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Abstract. In the present study, a glucosamine-induced 
model of insulin-resistant skeletal muscle cells was estab-
lished in order to investigate the effect of inhibition of 
phosphatase and tensin homolog (PTEN)/5'-adenosine 
monophosphate-activated protein kinase (AMPK) on these 
cells. The glucosamine‑induced insulin‑resistant skeletal 
muscle cells were produced and the rate of glucose uptake 
was measured using the glucose oxidase‑peroxidase method. 
The expression levels of PTEN and phosphorylated PTEN 
(p‑PTEN) were assessed using western blotting. Glucose 
transporter  4 (GLUT4) translocation was detected by 
immunofluorescence. Cell apoptosis was evaluated using 
flow cytometry. Following insulin stimulation, the rate of 
glucose uptake was significantly reduced in the cells with 
glucosamine‑induced insulin‑resistance in comparison with 
those in the control group. The expression and translocation of 
GLUT4 were reduced in the insulin‑resistant muscle cells. By 
contrast, the expression of PTEN and p‑PTEN as well as apop-
tosis were significantly increased. Following treatment with 
bisperoxopicolinatooxovanadate (BPV) or metformin in the 
insulin‑resistant skeletal muscle cells, there was an increase in 
the rate of glucose uptake, an increase in GLUT4 expression 
and its translocation, a reduction in the expression of PTEN 
and p‑PTEN, and a decrease in cell apoptosis compared with 
untreated insulin‑resistant cells. Glucosamine may be used to 
produce an effective model of insulin‑resistant skeletal muscle 
cells. Cells with glucosamine‑induced insulin‑resistance 
exhibited a reduced expression of GLUT4 and dysfunction 
in GLUT4 translocation, as well as increased activation of 
PTEN and increased cell apoptosis. Inhibition of PTEN or 

its upstream regulator, AMPK, protects glucosamine‑induced 
insulin-resistant skeletal muscle cells from apoptosis.

Introduction

Glucose metabolism is an important component of skeletal 
muscle metabolism. Approximately 70‑85% of glucose is 
utilized by skeletal muscle. Metabolic dysfunction of skeletal 
muscle is associated with a number of human diseases. One 
of the pathophysiological foundations of type  2 diabetes 
mellitus (T2DM) is reduced glucose utilization by skeletal 
muscles. High concentrations of insulin, and free fatty acid 
(FFA)‑ and palmitic acid‑induced skeletal muscle cell insulin 
resistance are commonly used experimental models of insulin 
resistance (1‑3).

In clinical practice, glucosamine is used to treat bone and 
joint diseases. Long‑term glucosamine treatment has been 
shown to lead to insulin resistance in patients (4). Rats fed 
with oral glucosamine have been used as an animal model 
of insulin resistance (5,6). Glucosamine may also be used to 
induce insulin resistance in liver cells (7). However, whether 
glucosamine induces insulin resistance in skeletal muscle cells 
remains elusive.

Numerous factors may also lead to reduced glucose 
utilization in skeletal muscles. One such factor may be 
the decrease in the expression and membrane translocation 
of glucose transporter 4 (GLUT4), which are regulated by the 
5'‑adenosine monophosphate‑activated protein kinase (AMPK) 
and the phosphoinositide 3‑kinase (PI3K)/phosphatase and 
tensin homolog (PTEN) pathways  (8). The PI3K/protein 
kinase B (Akt) pathway is involved in a variety of biological 
activities, such as cell apoptosis and cell proliferation (9,10). 
PTEN negatively regulates intracellular levels of phos-
phatidylinositol‑3,4,5‑trisphosphate (PIP3) and functions 
as a tumor suppressor by negatively regulating AKT/PKB 
signaling (11,12). PTEN is also a downstream regulator of 
AMPK (13). However, the roles of the PI3K/PTEN pathway 
and AMPK in the development of insulin resistance in skeletal 
muscle cells remain elusive.

In the present study, a glucosamine‑induced skeletal cell 
model of insulin resistance was established. The expression 
and translocation of GLUT4, as well as the expression of PTEN 
and phosphorylated PTEN (p‑TEN) and cellular apoptosis 
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were measured in these cells. In order to better understand 
the role of PTEN in insulin‑resistant skeletal muscle cells, 
bisperoxopicolinatooxovanadate (BPV), a PTEN inhibitor, 
and metformin, an AMPK activator, were administered to the 
cells.

Materials and methods

Materials. Dulbecco's modified Eagle's medium (DMEM, 
low glucose) was obtained from GE Healthcare Life Sciences 
(Logan, UT, USA), fetal bovine serum was obtained from 
TransGen, (Beijing, China), Glucose Oxidase Assay kit was 
obtained from Shanghai Rongsheng‑biotech, (Shanghai, 
China), the Annexin V/Propidium Iodide (PI) Detection kit 
was obtained from Beijing Biosea Biotechnology Co., Ltd. 
(Beijing, China), the cell lysis buffer and the bicinchoninic 
acid (BCA) kits were obtained from Beyotime Institute of 
Biotechnology (Shanghai, China) and the rabbit polyclonal 
anti‑GLUT4 (cat.  no.  21619) antibody was obtained from 
Signalway Antibody, LLC (College Park, MD, USA).

Cell culture. Rat primary skeletal muscle cells (L6; American 
Type Culture Collection, Manassas, VA, USA) were provided 
by Dr Yudong Hou from China Medical University (Shenyang, 
China). Cells were cultured in DMEM supplemented with 10% 
fetal bovine serum in a 5% CO2, 37˚C incubator.

Establishment of the insulin‑resistant skeletal muscle cell 
model. In order to establish the insulin‑resistant skeletal 
muscle cell model, skeletal muscle cells were seeded at 
1.5x104 cells/well in 96‑well plates. Cells were maintained in 
DMEM with a high‑glucose concentration (4.5 g/l) supple-
mented with 10% (v:v) fetal bovine serum and antibiotics 
(100 U/ml penicillin and 100 µg/ml streptomycin; Gibco Life 
Technologies, Carlsbad, CA, USA) as previously described. 
Briefly, cells were divided into control and glucosamine 
(Beyotime Institute of Biotechnology) groups. Various 
concentrations of glucosamine (9, 18, 27 or 36 mmol/l) were 
used. Each group contained six replicates and cells were 
cultured for 12 h. Glucose concentrations were detected with a 
glucose detection kit‑Glucose Oxidase Method using a micro-
plate reader (ELx808IU; Bio‑Tek Instruments, Winooski, VT, 
USA). Glucose concentrations were also measured at 30 min 
post‑insulin administration (1x10‑7  mol/l, Novo Nordisk, 
China). The glucose uptake rate was calculated as follows: 
Difference in glucose concentration prior to and following 
insulin treatment  /  glucose concentration prior to insulin 
treatment.

Glucose measurement. The glucose concentration of the cell 
culture medium was measured. Glucose concentrations were 
initially tested before cells were cultured. Following cell 
adherence, cells were divided into four groups, namely: Blank 
control, glucosamine (18 mmol/l), metformin (8 mmol/l) and 
BPV (38 nmol/l). Cells were treated for 12 h and glucose 
concentrations were measured in each well. Cells were then 
further treated with insulin (1x10‑7 mol/l) for 0.5 h and glucose 
concentrations were measured again. Glucose concentration 
was determined using a glucose oxidase (glucose detection) 
kit.

Detection of cell apoptosis. The cell apoptosis rate was 
detected using an apoptosis kit. Following trypsinization 
(Gibco Life Technologies), 500  µl cells (1x106/ml) were 
centrifuged at 300 x g at 4˚C for 10 min. The supernatant was 
discarded and the pellet was resuspended in 200 µl binding 
buffer from the apoptosis detection kit, and 10 µl Annexin V 
was then added. Cells were kept in the dark at 4˚C for 30 min. 
Binding buffer (300 µl) and 5 µl PI reagent were added and the 
apoptotic rate was measured by flow cytometry(FACS LSR II; 
BD Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis. Cell lysates were collected using a 
cell lysis buffer (Beyotime Institute of Biotechnology) and 
protein was quantified using the BCA kit. Protein was then 
separated by SDS‑PAGE (12% separation gel and 5% stacking 
gel; Seebio Biotech, Inc., Shanghai, China) for 2 h 20 min. 
Samples were then damp‑dry transferred for 45 min onto a 
polyvinylidene difluoride membrane. The membrane was 
blocked with 5% bovine serum albumin overnight. Samples 
were washed with Tris‑buffered saline with Tween‑20 (TBST; 
Seebio Biotech, Inc.) and membranes were incubated for 1 h 
with rabbit polyclonal primary antibodies [p‑PTEN (1:1,00; 
cat. no. 11062), PTEN (1:1,00; cat. no. 32606) (Signalway 
Antibody, LLC) and β‑actin (1:1,500; cat. no. 63508; ZSBIO, 
Beijing, China)]. The membrane was then washed with TBST, 
following which horseradish peroxidase‑labeled secondary 
antibodies (1:10,000, cat. nos. 12465, 21150 and 42602) were 
added and incubated for 40 min. Samples were washed with 
TBST and the membrane was developed with enhanced 
chemiluminescence (Applygen Technologies, Inc., Beijing, 
China). All primary antibodies were purchased from SAB 
Company (College Park, MD, USA). Secondary antibodies 
were purchased from Beijing Zhongshan Golden Bridge 
Biotechnology Co, Ltd. (Beijing, China). ImageJ 1.48 software 
(National Institutes of Health, Bethesda, MD, USA) was used 
for gray scale value analysis.

Immunofluorescent staining and fluorescence microscopy. For 
immunostaining, cells were seeded onto coverslips in six‑well 
plates at a concentration of 1x105 cells/well. Following attach-
ment, cells were treated according to the group they were in. 
At the end of each treatment, cells were fixed with fixation 
buffer (Beyotime Institute of Biotechnology) for 10 min and 
blocked with blocking buffer at 4˚C overnight. Cells were then 
sequentially incubated with a primary antibody to GLUT4 
(diluted at 1:1,000) and a secondary antibody (fluorescein 
isothiocyanate‑labeled goat anti‑rabbit immunoglobulin G 
(Beyotime Institute of Biotechnology). Nuclei were stained 
with Hoechst 33342 (Beyotime Institute of Biotechnology). In 
between these steps, cells were washed with TBST. Coverslips 
were then removed from the plates, which were mounted with 
mounting liquid (Beyotime Institute of Biotechnology). Images 
were captured with a fluorescence microscope (Olympus 
Corporation, Tokyo, Japan). ImageJ software was used for 
gray scale value analysis.

Statistical analysis. Statistical analysis was performed using 
analysis of variance or the χ2 test. All data are presented as the 
mean ± standard deviation. Statistical analyses were conducted 
using GraphPad Prism 4.0 for Mac (GraphPad Software, Inc., 
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La Jolla, CA, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Establishment of glucosamine‑induced model of 
insulin‑resistant skeletal muscle cells. Various concentrations 
of glucosamine (9, 18, 27 or 36 mmol/l) were used in order 
to investigate the efficiency of particular doses in inducing 
insulin resistance in skeletal muscle cells. Measurement of 
the glucose uptake rate showed that the 18 mmol/l dose of 

glucosamine produced the most marked induction of insulin 
resistance. Therefore, 18 mmol/l of glucosamine was selected 
as for use in subsequent experiments. The original difference 
in glucose concentration between the control and glucosamine 
groups was not significant (P>0.05). Following treatment with 
insulin for 30 min, the concentration of glucose in the control 
group was significantly decreased and the glucose uptake rate 
was significantly increased (32.97±2.71 vs. 5.95±4.30%). The 
concentration of glucose in the medium following culture 
was also significantly decreased (P<0.01; 3.75±0.07 vs. 
5.60±0.17; Table I). In the glucosamine group, the glucose 
concentrations were also decreased, and the difference in 
glucose concentrations prior to and following insulin stimula-
tion was also statistically significant (P<0.05; 5.70±0.19 vs. 
5.44±0.07;  Table  I). These results suggested that an 
insulin‑resistance model of skeletal muscle cells was success-
fully established in the present study.

Metformin or BPV treatment inhibits the activation of PTEN 
and regulates the expression of AKT in insulin‑resistant 
skeletal muscle cells. BPV is a known PTEN inhibitor and 
its effect on C2C12 myoblast migration and differentiation 
has previously been described (14). Metformin is an AMPK 
inhibitor and is the most widely used anti‑diabetic drug world-
wide. There is increasing evidence for the potential efficacy 
of this agent as an anti‑cancer drug (15). In order to confirm 
the effect of inhibition of PTEN in an insulin‑resistant model 
of skeletal muscle cells, the effect of BPV and metformin on 
the activation of PTEN was investigated. The results demon-
strated that glucosamine activates PTEN in insulin‑resistant 
skeletal muscle cells (P<0.01; Fig. 1). However, the levels of 
p‑PTEN in the metformin and BPV groups were significantly 
lower than those in the control group (P<0.01). PTEN expres-
sion was not affected by treatment with any of the agents 
used (P>0.05; Fig. 1). The results also showed that the expres-
sion of AKT was reduced in the glucosamine group (P<0.01), 
and that this change was reversed by treatment with metformin 
or BPV, suggesting that inhibition of PTEN or its upstream 
regulator affect the expression of AKT (P<0.01; Fig. 1). These 
results indicate that metformin and BPV treatment inhibits the 
activation of PTEN in insulin‑resistant skeletal muscle cells.

Figure 1. Expression of PTEN, p‑PTEN and AKT in skeletal muscle cells. 
(A) Representative western blot showing expression of PTEN, p‑PTEN 
and AKT expression. ImageJ software was used for gray scale value 
analysis. Similar results were obtained from four individual experiments. 
(B) Semi‑quantitative data from four individual experiments. Percentage of 
gene of interest compared with reference gene (β‑actin). **P<0.01, compared 
with the control group and ##P<0.01, compared with the glucosamine group. 
p‑PTEN, phosphorylated phosphatase and tensin homolog; BPV, bisperoxop-
icolinatooxovanadate.

Table I. Glucose uptake rate following 12 h culture and insulin stimulation.

	 Group
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
			   Glucosamine	 Glucosamine
Treatment	 Control	 Glucosamine	 +metformin	 +BPV

0 h (n1) (mmol/l)	 5.60±0.17	 5.70±0.19	 6.39±0.33	 5.68±0.17
12 h (n2) (mmol/l)	 5.33±0.09	 5.90±0.09	 5.55±0.13	 5.30±0.19
30 min insulin (n3) (mmol/l)	 3.75±0.07	 5.44±0.07	 3.98±0.57	 3.53±0.14
12 h glucose uptake rate (n1‑n2)/n1 (%)	 4.74±3.97	‑ 1.95±5.00	 13.00±2.71	 9.82±0.69
30 min insulin glucose uptake rate (n1‑n3)/n1 (%)	 32.97±2.71	 5.95±4.30	 37.53±10.71	 39.92±0.99

n1, glucose concentrations in culture media prior to cells being cultured; n2, glucose concentrations in culture media after cells were cultured 
for 12 h; n3, glucose concentrations of culture media after cells were cultured in the presence of insulin (1x10‑7 mol/l) for half an hour. BPV, 
bisperoxopicolinatooxovanadate.
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Metformin and BPV reduce glucose uptake in insulin‑resis‑
tant skeletal muscle cells. In order to determine whether 
the inhibition of PTEN and its upstream regulator reverses 

glucose uptake, BPV and metformin were used to treat the 
insulin‑resistant skeletal muscle cells. Following treatment 
with insulin, the rate of glucose uptake in the glucosamine 

Figure 2. GLUT4 expression and translocation. (A) GLUT4 expression and translocation were detected by immunofluorescence and fluorescence microscopy 
imaging. ImageJ software was used for gray scale value analysis of the total cells and the cell membrane. Blue fluorescence staining, DAPI; green fluorescence 
staining, GLUT4. Experiments were performed four times. Scale bar, 50 µm. (B) Total amount of GLUT4 in the cells was quantified using gray scale values. 
(C) Amount of GLUT4 in cell membrane quantified using gray scale values. **P<0.01 compared with the control group and ##P<0.01 compared with the 
glucosamine group. GLUT4, glucose transported 4; BPV, bisperoxopicolinatooxovanadate.

Figure 3. Cell apoptosis was detected by flow cytometry. Upper left, dead cells; upper right, late apoptotic cells; lower right, early apoptotic cells; lower left, 
living cells. Similar results were obtained from four individual experiments. BPV, bisperoxopicolinatooxovanadate.
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  C  B
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group was significantly lower than that in the control group 
(5.95±4.30 vs. 32.97±2.71; P<0.01). Metformin or BPV treatment 
increased the glucose uptake rate in cells exhibiting glucos-
amine‑induced insulin‑resistance (37.53±10.71 vs. 5.95±4.30; 
and 39.92±0.99 vs. 5.95±4.30, respectively; P<0.05; Table I). 
Metformin or BPV treatment did not affect the glucose uptake 
rate in the control group (37.53±10.71 vs. 32.97±2.71; and 
39.92±0.99 vs. 32.97±2.71, respectively; P>0.05; Table I).

Metformin and BPV increase GLUT4 expression and trans‑
location in insulin‑resistant skeletal muscle cells. GLUT4 is 
known to be important in regulating glucose uptake. Therefore, 
the expression and translocation of GLUT4 were measured in 
insulin‑resistant skeletal muscle cells. Glucosamine treatment 
was shown to significantly reduce the expression of GLUT4 
compared with that in the control group  (P<0.01; Fig. 2A 
and B). Metformin or BPV treatment reversed this change 
in GLUT4 expression, which had been induced by glucos-
amine (P<0.01; Fig. 2A and B). In addition, the translocation 
of GLUT4 from the intracellular membrane to the plasma 
membrane following insulin stimulation was reduced by 
administration of glucosamine (Fig. 2A and C). By contrast, 
this reduction in GLUT4 translocation was reversed by treat-
ment with metformin or BPV. These results suggested that the 
inhibition of PTEN may reverse the reduction in expression 
and translocation of GLUT4, which is induced by glucosamine.

Metformin or BPV treatment reduces glucosamine‑induced 
cell apoptosis in insulin‑resistant skeletal muscle cells. 
Glucosamine administration led to a significant increase 
in cell apoptosis (late apoptotic  +  dead cells; 5.24%  vs. 
9.14%, P<0.01; Fig. 3). Metformin or BPV treatment reduced 
this glucosamine‑induced cell apoptosis to 6.05% and 
3.33%, respectively (P<0.05 for metformin, and P<0.01 for 
BPV; Fig. 3). These results suggested that PTEN inhibition 
protects the cells against glucosamine‑induced apoptosis.

Discussion

In the present study, a glucosamine‑induced rat model of 
insulin‑resistance in primary skeletal muscle cells was 
established. It was shown that the uptake of glucose and 
insulin‑stimulated GLUT4 translocation were significantly 
reduced in the insulin resistance model compared with 
control cells. The expression and translocation of GLUT4, 
and AKT expression were reduced in skeletal muscle cells 
with glucosamine‑induced insulin resistance. In addition, the 
administration of BPV increased the rate of glucose uptake 
and the expression and translocation of GLUT4.

Within the skeletal muscle, cardiac muscle and adipose 
tissue, GLUT4 functions as a transporter that conveys glucose 
from the extracellular to the intracellular environment (16). 
In insulin resistance, GLUT4 activity and translocation are 
known to be reduced (17). Multiple cellular signal transduction 
pathways regulate GLUT4 expression and translocation (18). 
Among them, the PI3K/AKT pathway is an important pathway 
for insulin signaling. The AKT pathway promotes cell growth 
and proliferation, and stimulates GLUT4 to translocate to the 
plasma membrane, thus promoting glucose uptake (19,20). 
The results of the present study suggested that the increased 

expression of PTEN may induce a reduction in the expres-
sion and translocation of GLUT4 in glucosamine‑induced 
insulin‑resistant skeletal muscle cells. This finding is in accor-
dance with the negative regulation of the PI3K/AKT pathway 
by PTEN.

Furthermore, the administration of the AMPK agonist 
metformin was shown to increase the rate of glucose uptake 
and of GLUT4 expression and its translocation. In addition, the 
results demonstrated that metformin increased the expression 
of AKT and reduced the expression of PTEN and p‑PTEN. The 
hypoglycemic mechanism underlying the effects of metformin 
may also occur through regulation of PTEN, which is a poten-
tial downstream regulator of AMPK (13). The results of the 
present study further support the hypothesis that increased 
PTEN expression in insulin‑resistant skeletal muscle cells 
may contribute to reduced GLUT4 expression and impaired 
translocation of this enzyme.

The apoptotic rate was shown to be increased in the 
insulin‑resistant skeletal muscle cells. In addition to promoting 
glucose uptake and increasing the translocation and expression 
of GLUT4, BPV and metformin also reduced cell apoptosis. 
A possible explanation for the reversal of insulin resistance 
and reduction in apoptosis induced by BPV and metformin 
may be that it is a result of reducing PTEN and activating the 
PI3K/AKT pathway. A previous study showed that overexpres-
sion of PTEN inhibits AKT activity and induces apoptosis 
through the PI3K/AKT pathway (21).

In the present study, glucosamine induced insulin resistance 
in rat skeletal muscle cells. Glucosamine was shown to reduce 
the expression and translocation of GLUT4, to increase the 
apoptotic rate as well as the expression of PTEN and p‑PTEN, 
and to decrease AKT expression. Metformin and BPV were 
shown to increase glucose uptake and GLUT4 expression 
and translocation, which may protect against apoptosis in 
glucosamine‑induced insulin‑resistant skeletal muscle cells.
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