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We have investigated the antidiabetic effect and mechanism of methanolic extract of Berberis julianae Schneid. (BJSME) in STZ
induced Type 2 diabetes mellitus mice. T2DM mice were induced by high fat diet and low dose streptozotocin (STZ). BJSME was
orally administrated at the doses of 60, 120, and 240mg/kg/d, for 21 days.Metformin was used as positive control drug. Food intake,
body weight, plasma glucose, oral glucose tolerance test, insulin tolerance test, insulin, and blood-lipid content were measured.The
effects of BJSME on the glucose transporter 4 (GLUT4) translocation in L6myotubes and the GLUT4 protein expression in skeletal
muscle as well as phosphorylation of the AMP-activated protein kinase (AMPK) in liver and muscle were examined. In vitro and
in vivo results indicate that BJSME increased GLUT4 translocation by 1.8-fold and BJSME significantly improved the oral glucose
tolerance and low density lipoprotein cholesterol (LDL-C) of serum and reduced bodyweight, glucose, and other related blood-lipid
contents.The BJSME treatment also stimulated the phosphorylation of AMPK.Thus, BJSME seems to possess promising beneficial
effects for the treatment of T2DM with the possible mechanism via stimulating AMPK activity.

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder of the
endocrine system. DM may lead to various complications
such as renal failure, cardiovascular disease, blindness, or
non-fatty liver disease [1]. The number of people diag-
nosed with diabetes increased so dramatically all over the
world in the last twenty years. According to World Health
Organization (WHO) projections, the diabetic population
is likely to increase to 300 million or more by the year
2025 [2]. Type 2 diabetes mellitus (T2DM) comprises 90%
of people with diabetes around the world [3, 4], and insulin
resistance is the typical feature of T2DM [5]. Currently
available therapies for T2DM include insulin and various
oral antidiabetic agents such as sulfonylureas, biguanides, 𝛼-
glucosidase inhibitors, and glinides, which are used as mono-
therapy or in combination to achieve better glycemic reg-
ulation [6, 7]. Many of these oral antidiabetic agents have

a number of serious adverse effects [7]. Managing diabetes
without any side effects is still a challenge. Therefore, the
search for more effective and safer natural hypoglycemic
agents has continued to be an important area of investigation.
The traditional Chinesemedicines (TCMs) have been used to
counteract DM (recognized as “Xiao Ke Zheng” in ancient
China) for thousand years based on unique theory system
with few side effects, and it has been attractingmore andmore
attention for its dialectical therapy [8].

The glucose transporter 4 (GLUT4), as one of the 13
sugar transporter proteins (GLUT1–GLUT12, and HMIT), is
highly expressed in adipose tissue and skeletal muscle and
catalyzes hexose transport across cell membranes [9]. It is a
major mediator of glucose removal from the circulation and
a key regulator of whole-body glucose homeostasis. GLUT4
translocation promoting glucose uptake is vital to glucose
homeostasis and is a defined target of antidiabetic drug
research [10, 11].
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In this study, a cell-based GLUT4 translocation system
developed in L6myotubes coexpressing recombinantGLUT4
and IRAP using confocal imaging technique was established
to screen the extracts or fractions fromTCMs for discovery of
novel antidiabetic agents to fight T2DM. During the screen-
ing of a TCM extract library (400 biotas) on GLUT4 translo-
cation in myotubes, we found a methanolic extract of the tra-
ditional Chinese medicine, Berberis julianae Schneid., which
has long been used for the treatment of infection and hyper-
tension [12], displayed promising positive activity on GLUT4
translocation.

In the present study, it was shown that the methanolic
extract of Berberis julianae Schneid. (BJSME) significantly
improved the oral glucose tolerance and insulin tolerance,
increased the number of pancreatic islets, and reduced fat
and liver mass, adipose accumulation in liver, blood glucose,
and related blood-lipid content without altering body weight
and food intake in T2DM mice. BJSME increased GLUT4
expression in skeletal muscle and GLUT4 translocation in L6
myotubes. The BJSME treatment also stimulated the activity
of the AMP-activated protein kinase (AMPK) in liver and
skeletal muscle.

2. Methods and Materials

2.1. Preparation of the Methanolic Extract from Berberis
julianae Schneid. The fresh roots of B. julianae Schneid. were
collected in August 2013 at Longping, Jianshi county, Hubei
province, China, and identified by Professor Dingrong Wan
of College of Pharmacy, South-Central University forNation-
alities. A plant voucher specimen (number 20130825BJ) was
deposited in the Herbarium of South-Central University for
Nationalities, Wuhan, China. Air-dried roots of B. julianae
Schneid. (500 g) were ground and then extracted sequentially
by maceration at room temperature with methanol (3 × 2.5 L,
3 h each). The solvents were evaporated at reduced pressure
to yield 35.7 g of the residue.

2.2. Cell Culture. L6 cells were cultured in minimum essen-
tial medium alpha modification (MEM-𝛼, Hyclone, USA)
supplemented with 10% fetal bovine serum (FBS, Hyclone,
USA) and 1% antibiotics (100U/mL penicillin and 100 𝜇g/mL
streptomycin) at 37∘C in 5% CO

2
. For differentiation into

myotubes, cells were cultured in MEM-𝛼 supported with 2%
FBS at 37∘C in 5% CO

2
and the medium was replaced every

48 h. L6 cells were used for experiment 7 days after differen-
tiation.

2.3. IRAP Translocation Assay. L6 cells were transected with
pIRAP-mOrange cDNAs (presented by Professor Xu Tao,
Chinese Academy of Sciences) using Lipofectamine 2000 as
per manufacturers protocol. L6 cells stably expressing IRAP-
mOrange (L6 IRAP-mOrange) were cultured in 𝛼-MEM
supplementedwith 10% fetal bovine serum and 1% antibiotics
(100U/mL penicillin and 100 𝜇g/mL streptomycin) at 37∘C in
5% CO

2
.

Before starting the experiment, L6 IRAP-mOrange was
seeded in forty-eight-well plates, and incubated until 100%

confluence and then starved in serum-free 𝛼-MEM for
2 h. The cells were imaged with a laser-scanning confocal
microscope LSM 510 (Carl Zeiss, Jena, Germany) to monitor
the dynamics of IRAP-mOrange translocation. Images were
taken after addition of 100 nM insulin or 10 𝜇g/mL test sam-
ples, using 555 nm excitation laser every 10 seconds in first
2 minutes and then every 5 minutes in later 25min.

2.4. Animals and Treatments. Male KMmice (𝑛 = 80) weigh-
ing between 18 and 22 g were approved by the Hubei Pro-
vincial Center for Disease Control and Prevention [certifica-
tion number SCXK (E) 2008-0005].The animals were housed
at 22 ± 2∘C, 45–75% relative humidity, where 12 h dark-light
cycles were maintained with free access to food and water.
Before the experiments, the mice had been acclimatized
to the laboratory conditions for one week. All the animal
experimental procedures were performed in accordance with
International Guidelines for Care and Use of Laboratory
Animals and approved by the Animal Ethical Committee of
the Institute of Health and Epidemic Prevention (Wuhan,
China).

Mice were then randomly assigned to receive either the
standard chow diet as the normal control group (𝑛 = 10) or
a high fat diet (containing 35% carbohydrate, 20% protein,
and 45% fat, Medicience Ltd., Yangzhou, China) (𝑛 = 70) for
4 weeks. Then, the mice fed with high fat diet were injected
with streptozotocin (STZ, Sigma-Aldrich, St. Louis, USA)
[120mg/kg, intraperitoneal injection (i.p.)]. Seven days later,
the fasted blood glucose levels of the mice were tested. Fifty
mice whose fasted blood glucose levels ≥11.1mmol/L were
classified as T2DM [13]. These mice were fed with high fat
diet in later study.

Normal control group received vehicle. Fifty T2DMmice
were randomly divided into five groups (𝑛 = 10): one of the
groups was treated with vehicle; the second was treated with
metformin (200mg/kg/d, China Associated Pharmaceutical
Co., Ltd., Shenzhen, China); the rest three groups were
treated with BJSME at the dose of 60mg/kg/d, 120mg/kg/d,
or 240mg/kg/d, respectively. Metformin and BJSME were
dissolved in 0.9% normal saline. The mice were treated with
the solution orally daily with a gastric tube for 21 days.

2.5. Body Weight, Food Intake, and Fasted Blood Glucose
Levels. Thebodyweight and food intake were daily recorded.
Fasted blood glucose levels were measured weekly by a blood
glucose meter (ONETOUCH, Ultra, Lifecan, USA) [14].

2.6. Oral Glucose Tolerance Test and Insulin Tolerance Test.
An insulin tolerance test was performed in all of the animals
after 18 days of treatment. Glucose levels were tested at 0,
30, 60, and 120min by a blood glucose meter (ONETOUCH,
Ultra, Lifecan, USA) after a 2 IU/kg insulin intraperitoneal
injection [14].

An oral glucose tolerance test was performed in mice
after 12 h fasting at the 20th day of treatment. Blood glucose
taken from the tail tip at 0, 30, 60, and 120min after glucose
administration was measured using a blood glucose meter
(ONETOUCH, Ultra, Lifecan, USA). The glucose load was
2 g/kg orally [15].
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Figure 1: BJSME stimulated IRAP trafficking in L6 cell. (a) L6 cells were infected with pIRAP-mOrange in order to detect externalized IRAP
by confocal microscopy. Confocal images in L6 cells incubated in the absence (basal) or presence of BJSME for 25 minutes. Scale bar: 40𝜇m.
(b) Time course of the change in fluorescence at PM induced by insulin (𝑛 = 25 cells) and BJSME (𝑛 = 22 cells) in IRAP-mOrange transfected
L6 cells. Data represent three independent experiments. (c)M ± SEM of the change in fluorescence from (b). Data represent the fold increase
in fluorescence induced by insulin and BJSME between 0 and 25 minutes. IRAP-mOrange surface labeling in experiments was measured
in L6 cells under insulin and BJSME-treated conditions. Data represent M ± SEM of values from three separate experiments. ∗∗∗𝑃 < 0.001
compared to basal. (d) Confocal images in L6 cells incubated in the absence (basal) or presence of Compound C and BJSME for 25 minutes.
Scale bar: 40 𝜇m. (e) Time course of the change in fluorescence induced by BJSME (𝑛 = 22 cells) and Compound C with BJSME (𝑛 = 19
cells) in IRAP-mOrange transfected L6 cells. Data represent three independent experiments. (f) Mean ± SEM of arbitrary units of the change
in fluorescence from (e). Data represent the fold increase in fluorescence induced by Compound C and BJSME from 0 to 25 minutes. The
fluorescence of L6 cells treated by BJSME compared with BJSME in Compound C has significant difference (∗∗𝑃 < 0.01).
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Figure 2: Body weight (a) and food intake (b) during the treatment. (c) At the end of the study, weight of epididymal fat and liver to total
body weight. +++𝑃 ≤ 0.001, ++𝑃 ≤ 0.01 compared to normal control; ∗∗∗𝑃 ≤ 0.001, ∗∗𝑃 ≤ 0.01, and ∗𝑃 ≤ 0.05, compared to T2DM mice
treated with vehicle.

2.7. Biochemical Analysis. At the end of the experiment,
the mice were fasted for 12 h. Blood samples were collected
by retroorbital sinus puncture using capillary tubes under
diethyl ether anesthesia. Then, serums were prepared by
centrifuging the blood samples at 3000 rpm for 15min. The
serum levels of insulin, triglycerides (TG), total choles-
terol (TC), free fatty acids (FFA), low density lipoprotein
cholesterol (LDL-C), and high density lipoprotein choles-
terol (HDL-C) were determined by corresponding assay kits
(Jiancheng Bioengineering Institute, Nanjing, China).

Then, the mice were euthanized; livers, skeletal muscles,
and other tissues were harvested. After weighing, part of liv-
ers and pancreas were immediately stored in liquid nitrogen
tank, and the rest were fixed in 10% neutral buffered formalin,
embedded by paraffin, and then stained in hematoxylin and
eosin. The stained tissues were observed through an optical
microscope and were photographed.

The levels of TC, TG, and FFA in mice livers or skeletal
muscle tissues were determined by the method described
previously [16].

2.8. Western Blot Analysis. The livers were lysed in 1x RIPA
buffer (50mM Tris-HCl [p H8], 150mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 1% SDS), supplemented with
complete protease inhibitor cocktail (Roche) and phos-
phatase inhibitor (Phosstop, Roche), and then centrifuged
at 10000 rmp, 4∘C for 12min. Supernatant protein concen-
tration was determined with BCA assay kit (Abgent). Same
amounts of protein were then diluted in SDS sample buffer
(Tris-HCl, glycerol, SDS, DTT, and bromophenol blue), sub-
jected to 10% SDS-PAGE, and immunoblotted with antibod-
ies specific for AMPK𝛼, phospho-AMPK-𝛼 (Thr172) (Cell
Signaling Technology).

The skeletal muscles were lysed in 1x RIPA buffer (50mM
Tris-HCl [pH 8], 150mMNaCl, 1% NP-40, 0.5% sodium
deoxycholate, 1%SDS), supplementedwith complete protease
inhibitor cocktail (Roche), and then centrifuged at 2500 rpm
for 10min, 4∘C; supernatant protein concentration was deter-
minedwith BCA assay kit (Abgent). Same amounts of protein
were then diluted in SDS sample buffer (Tris-HCl, glycerol,
SDS, DTT, and bromophenol blue), loaded them onto 10%
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Figure 3: (a) Effect of BJSME on fasted blood glucose levels. (b) Effect of BJSME on serum insulin levels at the end of the 21-day treatment.
(c) Effect of BJSME on OGTT. (d) Effect of BJSME on ITT. +++𝑃 ≤ 0.001, ++𝑃 ≤ 0.01 compared to normal control; ∗∗𝑃 ≤ 0.01, ∗𝑃 ≤ 0.05,
compared to T2DMmice treated with vehicle.

SDS-PAGE, and immunoblotted with antibodies specific for
GLUT4 (Cell Signaling Technology). Before loading samples,
incubate them at 65∘C for 10min.

2.9. Statistical Analysis. One-way ANOVA was used for
multiple group comparisons. Correlation analysis was carried
out using Pearson’s correlation analysis. Data was shown as
means ± standard error (M ± SEM). 𝑃 values < 0.05 were
considered significant. Statistical analyses were performed
using the GraphPad Prism 5.0 software package.

3. Results

3.1. Effects of BJSME on IRAP Translocation Quantity in
Cells. In order to acquire the potential activity of BJSME
on glucose metabolism, we first examined its effect on the
translocation of the IRAP to the cell plasmamembrane (PM).
We used confocal microscopy to specifically examine the
trafficking of enhanced red fluorescent protein- (mOrange-)
tagged IRAP in L6 cells. As shown in Figure 1, these cells were
highly BJSME responsive in terms of BJSME-regulated IRAP
translocation. The addition of BJSME had obvious effect on
the translocation of IRAP (Figure 1(a)). As we know, insulin

can cause a time-dependent increase in GLUT4-EGFP flu-
orescence in the evanescent field. This is consistent with
the time course for insulin-stimulated IRAP translocation
to the PM in L6 cell. We found that the BJSME also could
stimulate IRAP translocation to PM in L6 cell.Meanwhile, we
found that the addition of insulin or BJSME had significant
effect on the kinetics (Figure 1(b)) or magnitude (Figure 1(c))
of the IRAP trafficking response. In our experiments, we
assume BJSME-induced transportation of IRAP may be
through AMPK pathway. In order to prove this, we incubated
L6 cells with adding of Compound C (an inhibitor of
AMPK) for 30 minutes and then added BJSME. We found
BJSME could not increase the translocation of IRAP with
the prior adding of Compound C by confocal microscopy
(Figure 1(d)), compared with BJSME-direct stimulation. It
showed that Compound C can completely inhibit the AMPK
pathway and prevent the IRAP translocation caused by
BJSME (Figures 1(e) and 1(f)).

3.2. Effects of BJSME on Body Weight, Food Intake and Tissue
Weight, Fasted Blood Glucose, Serum Insulin Levels, OGTT,
and ITT. As shown in Figures 2(a) and 2(b), there were
no significant differences in body weight and food intake
between vehicle groups and BJSME groups during the 21 days
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Figure 4: Effects of BJSME on TC (a), TG (b), FFA (c), LDL-C (d), and HDL-C (e) levels in rat serum at the end of the study; +++𝑃 ≤ 0.001,
++

𝑃 ≤ 0.01 compared to normal control; ∗∗∗𝑃 ≤ 0.001, ∗∗𝑃 ≤ 0.01, and ∗𝑃 ≤ 0.05 compared to T2DMmice treated with vehicle.

of BJSME treatment, while fat and liver mass indicated a clear
reduction (Figure 2(c)).

Plasma glucose concentration, measured after an
overnight fast, has been the mainstay of diagnosing diabetes
for a century [17]. However, it has been debated that the
cutoff values should be considered diagnostic. The history
of oral glucose tolerance test (OGTT) is instructive in this
regard. In our study, BJSME groups resulted in a significant
reduction in fasted blood glucose levels (Figure 3(a)) and
serum insulin levels (Figure 3(b)) compared with an obvious
improvement in OGTT (Figure 3(c)), and the effects were
dose-dependent. To assess insulin sensitivity in T2DM mice

treated with BJSME, we performed insulin tolerance test
(ITT). The ITT (Figure 3(d)) had been improved.

3.3. Effects of BJSME on Serum Lipid Profile and Tissue
Lipid Content. Hyperlipidemia and tissue steatosis are two
risk factors leading to cardiovascular disease [18]. Thus, we
examined the effects of BJSMF on serum lipid parameters
and adipose accumulation in liver and skeletal muscle in
all mice. Figure 4 showed the effects of BJSME on serum
lipid content. The results showed that BJSME significantly
reduced the levels of serum TC, TG, FFA, and LDL-C and
increased the serum HDL-C level. After 21-day treatment,
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Figure 5: Effects of BJSME on TC (a), TG (b), and FFA (c) levels in mice liver tissue. Effects of BJSME on TC (d), TG (e), and FFA (f) levels
in mice skeletal muscle tissue. +++𝑃 ≤ 0.001, ++𝑃 ≤ 0.01, and +𝑃 ≤ 0.05, compared to normal control; ∗∗𝑃 ≤ 0.01, ∗𝑃 ≤ 0.05 compared to
T2DMmice treated with vehicle.

the content in tissue also significantly decreased (Figure 5).
Adipose accumulation in the livers could be observed clearly
in the vehicle group T2DM mice, which was reduced in the
T2DMmice treated with BJSME (Figure 6).

3.4. Effects of BJSME on Histopathology of Pancreas. In our
study, low-dose STZ-induced moderate pancreatic 𝛽-cell
damage is a significant event initiating hyperglycemia. To
determine whether BJSME was able to defend pancreatic
𝛽-cells, we performed histological examinations with HE
staining. The results showed that STZ treatment obviously

decreased the number of pancreatic islets in T2DMmice and
this change was relieved by BJSME treatment (Figure 7).

3.5.Western Blot Analysis. AMPK is activated under a variety
of conditions that signify cellular stress, usually in response
to a change in the intracellular ATP-to-AMP ratio. Active
AMPK orchestrates a variety of metabolic processes, most
of which lead to reduced energy storage and increased
energy production [19]. To determine whether the effects
of BJSME in animals could activate AMPK, we exam-
ined the phosphorylation of AMPK in liver. As shown in
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Figure 6: Histological sections of mouse livers. Optic microscopy: HE (200x). (a) Normal control. (b) T2DM mice treated with vehicle. (c)
T2DMmice treated with metformin (200mg/kg). (d) T2DM treated with BJSME (60mg/kg). (e) T2DM treated with BJSME (120mg/kg). (f)
T2DM treated with BJSME (240mg/kg).

Figures 8(a) and 8(b), it was obvious that AMPK phospho-
rylation was increased in liver.

Both protein levels and insulin-stimulated translocation
of GLUT4 are reduced in the muscle of diabetic human
subjects. Due to the important role of GLUT4 in insulin
action in vivo and GLUT4 dysfunction in the diabetic
states, therapeutics that promote GLUT4 translocation could
increase postprandial glucose uptake into skeletal muscle,
consequently improving insulin sensitivity [20]. In our exper-
iment, the expression of GLUT4 in skeletal muscle of T2DM
mice had been improved (Figure 8(b)).

4. Discussion

GLUT4 is the most important glucose transporter in skeletal
muscle glucosemetabolism [21], and this transporter is highly
expressed in cell types that exhibit regulated glucose uptake,
such as adipocytes, skeletal muscle cells, and cardiomyocytes.
GLUT4 plays a key role in whole-body glucose homeostasis.
It is reported that mice deficient in GLUT4 developed Type
2 diabetes, whereas transgenic mice (overexpressing GLUT4)
glucosemetabolismhas been improved in vivo [22–24]. In the
diabetic db/db mouse model, overexpression of the human
GLUT4 gene protected these animals from insulin resis-
tance and diabetes [25]. Interestingly, the global GLUT4−/−

homozygous knockout mice showed a less severe pheno-
type with respect to glucose homeostasis than heterozygous
GLUT4+/− mice, most likely due to compensatory mecha-
nisms in the homozygous condition [26]. In addition, the
GLUT4−/− mice showed many severe defects, including
decreased life spans and growth retardation, as well as cardiac
and adipose tissue abnormalities and further complicating
interpretations [25]. The heterozygous GLUT4+/− mice,
however, suffered from insulin resistant and were predis-
posed to develop into diabetes [27]. In addition, when the
GLUT4 gene was specifically ablated in muscle tissue, insulin
resistance and glucose intolerance were observed in mice
as young as 8 weeks [23]. Furthermore, ablation of GLUT4
specifically in adipose tissue resulted in impaired glucose
uptake in both muscle and adipose tissues [28]. Interestingly,
the liver also developed insulin resistance, which suggested
that the GLUT4-deficient adipose tissue secreted one ormore
factors that travel via the bloodstream to liver andmuscle tis-
sues. Thus, although the global disruption of GLUT4 yielded
a complicated mouse phenotype with multiple defects, it is
clear from the tissue-specific knockouts that the presence of
GLUT4 specifically inmuscle and adipose tissue is critical for
maintaining normal whole-body glucose homeostasis [29].
The above considerations could place GLUT4 as a novel
therapeutic target for the treatment of Type 2 diabetes in
human.
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Figure 7: Effects of BJSME on morphological features of mice pancreas. Optic microscopy: HE (100xs). (a) Normal control. (b) T2DMmice
treated with vehicle. (c) T2DM mice treated with metformin (200mg/kg). (d) T2DM mice treated with BJSME (60mg/kg). (e) T2DM mice
treated with BJSME (120mg/kg). (f) T2DMmice treated with BJSME (240mg/kg). (g)The statistical results of the number of pancreatic islets
per microscope field. ++𝑃 ≤ 0.01, compared to normal control; ∗∗𝑃 ≤ 0.01, compared to T2DMmice treated with vehicle.

It has been shown that the subcellular distribution of
GLUT4 plays an important role in glucose homeostasis in
muscle and adipocyte. Three main proteins stored in GSV
are GLUT4, IRAP, and Sortilin. In adipocyte which has
differentiated for three days, IRAP transfers from the donor
membrane into GSV; however, in undifferentiated cells, the
limited expression Sortilin cannot recruit IRAP to GSV [30].
But the overexpression Sortilin and GLUT4 can reconstitute
the functional GSV which fused with the original IRAP. It
is reasoned that, in the process of cell differentiation, the
Sortilin recruits GLUT4 to the GSV, and IRAP is recruited
by GLUT4 [31].

Some studies have proved that IRAP gene knockout mice
(IRAP−/− mice) are with normal insulin levels, but the
function of response to insulin is impaired.The total amount
of GLUT4 expression in all tissues (such as muscle, heart,
and fat) was also reduced to 40%∼85% [32]. When IRAP
gene silencing in adipocyte, the increased exocytosis leads
to the enhancing of GLUT4 on the membrane, indicating
that the IRAP plays a fundamental role in GLUT4 cycle [33].
Besides, another major finding was that the IRAP mutation
mice would cause heart enlargement, which is similar tomice
whose GLUT4 expression were absent or decreased [34].
This explains that IRAP shows colocalization relationship
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Figure 8: Effect of BJSME onAMPKphosphorylation in liver (a). Effects of BJSME onAMPKphosphorylation andGLUT4 in skeletal muscle
(b). (c)–(e): quantitative comparisons of expression levels of p-AMPK/AMPK in liver, p-AMPK/AMPK in skeletal muscle, and GLUT4 in
skeletal muscle. +++𝑃 ≤ 0.001, compared to normal control; ∗∗∗𝑃 ≤ 0.001, ∗∗𝑃 ≤ 0.05, and ∗𝑃 ≤ 0.01 compared to T2DM mice treated with
vehicle.

with GLUT4. Thus, detecting the IRAP can indirectly reflect
the situation of GLUT4. Therefore, developing a cell-based
GLUT4 translocation system in L6 myotubes coexpressing
recombinant GLUT4 and IRAP could be a stable and efficient
screening method for the discovery of novel antidiabetic
agents to fight Type 2 diabetes.

In this study, we have established a screening method to
preliminarily identify plant extracts, fractions, and their iso-
lated compounds with potential antidiabetic activity through
assessing their effect on the translocation of GLUT4 to
PM. During a screening program, we found that BJSME
exhibited a strong effect to stimulate GLUT4 translocation
by 1.8-fold in L6 cells, as insulin displayed 2.3-fold. Based on
the finding in vitro, we predicted that BJSME may have

the antidiabetic potency in vivo. Our in vivo data clearly
showed the antidiabetic activity of BJSME, including the
amelioration of hyperglycemia and hyperinsulinemia. We
observed that BJSME significantly alleviated hyperglycemia
andhyperinsulinemia inT2DMmice.OGTTand ITT further
indicated that hyperglycemia and hyperinsulinemia were
considerably ameliorated by BJSME. T2DMpatients are often
prone to suffering from cardiovascular diseases as a result
of dyslipidemia [35]. IR, a hallmark of T2DM, is potential
to promote the development of lipid accumulation in hep-
atocyte through impairing the capacity of insulin to repress
lipolysis.This event leads to elevated circulating FFA and lipid
accumulation in livers [36, 37]. In addition, skeletal muscle
is another important insulin-responsive tissue besides liver.
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A very strong connection between IR in T2DM and skeletal
muscle steatosis has been reported [38]. In our present study,
we observed a significant elevation of TG, TC, and FFA levels
in serums, livers, and skeletal muscles of T2DM mice. In
another aspect, level of HDL-C in serum was downregulated
in T2DM animals.These abnormalities could be alleviated by
BJSME treatment via a dose-dependent manner. Histopatho-
logical examinations of mouse livers supplied the evidence
that BJSME dose-dependently and efficiently rescued liver
steatosis associated with T2DM.Moreover, the hypoglycemic
activity of BJSME was similar to metformin.

AMP-activated protein kinase (AMPK) is an evolution-
arily conserved guardian of cellular and systemic energy
metabolism. As a cellular energy regulator, AMPK plays
a major role in glucose and lipid metabolism and in the
control of metabolic disorders such as diabetes, obesity,
and cancer [39, 40], and it has emerged as a therapeutic
target for metabolic disorders [41]. Activation of AMPK
increases fatty acid oxidation, inhibits lipid synthesis, and can
improve insulin action [42, 43]. Based on a number of studies
showing that AMPK regulates a variety of different metabolic
pathways, it is widely recognized as a useful and safe target
for the treatment of metabolic disorders such as T2DM
and dyslipidemia [44]. Furthermore, AMPK pathway is a
major regulatory pathway of GLUT4 translocation which is
an essential step for inducible glucose uptake into muscle
and fat. In our study, we observed that the AMPK activity
was increased by BJSME, suggesting BJSME with therapeutic
potential for diabetes by targeting AMPK.

5. Conclusions

In this study, we developed a cell-based GLUT4 translocation
system for the discovery of novel antidiabetic agents against
Type 2 diabetes in L6 myotubes coexpressing recombinant
GLUT4 and IRAP using confocal imaging technique. Based
on the screening method, the methanolic extract of the tra-
ditional Chinese ethnic medicine, Berberis julianae Schneid.,
displayed promising positive activity on GLUT4 transloca-
tion.The further in vitro and in vivo study showed that BJSME
improved insulin sensitivity, reduced hyperglycemia, and
resumed insulin levels, at least in part, by activating GLUT4
translocation. Moreover, the GLUT4 translocation may be
modulated by AMPK.Our work suggested that the cell-based
GLUT4 translocation system in L6 myotubes coexpressing
recombinant GLUT4 and IRAP could be an efficient and
effective screening method for the discovery of new antidi-
abetic agents from nature resources, and BJSME deserves
further investigation for possible antidiabetic drug develop-
ment.

Conflict of Interests

The authors declare that they have no competing interests.

Authors’ Contribution

Jing Yang and Ping Zhao contributed to this work equally.

Acknowledgments

The work was financially supported by National Natural
Science Foundation of China Grants (no. 81102798 and no.
31070744), Chinese National Project of “Twelfth Five-Year”
Plan for Science & Technology Support (2012BAI27B06),
Technology Foundation for Selected Overseas Chinese
Scholar, Ministry of Personnel of China (no. BZY12006),
Wuhan Youth Chenguang Program of Science and Technol-
ogy (no. 2013070104010028), and the Fundamental Research
Funds for the Central Universities (CZY14013).

References

[1] M. Arrese, “Nonalcoholic fatty liver disease: liver disease: an
overlooked complication of diabetes mellitus,” Nature Reviews
Endocrinology, vol. 6, no. 12, pp. 660–661, 2010.

[2] H. King, R. E. Aubert, and W. H. Herman, “Global burden
of diabetes, 1995–2025: prevalence, numerical estimates, and
projections,” Diabetes Care, vol. 21, no. 9, pp. 1414–1431, 1998.

[3] W. K. Oh, C. H. Lee, M. S. Lee et al., “Antidiabetic effects of
extracts from Psidium guajava,” Journal of Ethnopharmacology,
vol. 96, no. 3, pp. 411–415, 2005.

[4] E. S. Horton, “Can newer therapies delay the progression of type
2 diabetes mellitus?” Endocrine Practice, vol. 14, no. 5, pp. 625–
638, 2008.

[5] T. Kadowaki, “Insights into insulin resistance and type 2
diabetes from knockout mouse models,” Journal of Clinical
Investigation, vol. 106, no. 4, pp. 459–465, 2000.

[6] A. J. Evans and A. J. Krentz, “Recent developments and
emerging therapies for type 2 diabetesmellitus,”Drugs in R&D,
vol. 2, no. 2, pp. 75–94, 1999.

[7] W. L. Li, H. C. Zheng, J. Bukuru, and N. de Kimpe, “Natural
medicines used in the traditional Chinese medical system for
therapy of diabetesmellitus,” Journal of Ethnopharmacology, vol.
92, no. 1, pp. 1–21, 2004.

[8] L. R. Kurukulasuriya and J. R. Sowers, “Therapies for type 2
diabetes: lowering HbA1c and associated cardiovascular risk
factors,” Cardiovascular Diabetology, vol. 9, article 45, 2010.

[9] S. Huang and M. P. Czech, “The GLUT4 glucose transporter,”
Cell Metabolism, vol. 5, no. 4, pp. 237–252, 2007.

[10] A. R. Saltiel and C. R. Kahn, “Insulin signalling and the
regulation of glucose and lipidmetabolism,”Nature, vol. 414, no.
6865, pp. 799–806, 2001.

[11] B. B. Kahn and J. S. Flier, “Obesity and insulin resistance,” The
Journal of Clinical Investigation, vol. 106, no. 4, pp. 473–481,
2000.

[12] J. Pan, F. Yin, C. Shen et al., “Studies on the active constituents
of the root of Berberis poiretii,” Natural Product Research and
Development, vol. 2, no. 5, pp. 23–26, 1989.

[13] T. Zheng, G. Shu, Z. Yang, S. Mo, Y. Zhao, and Z. Mei,
“Antidiabetic effect of total saponins from Entada phaseoloides
(L.)Merr. in type 2 diabetic rats,” Journal of Ethnopharmacology,
vol. 139, no. 3, pp. 814–821, 2012.

[14] P. Pushparaj, C. H. Tan, and B. K. H. Tan, “Effects of
Averrhoa bilimbi leaf extract on blood glucose and lipids in
streptozotocin-diabetic rats,” Journal of Ethnopharmacology,
vol. 72, no. 1-2, pp. 69–76, 2000.

[15] Y. S. Lee, W. S. Kim, K. H. Kim et al., “Berberine, a natural
plant product, activates AMP-activated protein kinase with



12 Evidence-Based Complementary and Alternative Medicine

beneficial metabolic effects in diabetic and insulin-resistant
states,” Diabetes, vol. 55, no. 8, pp. 2256–2264, 2006.

[16] Z. Lian, Y. Li, J. Gao et al., “A novel AMPK activator, WS070117,
improves lipid metabolism discords in hamsters and HepG2
cells,” Lipids in Health and Disease, vol. 10, no. 1, article 67, 2011.

[17] E. Bartoli, G. P. Fra, and G. P. C. Schianca, “The oral glucose
tolerance test (OGTT) revisited,” European Journal of Internal
Medicine, vol. 22, no. 1, pp. 8–12, 2011.

[18] D. E. Moller and K. D. Kaufman, “Metabolic syndrome: a
clinical andmolecular perspective,”Annual Review of Medicine,
vol. 56, pp. 45–62, 2005.

[19] K. R. Hallows, P. F. Mount, N. M. Pastor-Soler, and D. A.
Power, “Role of the energy sensorAMP-activated protein kinase
in renal physiology and disease,” The American Journal of
Physiology—Renal Physiology, vol. 298, no. 5, pp. F1067–F1077,
2010.

[20] H. Yki-Jarvinen, “Glucose toxicity,” Endocrine Reviews, vol. 13,
no. 6, pp. 415–431, 1992.

[21] C.-C. Shih, C.-H. Lin, W.-L. Lin, and J.-B. Wu, “Momordica
charantia extract on insulin resistance and the skeletal muscle
GLUT4 protein in fructose-fed rats,” Journal of Ethnopharma-
cology, vol. 123, no. 1, pp. 82–90, 2009.

[22] E. Carvalho, K. Kotani, O. D. Peroni, and B. B. Kahn, “Adipose-
specific overexpression of GLUT4 reverses insulin resistance
and diabetes in mice lacking GLUT4 selectively in mus-
cle,” The American Journal of Physiology—Endocrinology and
Metabolism, vol. 289, no. 4, pp. E551–E561, 2005.

[23] A. Zisman, O. D. Peroni, E. D. Abel et al., “Targeted disruption
of the glucose transporter 4 selectively in muscle causes insulin
resistance and glucose intolerance,” Nature Medicine, vol. 6, no.
8, pp. 924–928, 2000.

[24] K. Kotani, O. D. Peroni, Y. Minokoshi, O. Boss, and B. B. Kahn,
“GLUT4 glucose transporter deficiency increases hepatic lipid
production and peripheral lipid utilization,” Journal of Clinical
Investigation, vol. 114, no. 11, pp. 1666–1675, 2004.

[25] J. T. Brozinick Jr., S. C. McCoid, T. H. Reynolds et al., “GLUT4
overexpression in db/db mice dose-dependently ameliorates
diabetes but is not a lifelong cure,” Diabetes, vol. 50, no. 3, pp.
593–600, 2001.

[26] E. B. Katz, A. E. Stenbit, K. Hatton, R. DePinho, and M. J.
Charron, “Cardiac and adipose tissue abnormalities but not
diabetes in mice deficient in GLUT4,”Nature, vol. 377, no. 6545,
pp. 151–155, 1995.

[27] A. E. Stenbit, T.-S. Tsao, J. Li et al., “GLUT4 heterozygous
knockout mice develop muscle insulin resistance and diabetes,”
Nature Medicine, vol. 3, no. 10, pp. 1096–1101, 1997.

[28] E. D. Abel, O. Peroni, J. K. Kim et al., “Adipose-selective
targeting of the GLUT4 gene impairs insulin action in muscle
and liver,” Nature, vol. 409, no. 6821, pp. 729–733, 2001.

[29] Y. Minokoshi, C. R. Kahn, and B. B. Kahn, “Tissue-specific
ablation of the glut4 glucose transporter or the insulin recep-
tor challenges assumptions about insulin action and glucose
homeostasis,” Journal of Biological Chemistry, vol. 278, no. 36,
pp. 33609–33612, 2003.

[30] J. Shi and K. V. Kandror, “Sortilin is essential and sufficient for
the formation of glut4 storage vesicles in 3T3-L1 adipocytes,”
Developmental Cell, vol. 9, no. 1, pp. 99–108, 2005.

[31] J. Shi andK.V. Kandror, “The luminal Vps10p domain of sortilin
plays the predominant role in targeting to insulin-responsive
Glut4-containing vesicles,”The Journal of Biological Chemistry,
vol. 282, no. 12, pp. 9008–9016, 2007.

[32] A. Kumar, J. C. Lawrence, and D. Y. Jung, “Fat cellspecific
ablation of rictor in mice impairs insulin-regulated fat cell and
whole-body glucose and lipidmetabolism,”Diabetes, vol. 59, no.
6, pp. 1397–1406, 2010.

[33] B. R. Rubin and J. S. Bogan, “Intracellular retention and insulin-
stimulated mobilization of GLUT4 glucose transporters,” Vita-
mins & Hormones, vol. 80, pp. 155–192, 2009.

[34] S. R. Keller, A. C. Davis, and K. B. Clairmont, “Mice defi-
cient in the insulin-regulated membrane aminopeptidase show
substantial decreases in glucose transporter GLUT4 levels but
maintain normal glucose homeostasis,”The Journal of Biological
Chemistry, vol. 277, no. 20, pp. 17677–17686, 2002.

[35] A. G. Bertoni,W. G. Hundley,M.W.Massing, D. E. Bonds, G. L.
Burke, and D. C. Goff Jr., “Heart failure prevalence, incidence,
and mortality in the elderly with diabetes,” Diabetes Care, vol.
27, no. 3, pp. 699–703, 2004.

[36] P. Kovacs and M. Stumvoll, “Fatty acids and insulin resistance
in muscle and liver,” Best Practice and Research: Clinical Endo-
crinology and Metabolism, vol. 19, no. 4, pp. 625–635, 2005.

[37] S. Subramanian andA. Chait, “Hypertriglyceridemia secondary
to obesity and diabetes,” Biochimica et Biophysica Acta—Mole-
cular andCell Biology of Lipids, vol. 1821, no. 5, pp. 819–825, 2012.

[38] P. Bansal, P. Paul, J. Mudgal et al., “Antidiabetic, antihyperlipi-
demic and antioxidant effects of the flavonoid rich fraction of
Pilea microphylla (L.) in high fat diet/streptozotocin-induced
diabetes in mice,” Experimental and Toxicologic Pathology, vol.
64, no. 6, pp. 651–658, 2012.

[39] D. Carling, “The AMP-activated protein kinase cascade—a
unifying system for energy control,” Trends in Biochemical Sci-
ences, vol. 29, no. 1, pp. 18–24, 2004.

[40] J. K. Eun, S.-N. Jung, H. S. Kun et al., “Antidiabetes and
antiobesity effect of cryptotanshinone via activation of AMP-
activated protein kinase,”Molecular Pharmacology, vol. 72, no. 1,
pp. 62–72, 2007.

[41] B. B. Zhang, G. Zhou, and C. Li, “AMPK: an emerging drug tar-
get for diabetes and the metabolic syndrome,” Cell Metabolism,
vol. 9, no. 5, pp. 407–416, 2009.

[42] J. M. Ye, N. B. Ruderman, and E. W. Kraegen, “AMP-activated
protein kinase and malonyl-CoA: targets for treating insulin
resistance?” Drug Discovery Today: Therapeutic Strategies, vol.
2, no. 2, pp. 157–163, 2005.

[43] M. A. Iglesias, J. M. Ye, G. Frangioudakis et al., “AICAR
administration causes an apparent enhancement of muscle
and liver insulin action in insulin-resistant high-fat-fed rats,”
Diabetes, vol. 52, no. 10, pp. 2886–2894, 2002.

[44] N. Musi, “AMP-activated protein kinase and type 2 diabetes,”
Current Medicinal Chemistry, vol. 13, no. 5, pp. 583–589, 2006.


