
Glucose uptake in insulin-sensitive tissues, which is de-
pendent on the activity of glucose transporters (GLUTs), is a
major regulatory process in the homeostatic control of blood
glucose levels. GLUT1 is ubiquitously expressed for fulfill-
ing basal glucose uptake, whereas GLUT4 is expressed in the
insulin sensitive tissues in which glucose uptake is acutely
stimulated by insulin.1) The regulatory mechanisms for the
activity of glucose transporters have been extensively stud-
ied. It has been known that, at least two distinct signaling
pathways are implicated in insulin-stimulated GLUT4
translocation and glucose uptake. One pathway results from
the tyrosine phosphorylation of insulin receptor substrate
(IRS) protein, leading to the activation of phosphatidylinosi-
tol 3-kinase (PI 3-K), and a second pathway occurs through
the tyrosine phosphorylation of Clb, followed by the activa-
tion of TC10.2) Recent evidence has demonstrated that atypi-
cal protein kinase C (PKCz /l) is known to be a convergent
target of the insulin-stimulated PI 3-K and TC10 pathways.3)

Related to GLUT1, it has been reported that activation 
of extracellular signal-regulated kinase (ERK) up-regulates
GLUT1 expression, resulting in augmentation of basal glu-
cose uptake in the absence of acute insulin stimulation.4,5) In
addition, an enhancement of GLUT1-mediated glucose trans-
port is reportedly associated with an stimulation of AMP-ac-
tivated protein kinase (AMPK).6,7)

Berberine, an isoquinoline alkaloid isolated from some
Chinese medicinal herbs such as Coptidis Rhizoma and Cor-
tex Phellodendri, has been used for the treatment of diarrhea
an other gastrointestinal infections as an antibacterial drug in
Chinese medicine.8) Recently, it has been reported that
berberine reduces serum cholesterol, triglycerides, and LDL-

cholesterol in hypercholesterolemic patients, with being sug-
gested as a novel cholesterol-lowing drug.9) Recent studies
have also shown that berberine has antihyperglycemic 
effects.10—12) However, elucidations of berberine action are
not in agreement between research groups. One suggested an
insulin-independent effect,10) whereas others showed an 
insulin-secretion stimulating11) or insulin-sensitizing effects.13)

Although the mechanism underlying the berberine effect is
not known in detail, it might involve the activation of
AMPK. Lee et al. suggested that berberine has beneficial 
effects in diabetes and obesity in part via activation of
AMPK.14)

Presently, we found that berberine displays an enhancing
effect on GLUT1-mediated glucose transport in 3T3-L1
adipocytes. To explore a yet unidentified mechanism, we an-
alyzed related signal transduction pathways that are activated
by berberine.

MATERIALS AND METHODS

Materials Antibodies against IR, IRS-1, phospho-IRS-1
(Ser636/639), PKCz /l , phospho-PKCz /l (Thr410/403), p38,
phospho-p38 (Thr180/Tyr182), ERK1/2, phospho-ERK1/2
(Thr202/Tyr204), AMPK, and phospho-AMPK (Thr172)
were purchased from Cell Signaling Technology (Beverly,
MA, U.S.A.). Anti-GLUT1 and anti-GLUT4 antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, U.S.A.). Anti-phosphotyrosine antibody was purchased
from Upstate Cell Signalling Solutions (Charlottesville, VA,
U.S.A.). Unless specifically mentioned, reagents including
berberine were purchased from Sigma-Aldrich (St. Louis,
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It has recently been known that berberine, an alkaloid of medicinal plants, has anti-hyperglycemic effects.
To explore the mechanism underlying this effect, we used 3T3-L1 adipocytes for analyzing the signaling path-
ways that contribute to glucose transport. Treatment of berberine to 3T3-L1 adipocytes for 6 h enhanced basal
glucose uptake both in normal and in insulin-resistant state, but the insulin-stimulated glucose uptake was not
augmented significantly. Inhibition of phosphatidylinositol 3-kinase (PI 3-K) by wortmannin did not affect the
berberine effect on basal glucose uptake. Berberine did not augment tyrosine phosphorylation of insulin recep-
tor (IR) and insulin receptor substrate (IRS)-1. Further, berberine had no effect on the activity of the insulin-
sensitive downstream kinase, atypical protein kinase C (PKCzz/ll). However, interestingly, extracellular signal-
regulated kinases (ERKs), which have been known to be responsible for the expression of glucose transporter
(GLUT)1, were significantly activated in berberine-treated 3T3-L1 cells. As expected, the level of GLUT1 protein
was increased both in normal and insulin-resistant cells in response to berberine. But berberine affected the ex-
pression of GLUT4 neither in normal nor in insulin-resistant cells. In addition, berberine treatment increased
AMP-activated protein kinase (AMPK) activity in 3T3-L1 cells, which has been reported to be associated with
GLUT1-mediated glucose uptake. Together, we concluded that berberine increases glucose transport activity 
of 3T3-L1 adipocytes by enhancing GLUT1 expression and also stimulates the GLUT1-mediated glucose uptake
by activating GLUT1, a result of AMPK stimulation.
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MO, U.S.A.).
Cell Culture and Induction of Insulin Resistance 3T3-

L1 fibroblasts were grown and differentiated as previously
described by Frost and Lane.15) To induce insulin resistance,
cells were chronically exposed to insulin (10 nM) for 12 h in
the presence or absence of berberine. Before the glucose
transport assay or in the subcellular fractionation studies,
cells were washed 3 times with 3.0 ml Krebs Ringer phos-
phate buffer (KRP) containing glucose (5 mM) and bovine
serum albumin (BSA; 1 g/l) at 40-min intervals over a 2-h
period. 3T3-L1 adipocytes were treated or not with berberine
at specific concentrations (1—10 mM) for the times noted in
the figure legends. DMSO was used as vehicle for untreated
cells.

Glucose Transport Assay Cytochalasin B-inhibitable
glucose transport was assayed as previously described by
Thomson et al.16) with some modifications. Briefly, 3T3-L1
adipocytes were exposed to berberine for the times indicated
in complete DMEM containing 10% FBS. Cell monolayers
were rapidly washed in KRP at pH 7.4 and incubated with or
without 20 mM cytochalasin B for 10 min at 37 °C. Insulin
(100 nM) was added or not for 10 min, and then [3H]2-
deoxyglucose (0.2 mM, 0.2 mCi) was added for an additional
10 min. Glucose uptake was terminated with 3 washes of ice-
cold PBS. Cells were dissolved in 0.1% sodium dodecyl sul-
fate (SDS) and counted for radioactivity.

Immunoprecipitation of IR and IRS-1 Immunoprecip-
itation of IR and IRS-1 was conducted as previously 
described by Hwang and Frost17) with some modifications.
Proteins released from Protein A Sepharose beads were sepa-
rated by 7.5% SDS-PAGE followed by transfer to nitrocellu-
lose. Blots were screened for total and tyrosine-phosphory-
lated protein.

Analysis of PKCzz/ll , p38, ERK1/2 and AMPK To test
for the involvement of PKCz /l , p38, ERK1/2 and AMPK,
cells were extracted in lysis buffer (140 mM NaCl, 20 mM

Tris/HCl pH 7.5, 1 mM EDTA, 100 mM NaF, 10 mM Na2PO4,
1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1% NP-
40 in the presence of protease inhibitors). The extract was
tumbled for 30 min at 4 °C and clarified by spinning at
16000 g at 4 °C for 10 min. Proteins in the clarified super-
natant were separated by SDS-PAGE and transferred to nitro-
cellulose. The concentration of total each protein was com-
pared against the phosphorylated pool by Western blot analy-
sis.

Membrane Isolation Total membranes were isolated
from cells as described by Kitzman et al.18) Proteins were
separated by SDS-PAGE and transferred to nitrocellulose for
Western blot analysis.

Western Blot Analysis For IR, IRS-1, phospho-IRS-1,
PKCz /l , phospho-PKCz /l , p38, phospho-p38, ERK1/2,
phospho-ERK1/2, AMPK, phospho-AMPK, GLUT1 and
GLUT4, the Western blotting procedure was described previ-
ously16,17) with some modifications. Briefly, cells were rinsed
with ice-cold PBS and solubilized in a lysis buffer containing
50 mM HEPES, 150 mM NaCl, 10 mM EDTA, 0.5% Triton X-
100, 5% glycerol, 0.25% Nonidet P-40, 1 mM phenylmethyl-
sulphonyl fluoride (PMSF), 1 mg ml�1 aprotinin, 1 mg ml�1

leupeptin, 100 mM NaF and 1 mM Na3VO4 (pH 7.4) and incu-
bated for 30 min at 4 °C. The whole-cell lysates were cen-
trifuged at 4 °C for 10 min to remove the insoluble materials.

The proteins in the supernatants were separated by 10%
SDS-PAGE and transferred to nitrocellulose membranes.
After blocking with TBS-T (10 mM Tris, 150 mM NaCl,
0.05% Tween-20, pH 7.6) containing 5% nonfat milk for 1 h
at room temperature, the membranes were incubated with the
appropriate antibodies. The proteins were visualized by 
enhanced chemiluminescence using horseradish peroxidase-
conjugated anti-rabbit or mouse IgG. Densitometric analysis
of the bands was performed using AlphaImager 2200 (Alpha
Innotech Inc., San Leandro, CA, U.S.A.) and analyzed by 
AlphaEase FC software (Alpha Innotech Inc.).

Statistical Analysis Numerical data are reported as
means�S.E.M. with the number of replicates indicated in the
figure legends. Each graphical point represents an independ-
ent data set whether assayed for time or treatment. Data were
analyzed by the ANOVA procedure of Statistical Analysis
System (SAS Institute, 1999—2001). Significant differences
between groups were determined using Duncan’s multiple
range tests at the p�0.05 level.

RESULTS

Berberine Enhances Basal Glucose Uptake Both in
Normal and Insulin-Resistant 3T3-L1 Adipocytes Incu-
bation of 3T3-L1 adipocytes with berberine enhanced glu-
cose transport activities significantly both in normal and 
insulin-resistant state (Fig. 1). In normal cells, exposure to
5 mM berberine for 6 h resulted in approximately 8.5-fold 
increase in insulin-independent (basal) glucose uptake and
1.3-fold in insulin-stimulated glucose uptake. Chronic expo-
sure to 10 nM insulin for 12 h reduced insulin-stimulated glu-
cose uptake by 50%, which was defined as an insulin-resist-
ant state. Even though glucose uptake in insulin-resistant
cells was also augmented, no significant additive response
was observed on berberine-induced glucose uptake. Time-
and dose-dependent experiment showed that stimulation of
[3H]2-deoxyglucose uptake was maximal at a 6-h incubation
period with 5 mM berberine (data-not-shown), which condi-
tion was employed in subsequent experiments to test the 
effect of berberine.

November 2007 2121

Fig. 1. Berberine Enhances Glucose Transport in Normal and Insulin-
Resistant 3T3-L1 Adipocytes

Cells were exposed to 5 mM berberine for 6 h in the absence or presence of chronic
exposure to 10 nM insulin for 12 h, then washed three times in KRP containing 0.5%
BSA at 40 min-intervals over 2 h at 37 °C. Insuin (100 nM) was added or not for 10 min.
[3H]2-Deoxyglucose (0.2 mM, 0.2 mCi) was added for an additional 10 min. Transport
activity was terminated with 3 washes of ice-cold PBS. Cells were lysed in 0.1% SDS
and counted for radioactivity. Data represent duplicate experiments of cytochalasin B-
inhibitable uptake. # p�0.01 compared to basal value of normal cells, ∗ p�0.05 com-
pared to insulin-stimulated value of normal cells, ∗∗ p�0.05 compared to insulin-
stimulated value of insulin-resistant cells.



Berberine Dose Not Affect Insulin-Responsive Signal
Transduction Pathways To explore the effect of berberine
on glucose transport activity, we first looked at an event 
upstream of PI 3-kinase activation, i.e., IR autophosphoryla-
tion and IRS-1 phosphorylation. However, any significant
change was observed neither in the receptor pool or catalytic
activity in response to berberine treatment (Fig. 2). Also in
the case of protein pool or tyrosine phosphorylation of IRS-
1, berberine had no effect.

We next utilized the PI 3-kinase inhibitor, wortmannin, to
determine if the PI 3-kinase pathway is involved in berber-
ine-induced sensitization,. As shown by others,19,20) insulin-
sensitive glucose uptake is completely blocked by wortman-
nin (Fig. 3). In berberine-treated cells, wortmannin was
clearly inhibitory, but the inhibition was not as complete as
in the control cells. It was observed that the enhancement of
basal glucose uptake by berberine was remained not to be
blocked. This suggests that there may be PI 3-kinase inde-
pendent path by which berberine enhances glucose transport
activity.

We next focused on PKCz /l phosphorylation. Insulin
stimulation results in the phosphorylation of PKCz /l , which
is known to be a convergent target of the insulin-stimulated
PI 3-K and TC10 pathways,3) to mediate insulin-induced in-
creases in glucose transport. As expected, acute insulin expo-
sure stimulated PKCz /l phosphorylation at Thr410/403
without affecting the total pool (Fig. 4). However, berberine
treatment had no effect on the extent of phosphorylation.

Berberine Induces Activation of ERK and AMPK
Next, we examined the effect of berberine on acute, insulin-
stimulated MAPK phosphorylation. It has been known that
the activation of MAPK kinase 1/2 (MKK1/2)–ERK or
MKK6/3–p38 pathway leads to upregulation of GLUT1 ex-
pression which in turn enhances basal glucose uptake in 3T3-
L1 adipocytes.5) As shown in Fig. 5A, berberine treatment 
resulted in a significant increase in ERK phosphorylation as
determined by immunoblot of phospho-ERK1/2 without
changing the total amount of ERK. In contrast, berberine had
no effect on p38 activation. Both of total pool and phospho-
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Fig. 2. Berberine Does Not Affect the Receptor Number or Autophospho-
rylation of IR, nor the Pool or Phosphorylation of IRS-1

Cells were washed extensively and acutely exposed or not to 100 nM insulin for
10 min. After washing, cells were scraped in a buffer and a total membrane fraction was
isolated. After extraction, the lysates was immunoprecipitated with anti-IR (A), anti-
IRS-1 (B) followed by immunoblot analysis with anti-phosphotyrosine antibodies as in-
dicated. Representative immunoblots of 3 independent experiments are shown.

Fig. 3. Wortmannin Does Not Block Berberine-Induced Glucose Uptake

Cells were exposed to 5 mM berberine for 6 h, then rinsed in KRP and incubated with
or without 100 nM wortmannin for 10 min. Insuin (100 nM) was added or not for an ad-
ditional 10 min before deoxyglucose uptake was assessed. Data represent duplicate ex-
periments of cytochalasin B-inhibitable uptake. ∗ p�0.01 compared to insulin-stimu-
lated value of berberine-treated cells.

Fig. 4. Berberine Does Not Affect Total Pool or Phosphorylation of
PKCz /l

Cells were treated with berberine for 6 h. Cells were rinsed in KRP and acutely ex-
posed or not to 100 nM insulin for 10 min. After washing and lysis, total cell lysates was
analyzed by immunoblot to measure total PKCz /l and phospho-PKCz /l . Representa-
tive immunoblots of 3 independent experiments are shown.

Fig. 5. Berberine Induces Phosphorylation of ERK, But Not of p38

(A) Cells were treated with berberine (1 or 5 mM) for 6 h or insulin (100 nM) for
10 min. After washing and lysis, total cell lysates was analyzed by immunoblot to meas-
ure total ERK, phospho-ERK, p38, and phospho-p38. Data are expressed as the mean
value�S.E.M. of 3 independent experiments. ∗ p�0.05, ∗∗ p�0.01 compared to rela-
tive intensity value of cells neither exposed to insulin nor to berberine. (B) Cells were
exposed to 5 mM berberine for 6 h, then rinsed in KRP and incubated with or without
40 mM PD98059 or 10 mM SB203580 for 30 min. Insulin (100 nM) was added or not for
an additional 10 min before deoxyglucose uptake was assessed. Data represent dupli-
cate experiments of cytochalasin B-inhibitable uptake. # p�0.05 compared to basal glu-
cose transport value of berberine-treated cells, ## no significance.



rylation of p38 were unaffected by berberine treatment. 
The consistent results were obtained when PD98059 and
SB203580, specific inhibitors of ERK and p38, respectively,
were employed in glucose transport assay. Inhibition of ERK
by PD98059 caused a significant decrease in berberine-stim-
ulated glucose uptake, but treatment with SB203580 did not
make any change (Fig. 5B).

To further examine the effect of berberine on GLUT1-
mediated glucose transport, we analyzed phosphorylation of
AMPK by western blotting. It has recently been reported that
signal pathway of GLUT1-mediated glucose transport in-
volves AMPK stimulation.6,7) As shown in Fig. 6A, a signifi-
cant increase of phosphorylated AMPK could be detected in
response to berberine treatment. It was similar effect with
that of exposure to 5-aminoimidazole-4-carboxamide ribo-
side (AICAR), an AMPK agonist. Consistently, co-treatment
with berberine and AICAR caused an additive increase in

glucose uptake (Fig. 6B). In addition, using 5-iodotuberci-
dine, a specific inhibitor of adenosine kinase, it was found
that both of AICAR- and berberine-stimulated glucose up-
take were nearly completely blocked by exposure to 5-
iodotubercidine.

Berberine Increases Expression of GLUT1 in 3T3-L1
Adipocytes To determine the effect of berberine on
GLUT1 and GLUT4 expression, we analyzed their contents
in total membranes by western blotting. As expected, the
amount of GLUT1 was increased significantly in berberine-
treated cells (Fig. 7). In contrast, the level of GLUT4 
remained constant even after berberine treatment, showing
that berberine had no effect on GLUT4 expression. To better
understand the effect of berberine, expression levels of
GLUT1 and GLUT4 were examined also in insulin-resistant
cells. In agreement with glucose transport data (Fig. 1), ex-
pression of GLUT1 which is responsible for the enhance-
ment of insulin-independent glucose uptake was increased
also in insulin-resistant cells (Fig. 7). In the case of GLUT4,
chronic exposure to insulin decreased the biosynthesis of
GLUT4, but additional treatment with berberine did not
change the GLUT4 level in insulin-resistant state.

DISCUSSION

Our data in this study show that, in 3T3-L1 adipocytes, 
insulin-independent (basal) glucose uptake is significantly 
increased in response to berberine. While Ko et al.13) re-
ported that berberine doesn’t stimulate glucose uptake with-
out insulin, berberine alone could enhance glucose uptake in
our study. In addition, the extent of increase in insulin-stimu-
lated glucose uptake did not exceed that of basal glucose 
uptake in berberine-exposed cells, suggesting that there were
no additive or synergistic effects between berberine and 
insulin. Hence, it was indicated that berberine has ‘insulin-
like’ rather than ‘insulin-sensitizing’ effect. However, berber-
ine did not block the development of insulin resistance 
induced by chronic exposure of low concentration (12 h,
10 nM) of insulin.

To explore the mechanism underlying the effects of
berberine, we examined several steps in the insulin-signaling
cascade. First, an increase in the receptor pool or in au-
tophosphorylation in response to berberine can be expected
on the consumption that berberine might have an ‘insulin-
like’ activity, but berberine did not alter catalytic activity of
IR. Next, we examined the effect of berberine on tyrosine
phosphorylation of IRS-1 in assessing the specific involve-
ment of the PI 3-kinase pathway. It has been suggested that
insulin-induced translocation of GLUT4 occurs by both PI 3-
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Fig. 7. Berberine Increases Expression of GLUT1, But Does Not Affect GLUT4 Pool

Cells were exposed to 5 mM berberine for 6 h with or without chronic exposure to 10 nM insulin for 12 h, then washed three times in KRP containing 0.5% BSA at 40 min-inter-
vals over 2 h at 37 °C. Cells were scraped in a buffer and total membranes were isolated. Total protein levels were analyzed by immunoblot to measure GLUT1 and GLUT4. Data
are expressed as the mean value�S.E.M. of 3 independent experiments. ∗∗ p�0.01, ∗ p�0.05 compared to relative intensity value of berberine-untreated cells in normal and in-
sulin-resistant state, respectively.

Fig. 6. Berberine Activates AMPK

(A) Cells were treated with berberine (1 or 5 mM) for 6 h or AICAR (1 mM) for 1 h.
After washing and lysis, total cell lysates was analyzed by immunoblot to measure total
AMPK and phospho-AMPK. Data are expressed as the mean value�S.E.M. of 3 inde-
pendent experiments. ∗ p�0.05, ∗∗ p�0.01 compared to relative intensity value of cells
neither exposed to AICAR nor to berberine. (B) Cells were pretreated with 10 mM 5-
iodotubercidine or not for 10 min, followed by exposure to 0.5 mM AICAR for 1 h or
5 mM berberine for 6 h just before assessing deoxyglucose uptake. Data represent dupli-
cate experiments of cytochalasin B-inhibitable uptake. # p�0.01 compared to basal glu-
cose transport values of cells without pretreatment of iodotubercidine.



kinase-dependent (IRS-1-PI 3-kinase) and independent (c-
Cbl-TC10) paths.2) Also in this step, however, berberine did
not make any change. Like enhancing effect of berberine on
glucose transport activity in 3T3-L1 adipocytes, this result
was different from that of Ko et al.,13) in which berberine
stimulated IRS-1 phosphorylation. Further, although wort-
mannin was used as a specific inhibitor of PI 3-kinase, it did
not block the increase in glucose uptake stimulated by
berberine treatment, suggesting that berberine may not aug-
ment signaling events downstream of PI 3-kinase. Next pos-
sibility that GLUT4 translocation might be stimulated by
berberine is via TC10 pathway. Activation of PI 3-kinase by
insulin stimulation leads to the activation of a downstream
enzyme PKCz /l ,21) which is also a target of TC10 pathway.3)

Also in our hands, acute addition of insulin stimulated
PKCz /l phosphorylation. However, berberine did not affect
the activation of PKCz /l , indicating finally that the berberine
effect is not related to PI 3-kinase nor TC10 pathways. Al-
though the recent study by Lee and colleagues14) showed that
berberine stimulates GLUT4 translocation in L6 myotubes, 
it seems unlikely that the same process occur in 3T3-L1
adipocytes.

The increased intrinsic activity of GLUT1 as well as
GLUT4 could potentially induce the enhancement of glucose
uptake in 3T3-L1 adipocytes. In addition, it has been re-
ported that GLUT1 expression can be up-regulated by activa-
tion of ERK resulting in an enhanced glucose transport.5,22)

Fingar and Birnbaum showed that an activated form of Raf-1
(an upstream stimulator of MKK1/2 and ERK) increased the
cellular pool of GLUT1 by 5-fold in 3T3-L1 adipocytes.4)

Our data show that berberine increased ERK phosphoryla-
tion significantly and a specific inhibitor of ERK impaired
berberine-stimulated glucose uptake. When these data are
taken together with the fact of ERK involvement in GLUT1
up-regulation, it is indicated that berberine might up-regulate
GLUT1 expression, thereby augmenting GLUT1-mediated
glucose transport. Further, we confirmed that berberine had
an enhancing effect on the biosynthetic pool of GLUT1 de-
termined by immunoblot analysis. Thus, our results demon-
strate that berberine enhances GLUT1 expression by stimu-
lating ERK pathway. In contrast, p38 MAPK did not appear
to be involved in berberine-stimulated glucose uptake. Al-
though some studies implicate p38 in the regulation of
GLUT1 expression,23) berberine showed no effect on p38
phosphorylation in present study.

On the other hand, it has been shown that chronic activa-
tion of ERK can lead to not only up-regulation of GLUT1
but also down regulation of GLUT4 expression, resulting in a
decreased insulin-stimulated glucose uptake.22) However, in
the case of berberine-activated glucose transport activity, the
signaling events were found to be different. The amount of
GLUT4 in total membranes was not affected by berberine
treatment. Although the induction of insulin resistance by 
exposing cells to chronic insulin reduced GLUT4 expression
significantly, the GLUT4 levels in berberine treated cells
were unchanged in both of normal and insulin-resistant
states. This suggests that berberine may augment ERK acti-
vation to enhance GLUT1 expression without causing a 
decreased expression of GLUT4.

AMPK plays a critical role in cellular energy homeostasis,
stimulating pathways which increase energy production such

as glucose transport and fatty acid oxidation in response to a
change in ATP/AMP ratio.24) Among several major insulin-
sensitizing agents, the thiazolidinediones (TZDs) and met-
formin are thought to have beneficial effects, at least in part,
by activating AMPK.25—27) Interestingly, berberine was re-
cently reported to activate AMPK in adipocytes, myotubes,
and liver.14) Consistent with those findings, also in our hands,
AMPK phosphorylation was increased significantly in 3T3-
L1 cells after treatment with berberine. Further, berberine-
stimulated glucose uptake was almost completely abolished
by exposure to a specific inhibitor of AMPK, ensuring a di-
rect involvement of AMPK in enhancing glucose transport
by berberine. Several researchers have reported that stimula-
tion of AMPK activity is associated with enhancement of
GLUT1-mediated glucose transport.6,7,28) The underlying
mechanism shows that the enhanced response of glucose
transport is mediated by activation of GLUT1 preexisting in
the plasma membrane without affecting the cell-surface con-
centration of GLUT1. Collectively, the role of AMPK is criti-
cal in stimulation of glucose transport via GLUT1 activation
and AMPK is involved in berberine-stimulated glucose trans-
port, leading to a conclusion that berberine may augment the
ability of GLUT1 to accelerate glucose transport by activat-
ing AMPK.

In summary and conclusion, berberine enhances insulin-
independent glucose uptake, which is a result of increased
GLUT1 expression via ERK pathway. In addition, berberine
further stimulates the GLUT1-mediated glucose uptake by
activating GLUT1 proteins in the plasma membrane via
AMPK pathway. The enhancing effect on GLUT1-dependent
glucose uptake without diminishing GLUT4 expression can
be considered as one of the beneficial feature of berberine as
a potential anti-diabetic agent.
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