cell
lysates of 2 h treatment (B), and 24 h treatment (C)were prepared as described underMaterials andMethods and subjected to immunoblotting with antibodies
against GLUT4, clathrin, or β-actin, as indicated. Data represent mean( SE (n = 3). /, p < 0.05 versus the control (Con).
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metabolic syndrome components, hyperglycemia was the main
contributor of the associated disorders, which can exacerbate
defective glucose disposal by interfering with insulin action in
insulin-target tissues. Thus, regulation of glucose uptake is critical
for treatment of metabolic syndrome as well as diabetes. Regula-
tion of glucose transporter gene expression is an important
mechanism in the regulation glucose uptake in animal cells.
Glucose transport in adipocytes is regulated by facilitative
glucose transporters, GLUT1 and GLUT4 (14). GLUT1 is
essentially for basal glucose transport in various tissues, whereas
GLUT4 is expressed in insulin-responsive tissues, including
adipose and skeletal muscle cells. The study of glucose uptake
in adipocytes is important in that there is a strong correlation

between abnormal fatty acid metabolism and the development of
insulin resistance in muscle cells (15).

This study is designed to investigate the insulin-like activity of
ginsenosides in facilitating glucose uptake into 3T3-L1 adipo-
cytes. The hypoglycemic effect of ginseng is one of the most
studied pharmacological activities of this traditional medicine.
Although many in vitro and animal studies have repeatedly
shown the hypoglycemic effects of ginseng, the efficacy evidence
of ginseng is still inconclusive (16). A likely explanation for the
variable hypoglycemic effects of different ginseng preparations is
the marked difference in the profiles of ginsenosides (17). To
avoid any ambiguous effect, purified ginsenosides CK and Rg1
were used in this study. There is no apparent cytotoxicity in these
compounds at doses up to 10 μM toward the differentiated 3T3-
L1 cells (data not shown). We used submicromolar concentra-
tions (0.001-0.1 μM) of ginsenosides CK and Rg1 that are much
lower than most of the studies for ginsenosides from different
sources (18-20). The concentrations used in this study are impor-
tant in that they could decrease the side effects or other unwanted
activities.

In this study, we found that both ginsenosides significantly
stimulated glucose uptake in 3T3-L1 adipocytes with a potency
comparable to that of insulin. It has been shown that insulin-
stimulated glucose uptake is mediated primarily by the rapid
movement of GLUT4 from an intracellular compartment to the

Figure 4. Effects of CK and Rg1 on GLUT1 and GLUT4 gene expression
in 3T3-L1 adipocytes. Adipocytes were incubated with or without the
indicated concentrations of CK and Rg1 or 100 nM of insulin (INS) for 24 h.
(A) Representative immunoblots and (B) quantitation of GLUT1 and
GLUT4 protein in total lysates. Adipocytes were treated with 0.1 μM CK or
Rg1 or 100 nM insulin for 24 h. (C) GLUT1 and GLUT4 mRNA were
quantified by Q-PCR. Relative mRNA level was calculated as fold increase
of control. Data represent mean(SE (n = 3). /, p < 0.05 versus the control
(Con).

Figure 5. Effects of CK and Rg1 on TG accumulation and glycerol release
in 3T3-L1 adipocytes. (A) Adipocytes were treated with indicated con-
centrations of CK or Rg1 for 48 h and subjected to assay for TG. (B)
Adipocytes were treated with 100 nM insulin (INS) or 0.1 μMCK or Rg1 for
48 h, and the amount of extracellular glycerol was quantified as described
under Materials and Methods. Data represent mean( SE (n = 4). /, p <
0.05 versus the control (Con).
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Figure 6. PI3Kand AMPKpathways are involved inCK- andRg1-induced glucose uptake andGLUT4 translocation. Adipocytes were incubated for 2 hwith or
without 0.1μMCKor Rg1 or 100 nM insulin (INS) alone or in combination with 1 μMcompoundC (CC) or 1μMLY294002 (LY). The cells were then analyzed
for 2-DG uptake (A). The phosphorylation level of AKT (B) or AMPK and ACC (C) with or without LY294002 or compound C was examined in CK- or Rg1-
treated adipocytes. PM and LDM fractions were prepared and subjected to immunoblotting with antibodies against GLUT4 or clathrin (D). Panel E displays the
results of quantitative analysis of relative level of GLUT4 from (D). Data represent mean ( SE (n = 3). /, p < 0.05 versus the control (Con).
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cell surface (1). In this study, we found that, in a manner very
similar to insulin, both of CK and Rg1 induced significant
increases in the translocation of GLUT4 protein from intracel-
lular vesicle pool into the PM fraction. In addition to membrane
fractionation, evidence of the CK- and Rg1-mediated membrane
translocation was also confirmed using indirect immunofluore-
scence assay of the surface-exposed HA-GLUT4-GFP (12). By
inhibition of protein synthesis by CHX, we further demonstrated
that the CK- or Rg1-stimulated acute GLUT4 translocation in
adipocytes is independent of de novo GLUT4 synthesis. Thus,
our results showed that enhanced GLUT4 translocation is
essential for the acute stimulation of glucose uptake in CK- or
Rg1-treated adipocytes.

Overexpression of GLUT4 has been shown to improve insulin
sensitivity, suggesting that GLUT4 is a potential therapeutic
target for the treatment of insulin resistance (21). In addition,
the effect of insulin is dependent not only on GLUT4 transloca-
tion but also on the total cellular content of the transporter; it is
thus important for us to investigate the effect of CK or Rg1 on
GLUT4 gene expression in adipocytes. Here, we demonstrate
that prolonged exposure (24 h) of 3T3-L1 adipocytes with CK
and Rg1 induced only the GLUT4 expression and showed little
effect on GLUT1 expression. In addition, both the GLUT4
mRNA and protein were induced by CK and Rg1, suggesting
that these ginsenosides may confer stimulation of GLUT4 gene
transcription or stabilization of GLUT4 mRNA. Further study
of the prolonged effect of ginsenosides in adipocytes in the
presence of CHX suggested that stabilization of GLUT4 protein
may also account, although in a lesser part, for the CK-mediated,
but not Rg1-mediated, increase of GLUT4 protein level. As
prolonged incubation of adipocytes with CK in the presence of
CHX caused a small but significant increase (1.2-fold) in the total
GLUT4 protein level, which is not found in Rg1-treated adipo-
cytes. These results also suggest that the mechanisms of action of
ginsenosides CK and Rg1 may not be completely identical.
Specific induction of GLUT1 or GLUT4 gene expression has
been shown in studies as the underlying mechanism of the
enhanced glucose uptake induced by different compounds. Ber-
berinewas shown to activateGLUT1-mediated glucose uptake in
3T3-L1 adipocytes (22). TGF-β1 has been shown to stimulate
glucose uptake by enhancing GLUT1 expression in mesangial
cells (23). Investigation of the hypoglycemic effect of ginsenoside
Rb1 also demonstrated the specific induction of GLUT4 mRNA
and protein level but not of GLUT1expression in 3T3-L1
adipocytes (18). As the GLUT4 gene is subjected to complex
tissue-specific and metabolic regulation, further studies are
needed to understand the molecular mechanism of the CK- and
Rg1-mediated induction of GLUT4 in adipocytes.

With increased intracellular glucose availability, we expected
to observe increased adipogenesis in the treated adipocytes. Here,
we showed that submicromolar concentrations of Rg1 signifi-
cantly stimulated TG accumulation and inhibited lipolysis in
adipocytes. As insulin is known to enhance lipogenesis and inhibit
lipolysis in adipocytes, our results again showed the insulin-like
activity of Rg1 in adipocytes. Differential effects of ginsenosides
on adipogenesis in 3T3-L1 adipocytes have been reported. Several
ginsenosides, including Rb1 and Rg1, at 20 μM concentration,
were shown to suppress triglyceride accumulation by activation
of the PKA signaling pathway (19). However, studies have also
indicated thatRb1 and other ginsenosides stimulate adipogenesis,
which resulted in accumulation of TG in 3T3-L1 cells by enhan-
cing the PPARγ2 andC/EBPR gene expression (18). Inhibition of
lipolysis was also demonstrated in a study of the effect of ginseng
extract in rat adipocytes (24). The discrepancies among these
studies may result from distinct ginsenoside concentrations used.

Here, submicromolar concentrations were used throughout this
study, which is much less than the doses of>10 μMginsenosides
used in previous studies on Rb1 or Rg1 (18, 19).

In this study, it is also interesting to note that ginsenoside CK
displayed an opposite effect as it markedly suppressed TG
accumulation and increased glycerol in 3T3-L1 adipocytes. Con-
sistent with our findings, CKhas been shown to attenuate hepatic
lipid accumulation and enhance lipolysis via activation ofAMPK
in human hepatoma cells (20). Thus, we showed that ginsenosides
CK and Rg1 exhibited an opposite effect on adipogenesis and
lipolysis in adipocytes. Examples of the opposite effects of
different ginsenosides were not uncommon and have been re-
ported in studies of various physiological activities (3, 25, 26).
Ginsenoside Rg1 was shown to stimulate nitric oxide release and
enhance angiogenesis, whereas Rb1 exerted a significant inhibi-
tion on these effects (25). In our previous study, we also showed
that CK and Rg1 exerted an opposite effect on glucose transport
in human intestinal Caco-2 cells (9).

The stimulation of glucose uptake by insulin in adipocytes
requires the insulin receptor-mediated tyrosine phosphorylation
of IR substrate (IRS) family members and subsequent activation
of PI3K and AKT (1). In addition to the PI3K pathway, AMPK
has been shown to regulate glucose transport in muscle and
adipocytes via an insulin-independent mechanism (27). In this
study, inhibition of PI3K activity by LY294002 resulted in
abrogation of glucose transport and GLUT4 translocation sti-
mulated by CK, Rg1, and insulin. In addition, inhibition of
AMPK by compound C blocked the CK- and Rg1-induced
glucose transport and GLUT4 translocation but had no effect
on the action of insulin. Furthermore, we also provide biochem-
ical evidence to demonstrate thatCKandRg1 exerted insulin-like
activities through activation of the PI3K and AMPK pathways.
Herbalmedicines have been shown to display significant effects in
modulating glucose uptake in various experimental systems.
Activation of PI3K has been known to be involved in the action
ofmanynatural compounds in facilitatingglucoseuptake (19,28).
Ginsenosides Rb1 and Re1 have been shown to display antidia-
betic activities by increasing glucose uptake and membrane
translocation of glucose transporters through the activation of
PI3K activity (18). The pentacyclic ursane-type triterpenoid
ursolic acid was shown to act as an insulin-mimetic in activating
insulin receptor PI3K signaling pathways (28). AMPK is an
important therapeutic target for regulating whole-body energy
balance. Compounds that activate AMPK showed improved
hypoglycemic effect by facilitating glucose uptake and GLUT4
translocations. It has been shown thatmany compounds or drugs
with beneficial activity to metabolic syndrome are known to acti-
vate AMPK, with metformin as the prominent example (29, 30).

This study provides mechanistic explanations for the increased
glucose uptake, GLUT4 translocation, and GLUT4 gene expres-
sion in CK- and Rg1-treated 3T3-L1 adipocytes. The effects of
ginsenosides CK and Rg1 on GLUT4 translocation were shown
to associate with activation of PI3K and AMPK signaling path-
ways. As one of the most popular traditional medicines used
around the world, ginsenosides present promising candidates as
insulin-like natural medicines. Despite the detailed mechanism of
these compounds requiring further investigation, our findings
provide evidence for two ginsenosides with marked insulin-like
activity and potential in the treatment of metabolic syndrome or
diabetes.

LITERATURE CITED

(1) Zaid, H.; Antonescu, C. N.; Randhawa, V. K.; Klip, A. Insulin
action on glucose transporters through molecular switches, tracks
and tethers. Biochem. J. 2008, 413 (2), 201–215.



Article J. Agric. Food Chem., Vol. 58, No. 10, 2010 6047

(2) Moller, D. E. New drug targets for type 2 diabetes and the metabolic
syndrome. Nature 2001, 414 (6865), 821–827.

(3) Attele, A. S.; Wu, J. A.; Yuan, C. S. Ginseng pharmacology: multi-
ple constituents and multiple actions. Biochem. Pharmacol. 1999,
58 (11), 1685–1693.

(4) Sotaniemi, E. A.; Haapakoski, E.; Rautio, A. Ginseng therapy in
non-insulin-dependent diabetic patients.Diabetes Care 1995, 18 (10),
1373–1375.

(5) Vuksan, V.; Sievenpiper, J. L.; Koo, V. Y.; Francis, T.; Beljan-
Zdravkovic, U.; Xu, Z.; Vidgen, E. American ginseng (Panax
quinquefolius L) reduces postprandial glycemia in nondiabetic sub-
jects and subjects with type 2 diabetes mellitus. Arch. Intern. Med.
2000, 160 (7), 1009–1013.

(6) Ohnishi, Y.; Takagi, S.; Miura, T.; Usami, M.; Kako, M.; Ishihara,
E.; Yano, H.; Tanigawa, K.; Seino, Y. Effect of ginseng radix on
GLUT2 protein content in mouse liver in normal and epinephrine-
induced hyperglycemic mice. Biol. Pharm. Bull. 1996, 19 (9), 1238–
1240.

(7) Waki, I.; Kyo, H.; Yasuda, M.; Kimura, M. Effects of a hypogly-
cemic component of ginseng radix on insulin biosynthesis in normal
and diabetic animals. J. Pharmacobiodyn. 1982, 5 (8), 547–554.

(8) Onomura, M.; Tsukada, H.; Fukuda, K.; Hosokawa, M.; Nakamura,
H.; Kodama, M.; Ohya, M.; Seino, Y. Effects of ginseng radix
on sugar absorption in the small intestine. Am. J. Chin. Med. 1999,
27 (3-4), 347–354.

(9) Chang, T. C.; Huang, S. F.; Yang, T. C.; Chan, F. N.; Lin, H. C.;
Chang, W. L. Effect of ginsenosides on glucose uptake in human
Caco-2 cells is mediated through altered Naþ/glucose cotransporter
1 expression. J. Agric. Food Chem. 2007, 55 (5), 1993–1998.

(10) Blot, V.; McGraw, T. E. GLUT4 is internalized by a cholesterol-
dependent nystatin-sensitive mechanism inhibited by insulin. EMBO
J. 2006, 25 (24), 5648–5658.

(11) Liu, L. Z.; Zhao, H. L.; Zuo, J.; Ho, S. K.; Chan, J. C.; Meng, Y.;
Fang, F. D.; Tong, P. C. Protein kinase Czeta mediates insulin-
induced glucose transport through actin remodeling in L6 muscle
cells. Mol. Biol. Cell 2006, 17 (5), 2322–2330.

(12) Govers, R.; Coster, A. C.; James, D. E. Insulin increases cell surface
GLUT4 levels by dose dependently discharging GLUT4 into a cell
surface recycling pathway.Mol. Cell. Biol. 2004, 24 (14), 6456–6466.

(13) Ramirez-Zacarias, J. L.; Castro-Munozledo, F.; Kuri-Harcuch, W.
Quantitation of adipose conversion and triglycerides by staining
intracytoplasmic lipids with Oil red O. Histochemistry 1992, 97 (6),
493–497.

(14) Scheepers, A.; Joost, H. G.; Schurmann, A. The glucose transporter
families SGLT and GLUT: molecular basis of normal and aberrant
function. JPEN J. Parenter. Enteral. Nutr. 2004, 28 (5), 364–371.

(15) Birnbaum, M. J. Diabetes. Dialogue between muscle and fat.Nature
2001, 409 (6821), 672–673.

(16) Sievenpiper, J. L.; Arnason, J. T.; Leiter, L. A.; Vuksan, V. De-
creasing, null and increasing effects of eight popular types of ginseng
on acute postprandial glycemic indices in healthy humans: the role of
ginsenosides. J. Am. Coll. Nutr. 2004, 23 (3), 248–258.

(17) Sievenpiper, J. L.; Arnason, J. T.; Vidgen, E.; Leiter, L. A.; Vuksan,
V. A systematic quantitative analysis of the literature of the high
variability in ginseng (Panax spp.): should ginseng be trusted in
diabetes? Diabetes Care 2004, 27 (3), 839–840.

(18) Shang, W.; Yang, Y.; Jiang, B.; Jin, H.; Zhou, L.; Liu, S.; Chen, M.
Ginsenoside Rb1 promotes adipogenesis in 3T3-L1 cells by enhan-
cing PPARγ2 and C/EBPR gene expression. Life Sci. 2007, 80 (7),
618–625.

(19) Park, S.; Ahn, I. S.; Kwon, D. Y.; Ko, B. S.; Jun,W.K.Ginsenosides
Rb1 and Rg1 suppress triglyceride accumulation in 3T3-L1 adipo-
cytes and enhance β-cell insulin secretion and viability in Min6 cells
via PKA-dependent pathways. Biosci., Biotechnol., Biochem. 2008,
72 (11), 2815–2823.

(20) Kim do, Y.; Yuan, H. D.; Chung, I. K.; Chung, S. H. Compound K,
intestinal metabolite of ginsenoside, attenuates hepatic lipid accu-
mulation via AMPK activation in human hepatoma cells. J. Agric.
Food Chem. 2009, 57 (4), 1532–1537.

(21) Leturque, A.; Loizeau, M.; Vaulont, S.; Salminen, M.; Girard, J.
Improvement of insulin action in diabetic transgenic mice selecti-
vely overexpressingGLUT4 in skeletal muscle.Diabetes 1996, 45 (1),
23–27.

(22) Cao, H.; Polansky, M. M.; Anderson, R. A. Cinnamon extract and
polyphenols affect the expression of tristetraprolin, insulin receptor,
and glucose transporter 4 in mouse 3T3-L1 adipocytes. Arch.
Biochem. Biophys. 2007, 459 (2), 214–222.

(23) Liu, Z. H.; Li, Y. J.; Chen, Z. H.; Liu, D.; Li, L. S. Glucose
transporter in human glomerular mesangial cells modulated by
transforming growth factor-β and rhein. Acta Pharmacol. Sin.
2001, 22 (2), 169–175.

(24) Wang, H.; Reaves, L. A.; Edens, N. K. Ginseng extract inhibits
lipolysis in rat adipocytes in vitro by activating phosphodiesterase 4.
J. Nutr. 2006, 136 (2), 337–342.

(25) Joo, S. S.;Won, T. J.; Lee, D. I. Reciprocal activity of ginsenosides in
the production of proinflammatory repertoire, and their potential
roles in neuroprotection in vivo. Planta Med. 2005, 71 (5), 476–481.

(26) Chen, C. F.; Chiou, W. F.; Zhang, J. T. Comparison of the
pharmacological effects of Panax ginseng and Panax quinquefolium.
Acta Pharmacol. Sin. 2008, 29 (9), 1103–1108.

(27) Huang, S.; Czech, M. P. The GLUT4 glucose transporter. Cell
Metab. 2007, 5 (4), 237–252.

(28) Jung, S. H.; Ha, Y. J.; Shim, E. K.; Choi, S. Y.; Jin, J. L.; Yun-Choi,
H. S.; Lee, J. R. Insulin-mimetic and insulin-sensitizing activities of a
pentacyclic triterpenoid insulin receptor activator. Biochem. J. 2007,
403 (2), 243–250.

(29) Levri, K.M.; Slaymaker, E.; Last, A.; Yeh, J.; Ference, J.; D’Amico,
F.; Wilson, S. A. Metformin as treatment for overweight and obese
adults: a systematic review. Ann. Fam. Med. 2005, 3 (5), 457–461.

(30) Tan, M. J.; Ye, J. M.; Turner, N.; Hohnen-Behrens, C.; Ke, C. Q.;
Tang, C. P.; Chen, T.; Weiss, H. C.; Gesing, E. R.; Rowland, A.;
James, D. E.; Ye, Y. Antidiabetic activities of triterpenoids isolated
from bitter melon associated with activation of the AMPK pathway.
Chem. Biol. 2008, 15 (3), 263–273.

Received for review October 2, 2009. Revised manuscript received

March 31, 2010. Accepted March 31, 2010. This study is support by

grants from the National Science Council (NSC 97-2320-B-016-003-

MY3 to T.-C.C.) and from theMinistry of National Defense (DOD 98-

14-01 to T-C.C.). We are grateful to Nuliv Science Co., Taipei, Taiwan,

Republic of China, for financial support of this work.


