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Our preliminary study demonstrated that 70% ethanol Cortidis Rhizoma extracts (CR) had a hypoglycemic
action in diabetic animal models. We determined whether CR fractions acted as anti-diabetic agent, and a subse-
quent investigation of the action mechanism of the major compound, berberine (|C,,H,;NO,]*), was carried out
in vitro. The 20, 40 and 60% methanol fractions from the XAD-4 column contained the most insulin sensitizing
activities in 3T3-L1 adipocytes. The common major peak in these fractions was berberine. Treatment with 50 um
berberine plus differentiation inducers significantly reduced triglyceride accumulation by decreased differentia-
tion of 3T3-L1 fibroblasts to adipocytes and triglyceride synthesis. Significant insulin sensitizing activity was ob-
served in 3T3-L1 adipocytes which were given 50 um berberine plus 0.2 nMm insulin to reach a glucose uptake level
increased by 10 nm of insulin alone. This was associated with increased glucose transporter-4 translocation into
the plasma membrane via enhancing insulin signaling pathways and the insulin receptor substrate-1-phospho-
inositide 3 Kinase-Akt. Berberine also increased glucose-stimulated insulin secretion and proliferation in Min6
cells via an enhanced insulin/insulin-like growth factor-1 signaling cascade. Data suggested that berberine can
act as an effective insulin sensitizing and insulinotropic agent. Therefore, berberine can be used as anti-diabetic

agent for obese diabetic patients.
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Type 2 diabetes is a heterogeneous metabolic disorder
characterized by the impairment of insulin secretion from
pancreatic [-cells and insulin resistance in peripheral tissues
such as the liver, skeletal muscle and adipose tissue.” In
most cases, insulin resistance mostly precedes the impair-
ment of insulin secretion in humans. For example, obesity in-
duces hepatic, skeletal muscle and adipocyte insulin resis-
tance, and hypersecretion of insulin maintains normo-
glycemia by compensating for insulin resistance. As long as
insulin secretion compensates for peripheral insulin resis-
tance, diabetes is not developed and exacerbated. Thus, herbs
or drugs for type 2 diabetes mellitus should have an insulin
sensitizing action to relieve insulin resistance and an in-
sulinotropic action to improve glucose-stimulated insulin se-
cretion and pancreatic B-cell survival.

Extracts from Coptidis Rhizoma (CR) and Cortex Phel-
lodendri, a Southeast Asian herb, have been used to treat
diabetes mellitus for more than one thousand years in the
history of Chinese medicinal remedies.>® Berberine
([C,H sNO,]7), one of the main constituents of CR and
Cortex Phellodendri, is a type of isoquinoline alkaloid, sug-
gesting that it is a candidate of the principal anti-diabetic
constituents of CR. According to reports,> * berberine acts
as an o-adrenoceptor antagonist. In addition, some -
adrenoceptor antagonists, such as phentolamine, stimulate
insulin release by inhibiting pancreatic f-cell ATP-sensitive
potassium channels.>®

Berberine is a candidate for insulin secretagogues, but it’s
effect was not sufficient to recommend CR or berberine to
treat type 2 diabetes. Post-prandial hyperglycemia is a promi-
nent early defect in type 2 diabetes, predominantly due to
loss of acute phase insulin secretion after eating.”® Thus, in-
sulin secretagogues have long been used as a diabetic drug to
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reduce post-prandial hyperglycemia to normal levels. Insulin
secretagogues such as sulfonylurea make normoglycemia in
the early stage of diabetes. However, most of them stimulate
insulin secretion with and without glucose challenge by clos-
ing ATP-sensitive potassium channels in B-cells.”® As a re-
sult, they increase insulin secretion without glucose loading,
resulting in exhausting and damaging f-cells and frequent
hypoglycemia. Eventually, they exacerbate the symptoms of
diabetes. The ideal agent to treat post-prandial hyper-
glycemia should restore the acute-phase insulin secretion
without hypoglycemia and enhance pancreatic S-cell sur-
vival. Thus, an insulinotropic agent is a better anti-diabetic
agent than a simple insulin secretagogue. Insulinotropic
agents, such as glucagon like peptide-1 receptor agonist (ex-
endin-4), improve glucose-stimulated acute insulin secretion
with the expansion of f-cell mass through improving insulin
like growth factors (IGF)-1 and/or insulin.”—'"

In the present study, the fractions of CR were investigated
for their effects as an insulin sensitizer through insulin-medi-
ated glucose uptake in 3T3-L1 adipocytes and as an in-
sulinotropic agent in Min6 cells. Subsequently, the mecha-
nism of insulin sensitizing and insulinotropic action of
berberine, the major compound of CR in effective fractions,
was determined in a cell-based system.

MATERIALS AND METHODS

Fractionation of CR Extract CR fractions were pre-
pared by the method described previously'? with modifica-
tions. Briefly, CR was extracted with 70% ethanol (EtOH) at
50°C for 12 h. The concentrated extracts were divided into 5
fractions by column chromatography on Amberlite XAD-4
polymeric resin (Sigma, St. Louis, MO, U.S.A.) eluting with
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a stepwise gradient of MeOH-water (0, 20, 40, 60, 80,
100%) (Fig. 1). Each fraction was filtered with a 0.4-um fil-
ter and concentrated by heat evaporation and lysophilization.
The powder was dissolved in sterile dimethyl sulfoxide
(DMSO, Sigma) to 1 mg/ml, and then further diluted with a
sterile phosphate buffered saline (PBS) or media to the ap-
propriate concentrations (0.5 and 5 yug/ml).

The components of the fraction were identified with a high
performance liquid chromatography analysis (HPLC; Waters
Co., Milford, MA, U.S.A.). Each fraction was spotted in a
silica gel TLC plate (chloroform/methanol/water=4/1/0.1
and 7/4/1) and the number of components were identified.
Fractions were injected in an octadecylsilane column, 4.6 X
250 mm (Alltech Associates, Deerfield, IL) at 40 °C in HPLC
analysis. The mobile phase was a gradient of 10 mmol/l
phosphoric acid (solvent A) and acetonitrile (solvent B) at a
flow rate of 1 ml/min with 35% solvent B for 15 min and lin-
ear increase from 35%—90% of solvent B. Peaks were de-
tected at a wavelength of 254nm. The contents were con-
firmed by an external standards, alkaloids and isoflavonoids
(Sigma, St. Louis, MO, U.S.A.).

3T3-L1 Fibroblast Differentiation into Adipocytes
3T3-L1 fibroblasts were grown, maintained and differenti-
ated into adipocytes in high glucose Dulbecco’s Modified Ea-
gle’s Medium (DMEM,; Invitrogen, Carlsbad, CA, U.S.A.) as
previously described."*'® To determine berberine effects on
3T3-L1 fibroblast differentiation into adipocytes as triglyc-
eride accumulation, a vehicle (DMSO) or 5 or 50 um berber-
ine (Sigma) was added into the media with differentiation in-
ducers, 1 mg/ml insulin (Sigma), 50 um dexamethasone
(Sigma), and 0.8 mm isobutylmethyl xanthine (Sigma), for
4d. From day 5, the vehicle or berberine was freshly added
without the inducers whenever the media was replaced. At
day 10 from the initiation of differentiation, the cells were
harvested with lysis buffer without glycerol, and the cellular
triglyceride contents were measured by Trinder kit. (Young
Dong Pharmaceutical Co., Seoul).

Insulin-Stimulated Glucose Uptake Assay in 3T3-L1
Adipocytes Between 9 and 12d after 3T3-L1 fibroblasts
was initiated to differentiate with the differentiation inducers
in high glucose DMEM, 3T3-L1 adipocytes were used for
determining berberine effect on insulin-stimulated glucose
uptake. The glucose uptake activity was analyzed by measur-
ing the uptake of 2-deoxy-p-[*H] glucose.'>'® Briefly, 3T3-
L1 adipocytes in 12-well plates were washed twice with low
glucose DMEM and incubated with 1 ml of the same media
at 37°C for 12h with the following drugs; DMSO, 5 or
50 um berberine, 0.5 or 2.5nm exendin-4 (Sigma) or 2 or
20 um pioglitazone (Takeda Pharmaceuticals Inc., Lin-
colnshire, IL, U.S.A.). After washing the cells with a Krebs-
Ringer-Hepes (KRP) buffer, the cells were incubated with the
KRP buffer with the addition of respective drugs plus 0.2 nm
insulin or with 10 nm insulin at 37 °C for 30 min. At the end
of incubation 0.1 uCi 2-deoxy-p-[°H] glucose (PerkinElmer
Life, Boston, MA, U.S.A.) and 1 mm glucose as final concen-
trations was added for 10 min. After terminating the assay
with cold PBS, the radioactivity retained by the cell lysates
was determined by a scintillation counter. Nonspecific glu-
cose uptake was measured at a glucose concentration of 5.5
mwm without insulin.

Min6 Cells Culture Min6 cells were grown in high glu-
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cose DMEM containing 15% (v/v) heat-inactivated fetal
bovine serum (Invitrogen), 50um fB-mercaptoethanol
(Sigma), penicillin and streptomycin (Sigma). The cells were
maintained at 37°C in a humidified atmosphere with 5%
CO, and used between passages 19 and 30. Min6 cells at
70—80% confluence were used for glucose-stimulated in-
sulin secretion, S-cell proliferation and insulin/IGF-1 signal-
ing cascade.

Glucose-Stimulated Insulin Secretion and B-cell Prolif-
eration Assay Min6 cells in a 24 well plate were washed
and incubated with KRP buffer containing 5 mg/ml bovine
serum albumin and 2 mm glucose (low glucose KRP buffer)
for 16h. The Min6 cells were applied with a vehicle
(DMSO), 5 or 50 um berberine in a low or high glucose
(20mm) KRP buffers for 30 min. Insulin concentrations in
low and high glucose KRP buffer were measured by radioim-
munoassay kit (Linco Research, St. Charles, MO, U.S.A.).

Cell proliferation was measured in Min6 cells treated with
5 and 50 um of berberine and 2.5 nm of exendin-4 with a Cell
Proliferation WST-1 reagent assay kit from Roche Diagnostic
Co (Indianapolis, IN, U.S.A.). The kit is a modified tetra-
zolium salt that can be cleaved by metabolically active cells
to a water soluble formazan, which was quantitated at
450 nm with an ELISA plate reader.

Immunoprecipitation and Immunoblotting Analyses
One day after reseeding into a 5 cm? dish, 3T3-L1 adipocytes
or Min6 cells were incubated with serum free high glucose
DMEM with 3% bovine serum albumin for 12h. A vehicle
(DMSO) or designated concentrations of berberine were
added into the plate for 8h in both cells. At the end of the
treatment, 0, 0.2 or 10 nm insulin for 3T3-L1 adipocytes and
10 nm IGF-1 for Min6 cells were treated for 10 min. The cells
were lysed in 20 mm Tris (pH 7.4) containing 2 mm ethylene-
diaminetetraacetic acid, 137 mm NaCl, 1% NP40, 10% glyc-
erol and 12 mm a-glycerol phosphate and protease inhibitors
(Sigma) and cell debris was removed by centrifugation. After
determining protein content, lysates with equivalent amounts
of protein were immunoprecipitated with anti-insulin recep-
tor substrate (IRS)-1 and IRS2 (Upstate Biotechnology Inc,
Lake Placid, NY, U.S.A.) antibodies, followed by resolving
with SDS-PAGE and immunoblotted with anti-phosphotyro-
sine protein (py20). IRS1, IRS2 and P85 (Upstate Biotech-
nology Inc.) were detected after stripping the py20 antibody
(Upstate Biotechnology Inc.). Phospho-Akt**’®, Akt (Cell
Signaling Technology, Beverly, MA, U.S.A.), phosphorylated
cAMP response element binding protein (CREB)*"'** and
CREB (Upstate Biotechnology Inc.) were measured by im-
munoblotting with respective antibodies.!>'¥ Plasma mem-
brane was prepared from the cell lysates,'”” and glucose
transporter 4 (GLUT4, Chemicon, Temecula, CA, U.S.A.)
contents were determined by immunoblotting with anti-
GLUT4 protein. The intensity of protein expression was de-
termined using Imagequant TL (Amersham Biosciences, Pis-
cataway, NJ). All experiments in this study were repeated at
least three times.

Statistical Analysis All results are expressed as a
mean=*standard deviation (S.D.). Statistical analysis was per-
formed using the SAS statistical analysis program.'® One-
way analyses of variance (ANOVA) were carried out in frac-
tionated fractions and berberine. Multiple comparisons of
groups treated with different dosages were undertaken by
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Table 1.
Berberine Contents.
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Insulin-Stimulated Glucose Uptake with Fractionated Extracts from 70% EtOH Extract of Cortidis Rhizoma in 3T3-L1 Adipocytes and Their

Vehicle treatment! (%)

0.5 ug/ml treatment (%)

5 ug/ml treatment (%) Berberine content® (%)

0% MeOH fraction? 130=95* 203*111 256105 15.3
20% MeOH fraction 139+83° 223+138° 415+139%* 64.0
40% MeOH fraction 129+99° 323+129° 535 117%** 96.6
60% MeOH fraction 131+93¢ 399+164° 525 193%** 67.2
80% MeOH fraction 134+86° 253+151% 374+167%* 38.2
100% MeOH fraction 127+99 189109 228*133 10.7
10 nm Insulin® — 543+132 538%153

40% MeOH fraction

60% MeOH fraction

"Vehicle (DMSO) plus 0.2 nm insulin were treated without any fractions. > The fractions eluted from XAD-4 column with MeOH from Cortidis Rhizoma (CR) extracts were
treated for 8h in 3T3-L1 adipocytes. At the end of incubation, 0.2 nm insulin were added into the cells for 30 min to determine which fractions increased insulin-stimulated glucose
uptake with low dosage insulin (0.2 nm). The results were represented as the percent increase of insulin-stimulated glucose uptake from the glucose uptake in the basal state. > The
treatment of 10 nm insulin without any fractions was used as positive control since 10 nu insulin maximized insulin-stimulated glucose uptake. * Values were mean=standard devia-
tion. * Berberine (BB) contents in each fraction separated by the Amberlite XAD-4 column were determined by HPLC analysis with an external standard and were calculated the
following equation; [standard amount (mg)X(Sample area/Standard area)]+Sample (mg)x100. * Significant CR fraction effect on insulin-stimulated glucose uptake at p<<0.05,
w# at p<0.01, % at p<0.001. ** Values on the same column with different superscripts (a, b, c) were significantly different at p<<0.05 by Tukey test.

Tukey tests. If necessary, the comparison of an experimental
group against the positive control was determined by Student
t-test. p<0.05 were considered statistically significant.

RESULTS

Insulin Dosage Response in 3T3-L1 Adipocytes In-
sulin-stimulated glucose uptake increased in a dose-depen-
dent manner up to 10nm insulin in 3T3-L1 adipocytes. Glu-
cose uptake at 10 nm insulin was higher than at baseline (no
insulin treatment) and 0.2 nwm insulin treatment by 6.5+0.9
and 4.2*0.6 folds, respectively. Insulin-mediated glucose
uptake was not further elevated in concentrations of over
10 nM insulin where the glucose uptake was used as the index
of the maximum. In the previous experiment,'? when 20 tm
trogliazone, an insulin sensitizer, was added to 3T3-L1
adipocytes with 0.2, 0.6, 1, 4, or 10 nm insulin, the glucose
uptake increased in all dosages. However, troglitazone plus
0.2 nm insulin elevated the insulin-stimulated glucose uptake
to reach the maximum rate of 10 nM insulin.'? Thus, the con-
centration of 0.2 nM insulin was used to find insulin sensitizer
candidates from CR fractions in 3T3-L1 adipocytes.

Insulin-Stimulated Glucose Uptake with Fractions of
CR Concentrations of 0.05, 0.1, 0.5, 2, 5, 10, 25, 50, 75
and 100 ug/ml of 70% EtOH extract were used in insulin-
stimulated glucose uptake in 3T3-L1 adipocytes. Two differ-
ent concentrations, 0.5 and 5 ug/ml, were optimal in deter-
mining the insulin sensitizing effects (data not shown). Con-
centrations of 0.5 and 5 ug/ml were used to determine in-
sulin-stimulated glucose uptake with CR fractions. The 20,
40 and 60% MeOH fractions increased an insulin sensitizing
action in a dose-dependent manner (Table 1).

Berberine Effects on Insulin-Stimulated Glucose Up-
take As the major compound in CR is alkaloid berberine,
the berberine contents in each fraction of CR were identified.

The chemical structure of berberine is 5,6-dihydro-9,10-
dimethoxybenzo(g)-1,3-benzodioxolo(5,6-a) quinolizinium.
Berberine was a major component in the 20, 40 and 60%
fractions (Table 1). Other than berberine, three to four com-
ponents were detected in each fraction, but they were mini-
mal.

Five to 50 um of berberine, the equivalent concentration of
the 0.5 to 5 ug/ml of the 20% MeOH fraction, were treated
with 0.2nm insulin to determine any insulin sensitizing ac-
tion. Berberine increased insulin-stimulated glucose uptake
in a dose dependent manner, and 50 um berberine was more
potent than 5 um (Fig. 1). The low (5 um) and high (50 um)
dosages of berberine treatment had the potency similar to 2
and 20 um pioglitazone treatments, respectively. Exendin-4,
another positive control, also increased glucose uptake at
both the low (0.5 nm) and high (2.5 nm) dosage, compared to
the vehicle (DMSO) treatment. The treatment of 50 um
berberine and 20 um pioglitazone stimulated as much as
10 nM insulin treatment, but 2.5 nm exendin-4 exhibited a lit-
tle lower potency than pioglitazone. Berberine, pioglitazone
and exendin-4 did not stimulate glucose uptake without in-
sulin, suggesting that they do not elevate nonspecific glucose
uptake and their action takes place in insulin mediated path-
ways. Thus, the possible action mechanism of berberine, in
stimulating glucose uptake, is to enhance insulin signaling
cascade in 3T3-L1 adipocytes.

Berberine Effect on Insulin Signaling Cascade
Berberine (5 or 50 um) plus 0.2 nm insulin increased tyrosine
phosphorylation of IRS1 to levels as high as those seen with
treatment of 10 nm insulin without changes of its expression
level in 3T3-L1 adipocytes (Fig. 2). The serine*’* phosphory-
lation of Akt, the downstream signaling molecule of IRS1-
phosphoinositide 3 Kinase (PI3-Kinase), was increased with
berberine. Akt protein contents were not altered (Fig. 2).
GLUT4 contents in the membrane were also elevated in cells
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Fig. 1.

Insulin-Stimulated Glucose Uptake with Berberine Treatment in 3T3-L1 Adipocytes

Low and high dosages of vehicle (DMSO), berberine (BB; 5, 50 um), pioglitazone (PG; 2, 20 um) or exendin-4 (Ex-4; 0.5, 2.5 nm) were treated for 8h in 3T3-L1 adipocytes. At
the end of the incubation, 0.2 nm insulin was administered for 30 min to determine insulin-stimulated glucose uptake representing insulin sensitizing activity. In the basal state, the
vehicle (DMSO) was treated without insulin. PG and Ex-4 were used as a positive control. The data were *H-deoxyglucose contents in mg protein of cells, indicating the degree of
glucose uptake. *+ Significant berberine effect on insulin-stimulated glucose uptake in low and high dosage treatments at p<<0.01, ##* at p<<0.001. > Values on the same column

with different superscripts (a, b, ¢) were significantly different at p<<0.05 by Tukey test.
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Fig. 2. Changes of the Phosphorylation and Contents of Proteins Associ-
ated with Insulin Signaling Cascade in Berberine Treatment in 3T3-L1
Adipocytes

Berberine (BB; 5, 50 um) and 0.2nm insulin was treated for 8h in 3T3-L1
adipocytes, and at the end of the incubation, 0.2 or 10 nm insulin was administered for
10 min. In the basal state, the vehicle (DMSO) was treated without insulin. The cells
were lyzed with a lysis buffer and an equal amount of protein was used for im-
munoblotting analysis. The phosphorylation and expression of IRS1 was measured by
immunoprecipitation followed by immunoblotting analysis. The phosphorylation and
expression of other proteins, Akt and glucose transpoter (GLUT)-4 was determined
with specific antibodies by immunoblotting analysis only. * Significant berberine ef-
fect on protein expression and phosphorylation at p<<0.01, s p<<0.001. *> Values on
the same column with different superscripts (a, b, c¢) were significantly different at
»<0.05 by Tukey test.
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Fig. 3. Triglyceride Accumulation during the Differentiation from 3T3-L1
Fibroblast to Adipocytes

Two days at post-confluence 3T3-L1 fibroblasts in 6 well plates were treated with dif-
ferentiation inducers for 4 d and DMSO, 5 or 50 um berberine (BB) until the cells were
harvested. At 10d after the initiation of induction, the cells were harvested with lysis
buffer without glycerol and the triglyceride contents in the cells were measured. The
treatment of 50 um pioglitazone (PG) and 5 nm exendin-4 (Ex-4) was used as a positive
control. #* Significant berberine effect on triglyceride accumulation at p<<0.01. **<Val-
ues on the same column with different superscripts (a, b, ¢) were significantly different
at p<0.05 by Tukey test.

treated with berberine (Fig. 2). Thus, increased glucose up-
take with berberine plus 0.2 nM insulin was associated with
enhancement of the IRS1-PI3-Kinase-Akt-GLUT4 transloca-
tion pathway.

In the absence of insulin, neither berberine nor the vehicle
induced phosphorylation of IRS1 at all, even though expres-
sion levels were not different from other treatments (data not
shown). Akt phosphorylation and GLUT4 translocation, as-
sociated with insulin signaling cascade, were not stimulated
either. Thus, berberine did not stimulate insulin signaling
cascade without insulin. This was consistent with the glucose
uptake with berberine alone.

Berberine Effect on Triglyceride Accumulation
Berberine remarkably decreased triglyceride accumulation in
3T3-L1 adipocytes in a dose dependent manner (Fig. 3), and
5nm exendin-4 decreased triglyceride deposit as well. Unlike
berberine and exendin-4, 50 um pioglitazone elevated the ac-
cumulation of triglyceride by increased differentiation from
3T3-L1 fibroblast to adipocytes and triglyceride synthesis.

Berberine Effect on Insulinotropic Action As exendin-
4 is known to have an insulinotropic action, it was used as a
positive control. Berberine and exendin-4 did not enhance in-
sulin secretion in low glucose KRP buffer (Fig. 4A), but it in-
creased glucose-stimulated insulin secretion in a dose depen-
dent manner in Min6 cells. Insulin secretion with treatment



August 2005

Secreted insulin

W Vehicle SuMBB E 50 uM BB

2.5 nM Ex-4

%

(ng/mg protein)
10 1

8

2 mM glucose

Absorbance (A450-A600
1 —S—Vehicle ) -- & - - Berberine

0.8
0.6
0.4
0.2

0

hour
Fig. 4. Glucose-Stimulated Insulin Secretion and Cell Proliferation with
Berberine in Min6 Cells

After a 16 incubation in low glucose DMEM, the Min6 cells were treated with the
vehicle (DMSO), 5 or 50 um berberine (BB) or 2.5 nm exendin-4 (Ex-4) in low (2 mm)
or high glucose (20 mm) Krebs—Ringer buffer for 30 min to measure glucose-stimulated
insulin secretion (A). Proliferation of Min6 cells (B) was measured by a WST-1 reagent
in 1X10* cells per well treated with the vehicle (DMSO), 5 or 50 um BB or 2.5 nv Ex-4
in high glucose DMEM for 4h. Thereafter, formazan formed with quantitated at
450 nm with an ELISA plate reader. ** Significant berberine effect on insulin secretion
at p<<0.01, #x* at p<<0.001. > Values on the same column with different superscripts
(a, b, ) were significantly different at p<<0.05 by Tukey test.

of 50 um berberine was as high as that which was applied
with 2.5nm exendin-4. Thus, berberine enhanced glucose-
stimulated insulin secretion. Berberine as well as exendin-4
increased Min6 cell proliferation in a dose dependent manner
measured with a WST-1 reagent (Fig. 4B). Berberine had a
tropic action in Min6 cells similar to that expressed by ex-
endin-4.

The survival of Min6 cells and islets was reported to be
potentiated by increasing proliferation and decreasing apop-
tosis through enhancing the insulin/IGF-1 signaling cas-
cade.'™'V Berberine elevated IRS2 expression due to an in-
crease in CREB phosphorylation in Min6 cells in a dose de-
pendent manner (Fig. 5). Induction of IRS2 potentiated its
tyrosine phosphorylation in the presence of 10nm IGF-1,
parallel to the expression levels (Fig. 5). Increased tyrosine
phosphorylation of IRS2 potentiated Akt phosphorylation
leading to improving insulin/IGF-1 signaling cascade in
Min6 cells. The improvement contributed to enhancing the
proliferation of Min6 cells. IRS2 phosphorylation and down-
stream signaling cascade without IGF-1 was also elevated by
insulin secreted from Min6 cells. However, the insulin se-
creted was less potent than IGF-1 by 50—60% (data not
shown). Thus, like exendin-4, berberine enhanced the sur-
vival of Min6 cells by induction of IRS2 leading to potentiat-
ing insulin/IGF-1 signaling pathways.

DISCUSSION

In our study, berberine alkaloid rich in CR and Cortex
Phellodendri extracts was found to increase insulin-stimu-
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Fig. 5. Changes of the Phosphorylation and Contents of Proteins Associ-
ated with Insulin/IGF-1 Signaling Cascade in Berberine Treatment in Min6
Cells

In the basal state, DMSO, instead of both insulin and extracts, was treated. Berberine
(BB; 5, 50 um) was treated for 8 h in Min6 cells, and at the end of the incubation, 10 nm
IGF-1 was administered for 10 min. The treatment of 2.5 nm exendin-4 (Ex-4) was used
as positive control. The cells were lyzed with a lysis buffer and equal amount of protein
were used for immunoblotting analysis. The expression of IRS2 was measured by im-
munoprecipitation, followed by immunoblotting analysis. The phosphorylation and ex-
pression of other proteins, cAMP responding element binding protein (CREB) and Akt
was determined with specific antibodies by immunoblotting analysis only. * Significant
berberine effect on protein expression and phosphorylation at p<<0.05, **at p<<0.01.
*5¢Values on the same column with different superscripts (a, b, c¢) were significantly
different at p<<0.05 by Tukey test.

lated glucose uptake as much as pioglitazone, known as an
insulin sensitizer, in a cell-based glucose uptake screening
assay. Enhanced insulin-stimulated glucose uptake via
berberine was associated with increased GLUT4 contents in
the membrane via potentiating the IRS1-PI3-Kinase-Akt sig-
naling cascade in 3T3-L1 adipocytes. Unlike pioglitazone,
berberine as well as exendin-4, decreased triglyceride accu-
mulation in 3T3-L1 adipocytes. Berberine enhanced glucose-
stimulated insulin secretion. Furthermore, it potentiated in-
sulin/IGF-1 signaling cascade by IRS2 induction through the
activation of CREB in Min6 cells, possibly enhancing f-cell
function and mass. According to the results, berberine acts as
an insulinotroic agent similar to exendin-4, and it may be
beneficial for treating obese type 2 diabetic patients.
Berberine is an alkaloid from CR, Cortex Phellodendri
and other plants.” It is widely used in traditional Chinese
medicine as an antimicrobial and anti-tumor agent.*'” The
ability of cytotoxicity to act as topoisomerase I or I poison
was reported to be related to the anti-tumor activity, in which
the DNA binding process was of vital importance. However,
cytotoxicity was exhibited at the concentration of over
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200 um in 3T3-L1 adipocytes and Min6 cells in our study
(data not shown). Leng et al.® revealed cytotoxicity in a
100 um berberine treatment. Thus, a low dosage of berberine
can be used as the treatment for metabolic disorders without
side effects.

Berberine was recently reported to alleviate cardiovascular
disease by decreasing low-density lipoproteins via activating
p44/p42 mitogen-activated protein kinase (ERK1/2).'8!?
Berberine may relieve metabolic diseases such as type 2 dia-
betes and cardiovascular disease by altering cell signaling
pathways. Recent study has shown that berberine decreased
blood glucose levels by increasing insulin secretion in high
fat induced glucose intolerant mice,” and it had a weak ca-
pacity to inhibit a-glucoamylase.?”’ However, Yin et al.") re-
ported that berberine exerts a glucose-lowering action in
HepG?2 cells up to glucose concentrations of 11.1 mwm, but not
at 22.2 mm. This was not insulin dependent pathway. Yet, no
changes of glucose-stimulated insulin secretion were ob-
served in the BTC3 cell line. This is contradictory to the re-
sults of Leng et al.”) and this present study. Thus, it is impor-
tant to scrutinize the anti-hyperglycemic mechanism of
berberine in aspects such as insulin sensitizing and in-
sulinotropic action.

In our study, berberine increased glucose uptake as much
as exendin-4 and pioglitazone in 3T3-L1 adipocytes. Piogli-
tazone, as well as trolitazone and rosiglitazone, is well
known as an insulin sensitizer which increases triglyceride
accumulation in adipocytes through activating the transcrip-
tion of a peroxisome proliferation activated receptor (PPAR)-
y and CCAAT/enhancer-binding protein.’*?* However,
berberine and exendin-4 decreased the differentiation and
triglyceride accumulation when preadipocytes were incu-
bated with berberine and differentiation inducers. Zhou et
al*® and Wang et al.*> also demonstrated that berberine de-
creased the differentiation of 3T3-L1 preadipocytes and
triglyceride accumulation by decreasing PPAR-y expression.
Exendin-4 treatment also decelerated body weight gain with
reduced subcutaneous and visceral fat along with an amelio-
ration of glucose homeostasis in obese Zucker rats.>® En-
hanced insulin-stimulated glucose cannot be involved in
triglyceride accumulation and preadipocyte differentiation.
Thus, it suggested that berberine and pioglitazone improve
insulin action in two different pathways.

Our study showed that 5 to 50 um berberine plus a low
dose of insulin enhanced insulin signaling cascade in 3T3-L1
adipocytes via enhancing pIRS1-PI3-Kinase-pAkt. As a re-
sult of improved insulin signaling cascade, GLUT4 translo-
cation into the plasma membrane increased. It has been re-
ported that GLUT4 translocation is increased by the activa-
tion of PI3-Kinase and Akt.'>?” Activation of insulin recep-
tors by insulin and an insulin sensitizer increased the phos-
phorylation of specific tyrosine residues on the IRS proteins
serving as docking sites for proteins that contain SH2 do-
mains, such as the p85 regulatory subunit of PI3-Kinase.?”
Binding IRS1 and p85activated PI3-Kinase catalyzed the for-
mation of phosphatidylinositol-3,4,5-trisphosphate, an al-
losteric activator of phosphoinositide-dependent kinase. The
kinase phosphorylated Akt on ser-473 and thr-308 sites led
to an increase in GLUT4 translocation.'>*” Akt phosphoryla-
tion on ser-473 exhibits a better response to diabetic condi-
tions.?” Increased GLUT4 contents in the plasma membrane
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led to increased glucose uptake. Our study demonstrated that
berberine acts as an insulin sensitizer in adipocytes through
activating insulin-stimulated glucose uptake through IRS1-
PI3-Kinase-Akt-GLUT4 translocation pathways without acti-
vating PPAR-7, unlike troglitazone.

In addition to enhancing insulin-stimulated glucose up-
take, berberine increased glucose-stimulated insulin secretion
and proliferation in Min6 cells in our study. Berberine in-
creased insulin secretion in Min6 cells consistent with the re-
sults from Leng ef al.®’ Moreover, we showed that berberine
worked not only as insulin secretagogue but also as an in-
sulinotropic agent. The mechanism was closely associated to
IRS2 induction in Min6 cells. Berberine activated CREB
phosphorylation in Min6 cells, resulting in enhancing in-
sulin/IGF-1 signaling cascade by the induction of IRS2 ex-
pression. The activation of CREB has been reported to in-
duce IRS2 expression since human and murine /rs2 genes
contain several half-cre elements in the 5'-untranslated re-
gion that bind to phosphorylated CREB.'"” Jhala et al.'"
demonstrated that exendin-4 induced IRS2 expression by the
activation of CREB in Min6 cells and islets, which activated
Akt in response to an insulin/IGF-1 signaling cascade, lead-
ing to increased B-cell mass by increasing proliferation of -
cells and decreasing apoptosis. Thus, berberine can increase
B-cell mass by increased B-cell proliferation and decreased
apoptosis like exendin-4 via the activation of CREB.!!?®
Meanwhile, it has been reported that the phosphorylation of
CREB is induced by the activation and the nuclear transloca-
tion of ERK1/2 by glucagon in Min6 cells and isolated
islets.”*” Berberine also increased the phosphorylation of
ERK1/2 in hepatoma cells.'"® Thus, berberine possibly in-
creased the proliferation and survival of Min6 cells, B-cell
line, via pERKI1/2-pCREB-IRS2 pathways. Berberine
worked as an insulinotropic agent with the same mechanism
of exendin-4 in Min6 cells.

In conclusion, alkaloid berberine, a major component of
CR and Cortex Phellodendri, has similar characteristics of
exendin-4, an insulin sensitizing and insulinotropic agent. It
had an effective insulin sensitizing action which increased in-
sulin-stimulated glucose uptake and decreased triglyceride
accumulation via enhancing pIRS1-PI3-Kinase-pAkt-
GLUT4 translocation in 3T3-L1 adipocytes. It also enhanced
insulinotropic action via pCREB-pIRS2-pAkt. Thus, berber-
ine can be beneficial for use as an anti-diabetic agent for
obese type 2 diabetic patients.
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