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Abstract

Glimepiride is a third-generation sulfonylurea agent and is widely used in the treatment of type 2 diabetes mellitus. In addition to the
stimulatory effects on pancreatic insulin secretion, glimepiride has also been reported to have extrapancreatic functions including activation
of PI3 kinase (PI3K) and Akt in rat adipocytes and skeletal muscle. PI3-kinase and Akt are important signaling molecules in the regulation of
proliferation and differentiation in various cells. This study investigated the actions of glimepiride in rat osteoblasts and the role of PI3K/Akt
pathway. Cell proliferation was determined by measuring absorbance at 550 nm. Supernatant assay was used for measuring alkaline
phosphatase activity. Western blot analysis was used for determining collagen I, insulin receptor substrate—1/2, PI3K/Akt, and endothelial
nitric oxide synthase expression. We found that glimepiride significantly enhanced proliferation and differentiation of osteoblasts and led to
activation of several key signaling molecules including insulin receptor substrate—1/2, PI3K/Akt, and endothelial nitric oxide synthase.
Furthermore, a specific inhibitor of PI3K abolished the stimulatory effects of glimepiride on proliferation and differentiation. Taken together,
these observations provide concrete evidence that glimepiride activates the PI3K/Akt pathway; and this activation is likely required for

glimepiride to stimulate proliferation and differentiation of rat osteoblasts.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Diabetes mellitus has been associated with specific bone
metabolism alterations [1,2]. Sulfonylurea has been widely
used in the treatment of type 2 diabetes mellitus. Investiga-
tions also found that long-term use of sulfonylurea is
responsible for a significantly decreased risk of fracture,
which may attribute to the increase of bone density [3,4].
These changes may result from the direct effects of
sulfonylurea on osteoblasts or from changes in the bone
microenvironment. Experimental evidence to distinguish
these possibilities is currently lacking.

Glimepiride is a third-generation sulfonylurea agent. In
addition to the stimulatory effects on pancreatic insulin
secretion, glimepiride has also been shown to play extra-
pancreatic roles in tyrosine phosphorylation of insulin
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receptor substrate—1/2 (IRS-1/2) and activation of the PI3
kinase (PI3K)/Akt pathway in rat adipocytes and skeletal
muscle [5-9]. In endothelial cells, it is suggested that
glimepiride induces endothelial nitric oxide synthase
(eNOS) phosphorylation with a dependent mechanism of
PI3K/Akt [10,11]. PI3 kinase is a heterodimeric enzyme
important for growth and proliferation, and Akt is a
downstream serine-threonine kinase that transmits survival
signals from growth factors [12,13]. Previously, the PI3K/
Akt pathway was shown to be involved in osteoblastic cell
proliferation and differentiation [14,15]. LY294002 is a
specific, reversible inhibitor of PI3K and is useful in
investigating the functional and regulatory mechanisms
mediated by PI3K [16]. To date, direct elucidation of the
role of glimepiride on osteoblast cell growth, however, has
not been reported.

In the current study, we examined the effects of
glimepiride on proliferation and differentiation of osteoblasts
and investigated a putative regulatory mechanism involving
the PI3K/Akt pathway.
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2. Materials and methods

2.1. Materials

Sprague-Dawley rats aged 6 to 8 weeks were purchased
from the Laboratory Animal Center of the Academy of
Military Medical Sciences (Beijing, China). Glimepiride and
3-(4,5-dimethylithiazol-2-y1)-2,5-diphenyl tetrazolium bro-
mide (MTT) were obtained from Sigma (St Louis, MO).
Antibodies against Akt, phospho-Akt (P-Akt, Ser-473), IRS-
I, and IRS-2 were all purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). L'Y294002 and antibodies
against phosphor-IRS-1, phospho-IRS-2, and PI3K (P85)
were from Cell Signaling Technology (Danvers, MA). Anti—
collagen I antibody was kindly provided by Dr Larry W
Fisher (NIDCR, Bethesda, MD).

2.2. Primary osteoblast cultures

Primary osteoblasts were prepared as previously de-
scribed [17-19]. In brief, primary osteoblasts were obtained
from the mandible of 6- to 8-week-old Sprague-Dawley rats.
To avoid other cell types presented in these cultures, we
minced the mandibles into fragments after removal of the
condylar cartilage, connective tissue, and alveolar socket
including periodontal ligament. To further avoid particularly
periodontal ligament cells, the supernatant was removed
after mandibles were treated with 0.1% type I collagenase
solution for 10 minutes at 37°C. The next two 20-minute
sequential collagenase digestions were then pooled and
filtered through 100-um nylon filters. The cells were plated
in plastic cell culture dishes and incubated in a 37°C
incubator with 5% CO,. L-Dulbecco modified Eagle medium
(DMEM) cell culture medium was supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. The resultant osteoblasts were characterized
for morphology, alkaline phosphatase (ALP) expression,
and calcification nodule staining. Osteoblast cells were
subsequently divided into 4 experimental groups: (1) the
control group: L-DMEM alone, (2) the glimepiride group:
L-DMEM + glimepiride (10 umol/L), (3) the LY294002
group: L-DMEM + LY294002 (10 pumol/L), and (4) the
glimepiride + LY294002 group: L-DMEM + glimepiride
(10 umol/L) + LY294002 (10 umol/L). Culture medium was
changed every 3 days. The concentrations for glimepiride
and LY294002 were chosen according to previous reports
[5-9,20-22]. Glimepiride stock solution (10 mmol/L) was
prepared by dissolving the powder in distillate water. Before
use, the stock solution was adjusted with 0.03 N NaOH and
heated to 56°C.

2.3. The MTT assay

We used MTT as an indicator of cell viability.
Osteoblasts were plated onto 96-well culture plates at a
density of 1.5 x 10* cells per well in 10% fetal bovine
serum/L-DMEM. After being cultured for 24 hours, the
cells of 4 groups were serum-starved overnight in L-

DMEM with 0.5% bovine serum albumin and then were
cultured for another 7 days. On each day during this period,
20 uL MTT was added and incubated for 4 hours at 37°C.
Subsequently, the supernatants were removed; and the blue
crystals in viable cells were solubilized with 150 uL
dimethylsulfoxide. The supernatants were then transferred
to a 96-well plate, and the absorbance of each well was
measured at 550 nm using an ELx800uv reader (Bio-Tek
Instruments, Winooski, VT).

2.4. The ALP assay

Alkaline phosphatase is a marker for differentiated
osteoblasts. The supernatants of the above groups were
collected at 3 periods: days 1 to 7, days 8 to 14, and days 15
to 21. The supernatant from each well was collected twice a
week. The ALP activities in supernatants were determined
by measuring hydrolysis of p-nitrophenyl phosphate accord-
ing to the manufacturer’s instructions (Sigma). The super-
natant was incubated with 30 mmol/L p-nitrophenyl
phosphate in an alkaline buffer (pH 10.5) for 60 minutes in
a 37°C water bath. The reaction was terminated by adding 2
mL of ice-cold 0.1 N NaOH. The amount of p-nitrophenyl
phosphate released was measured at 410 nm by using an
ELX800 microplate reader (Bio-Tek Instruments).

2.5. Western blot analysis

Cells were plated at 2 x 10° cells in 24-well culture plates
and serum-starved for 24 hours before incubation with
different doses of glucose. The levels of collagen I were
measured in 4 groups on days 1, 7, and 14. To analyze protein
levels of IRS-1/2, PI3K, and Akt/P-Akt, cells were cultured
with glimepiride for 0, 15, 30, 60, and 120 minutes and
subsequently washed with PBS for 3 times before cell
lysis was carried out for 30 minutes at 4°C to prepare
cell extracts. The electrophoresis was performed on 8% to
12% sodium dodecyl sulfate gels, followed by protein
transfer to Immobilon-P (polyvinylidene difluoride) mem-
branes (Bedford, MA) at 4°C overnight. Membranes were
blocked with 5% nonfat milk in TBS-T (Tris-Buffered Saline
with Tween 20) for 1 hour at room temperature (RT) and
then incubated with primary antibodies diluted in TBS-T for
3 hours at RT. After 3 washes in TBS-T, membranes were
incubated with a sheep anti-rabbit peroxidase-conjugated
secondary antibody (1:10 000 dilution) for 1 hour at RT.
The blots were visualized by enhanced chemiluminescence
using Kodak X-OMAT LS films (Rochester, NY). As a
control, the same blot was also probed with rabbit anti-rat
P-actin antibody (1:1000 dilution). Signal band intensity
was measured by quantifying optical density (Leica, Wetzlar,
Germany). The ratio of targeted band to actin was considered
as the relative intensity of targeted band.

2.6. Statistical analysis

An SPSS (Chicago, IL) 11.0 software package was used
for statistical analysis. Data were expressed as mean = SD,
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and P < .05 was considered statistically significant. To
evaluate the differences between groups, least significant
difference test and Scheffe test were conducted. All
experiments were repeated at least 3 times, and representa-
tive experiments are shown.

3. Results

3.1. Glimepiride enhanced proliferation and differentiation
of osteoblasts

We first asked whether glimepiride may affect prolifer-
ation of osteoblasts. To this end, we measured viable cells
via the MTT assay and plotted growth curves for 4 groups of
cells (Fig. 1). The number of viable cells in the control group
and the glimepiride group increased gradually from day 1.
From days 5 to 7, the glimepiride group exhibited
significantly more growing cells than the control group
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(Fig. 1A), with 11.1% higher MTT measurement (0.60 +
0.03 vs 0.54 + 0.04, P < .05) on day 7.

We next observed the effect of glimepiride on
differentiation of osteoblasts by measuring the levels of
ALP and collagen I at 3 intervals: days 1 to 7, 8 to 14, and
15 to 21. During each of these time intervals, the ALP
levels in the glimepiride group were significantly higher
than those of the control group (days 1-7: 8.02 += 0.3 vs
6.06 + 0.4, P < .05; days 8-14: 12.48 + 0.3 vs 10.88 + 0.2,
P < .05; days 15-21: 8.87 £ 0.4 vs 7.58 + 0.4, P < .05)
(Fig. 1B). In addition, the expression of collagen I was
analyzed by Western blot on days 1, 7, and 14 (Fig. 1C).
Significantly higher expression of collagen I was again
observed in the glimepiride group than the control group on
day 7 (35.33%, 10.61 £ 0.3 vs 7.84 £ 0.2, P < .05) and day
14 (41.54%, 8.79 + 0.3 vs 6.21 = 0.2, P < .05). These
results together indicate that glimepiride significantly
increased rat osteoblast proliferation and differentiation.
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Fig. 1. Glimepiride enhanced proliferation and differentiation of rat osteoblasts. Osteoblasts were incubated in L-DMEM with or without glimepiride. A, The
viability was tested by MTT assay. B, The ALP activities in osteoblasts as measured by hydrolysis of p-nitrophenyl phosphate in the supernatant. C, Collagen I
expression determined by Western blotting. The membranes were stripped and reprobed with anti-actin antibodies. Data are presented as mean + SEM. The MTT
measurements and the ALP activity measurements were repeated 6 times. Collagen I measurements were repeated at least 3 times. *P < .05 vs the control group.
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3.2. The PI3K/Akt signaling pathway participated in the with glimepiride for 15, 30, 60, and 120 minutes. Western

regulation of proliferation and differentiation of osteoblasts blot analysis was performed to determine IRS-1/2, PI3K,
by glimepiride Akt, and eNOS expression.
We found that expression of the P85 subunit of PI3K was
To determine whether glimepiride can activate the PI3K/ rapidly induced by glimepiride, with a substantial increase
Akt pathway in rat osteoblasts, osteoblasts were cultured observed after 15 minutes; further accumulation of P85
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Fig. 2. Activation of the PI3K/Akt pathway in rat osteoblasts by glimepiride. Osteoblasts were incubated with glimepiride (10 umol/L) for up to 120 minutes.
Western blot was performed to detect (A) PI3K p85, (B) P-Akt (Ser-473) and total Akt, (C) phosphor-IRS-1 and total IRS-1, (D) phospho-IRS-2 and total IRS-2,
and (E) P-eNOS (Ser-1177) and total eNOS. Actin served as the internal control. Data are presented as mean + SEM from 3 separate experiments. The lower
panels of parts A to E are normalized densitometer plots. *P < .05 vs the control group.
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continued afterward, reaching approximately 14.2-fold of
the baseline level (time 0) at 120 minutes (Fig. 2A). Whereas
the total expression of Akt was unaltered throughout the time
course, the levels of P-Akt (Ser-473) increased gradually,
accumulating to a level 6-fold higher than the baseline level
after 120 minutes of incubation (Fig. 2B). Likewise, the
levels of phosphorylated IRS-1 and IRS-2 showed 1.4-fold
increase after 120 minutes and 3.1-fold increase after 60
minutes, respectively, despite near-constant levels of total
IRS-1 and IRS-2 proteins (Fig. 2C, D). Because eNOS is a
downstream regulator of the PI3K/Akt pathway, we also
examined eNOS expression in response to glimepiride
treatment. Glimepiride markedly induced the level of
phospho-eNOS (P-eNOS) (Ser-1177), with more than 7.3-
fold increase at 60 minutes; on the other hand, total eNOS
levels were only slightly enhanced (Fig. 2E). These results
strongly indicate that glimepiride treatment activated the
PI3K/Akt signaling pathway.

Finally, osteoblasts were preincubated for 30 minutes
with LY294002. The results showed that LY294002
abolished glimepiride-dependent Akt and eNOS acti-
vation (Fig. 3).

3.3. LY294002 inhibited the enhanced proliferation and
differentiation of osteoblasts induced by glimepiride

To further address the question of whether the PI3K/Akt
signaling pathway participated in the enhanced proliferation
and differentiation of osteoblasts induced by glimepiride, we
next investigated the effects of LY294002, a specific PI3K
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Fig. 3. LY294002 inhibited glimepiride-induced phosphorylation of Akt and
eNOS in osteoblasts. Osteoblasts were treated with glimepiride (10 umol/L)
for the indicated times in the absence (left panels) or presence (right panels)
of LY294002. Total cell extracts were subjected to Western blotting
analysis. The blots shown here are representative of at least 3 independent
experiments.

inhibitor, on osteoblasts in the presence or absence of
glimepiride treatment. As shown in Fig. 4A, the number of
viable osteoblast cells in the LY294002 group was clearly
reduced relative to the control group, comprising only
40.74% of the control group on day 7 (0.22 = 0.02 vs 0.54 +
0.04, P < .05) (Fig. 4A). Likewise, the glimepiride +
LY294002 group also exhibited similarly marked decreases
compared with the glimepiride group, with 58.62% decrease
on day 7 (0.24 +£ 0.03 vs 0.58 £ 0.03, P <.05) (Fig. 4B). No
significant differences were detected between the LY294002
group and the glimepiride + LY294002 group.

We also examined changes in ALP activity in response to
LY294002. The ALP activities in the LY294002 group were
significantly lower than those in the control group (days 1-7:
2.54 £ 0.3 vs 6.06 £ 0.4, P < .05; days 8-14: 3.20 £ 0.2 vs
10.88 £0.2, P <0.05; days 15-21: 2.94 + 0.4 vs 7.58 = 0.4,
P < .05). Similarly, ALP activities in the glimepiride +
LY294002 group were also greatly reduced compared with
the glimepiride group (days 1-7: 2.86 £ 0.2 vs 8.02+£ 0.3, P<
.05; days 8-14: 3.50 + 0.3 vs 12.48 + 0.3, P < .05; days
15-21: 3.3 + 04 vs 8.87 £ 04, P < .05) (Fig. 4C).
Furthermore, collagen I levels in the LY294002 group and
the glimepiride + LY294002 group were found to be
significantly decreased, with 65.43% and 65.05% reduction
on day 14 (P < .05) compared with the control group
and the glimepiride group, respectively (Fig. 4D). No
significant differences in ALP activity and collagen I level
were observed between the LY294002 group and the
glimepiride + LY294002 group (data not shown). These
observations indicate that LY294002 inhibited proliferation
and differentiation of osteoblasts regardless of glimepiride.

4. Discussion

Glimepiride is the third generation of sulfonylureas.
Besides accelerating the excreting of insulin [23], glimepir-
ide has also been reported to have extrapancreatic functions
[5-9]. Previously, Vestergaard et al [3,4] reported that long-
term use of sulfonylurea agents could significantly decrease
risk of bone fracture [3,4]. The effect of glimepiride on
insulin excretion might partially explain this effect. Howev-
er, could glimepiride exert direct effects on bone metabo-
lism; or more precisely, could glimepiride itself affect the
proliferation and differentiation of bone cell, like osteoblast?
Based on this speculation, we examined the effects of
glimepiride on rat osteoblast proliferation, ALP activity, and
collagen I production. Our results clearly demonstrated
stimulatory effects of glimepiride on proliferation and
differentiation of rat osteoblasts, thus providing a possible
mechanism for the beneficial effect of glimepiride on bone
fracture that Vestergaard et al reported. Because in vitro
culture conditions represent only a rudimentary approxima-
tion of the metabolism environment in vivo, future research
is needed to test the influences of glimepiride on bone
growth in a more physiologic setting.
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Fig. 4. Pharmacologic inhibition of PI3K/Akt inhibits proliferation and differentiation of rat osteoblasts. Cells were cultured incubated in L-DMEM with or
without LY294002 (10 umol/L) or glimepiride. A and B, The cell proliferation was tested by MTT assay. C, The ALP activities in osteoblasts as measured by
hydrolysis of p-nitrophenyl phosphate in the supernatant. D, Collagen I expression determined by Western blotting. The membranes were stripped and reprobed
with anti-actin antibodies. Data are presented as mean + SEM. The MTT measurements and the ALP activity measurements were repeated 6 times. Collagen I
measurements were repeated at least 3 times. *P < .05 vs the control group; “P < .05 vs the glimepiride group.

A number of studies have provided evidence for
extrapancreatic functions of glimepiride, including tyrosine
phosphorylation of IRS-1/2 and activation of the PI3K/Akt
pathway in rat adipocytes, muscle cells, and endothelial cells
[5-11]. However, putative effects of glimepiride on the PI3K/
Akt pathway in osteoblasts were not reported. In this study,
glimepiride was shown to induce accumulation of PI3K P85
protein and activation of Akt 473 site in phosphorylated
protein fraction in rat osteoblasts. Furthermore, tyrosine
phosphorylation of IRS-1/2, an upstream regulator of PI3K/
Akt, was enhanced after glimepiride treatment. Finally,
glimepiride also appeared to activate eNOS phosphorylation
at Ser-1177 in rat osteoblasts, a downstream regulator of
the PI3K/Akt pathway. Taken together, our findings strongly
suggest that glimepiride activates the PI3K/Akt pathway
in osteoblasts.

Extensive research has indicated that activation of the
PI3K/Akt pathway enhances proliferation and differentiation
of osteoblastic cells [14,15,24-28]. We hypothesized that the
PI3K/Akt pathway may also play a key role in glimepiride-
induced proliferation and differentiation of rat osteoblasts.
To test this hypothesis, we conducted experiments using
LY?294002, a PI3K-specific inhibitor [16].

Consistent with previous observations that the enhanced
proliferation and differentiation of osteoblastic cells by PI3K
activators were largely blocked by LY294002 [24,26,27],
10-umol/L LY294002 treatment abolished glimepiride-
stimulated Akt and eNOS activation, and significantly
blocked glimepiride-induced proliferation and differentia-
tion of rat osteoblasts. One explanation for this effect was
that glimepiride-induced proliferation and differentiation of
rat osteoblasts were mediated by the PI3K/Akt pathway;
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another possible reason might be that LY294002 was toxic
for osteoblasts, which covered the effect of glimepiride-
induced proliferation and differentiation via other pathways.
In our view, the possibility of the second explanation was
very weak. LY294002 is a specific, reversible inhibitor of the
adenosine triphosphate binding site of PI3K and has been
widely used in investigating the functional and regulatory
mechanisms mediated by PI3K since 1994 [16]. In previous
studies, the toxicity of LY294002 itself has been extensively
discussed [16,29-32]. We conducted experiments using
LY294002 at the concentration of 10 umol/L as described
in previous studies [21,22,24,26]. Thomas et al [24] have
shown that, at this concentration, LY294002 was nontoxic
for osteoblastic cells.

We did not observe any significant difference between the
LY294002 group and the glimepiride + LY294002 group.
These results demonstrated that the PI3K/Akt pathway
appears to play a predominant role in glimepiride-induced
proliferation and differentiation of rat osteoblasts. However,
we still could not exclude additional signaling pathways
involved in this process, which needs to be identified in
future study.

In our research, we noticed that glimepiride enhanced the
levels of not only P-eNOS but also total eNOS. Katharine et
al [33] also found that estrogen up-regulated the expression
of total eNOS in human osteoblastic cells. Interestingly,
Salani et al [10] observed activation of P-eNOS, but not total
eNOS, in glimepiride-treated endothelial cells, perhaps
reflective of cell-type specificity. In vitro studies previously
indicated that eNOS could regulate bone metabolism. For
example, estrogen was known to enhance proliferation and
differentiation of osteoblastic cells by stimulating eNOS
activities [34-37]. Given these precedents, we hypothesized
that glimepiride might enhance bone metabolism partially
through induction of eNOS activity in osteoblasts. In the
future, we need to refine our understanding of the role of
eNOS on glimepiride-induced osteoblast proliferation
and differentiation.

In summary, our results provide direct evidence that
glimepiride could enhance rat osteoblast proliferation and
differentiation, in which the PI3K/Akt pathway plays a key
role. We also noticed that the effects of glimepiride on
proliferation and differentiations of rat osteoblasts were
relatively small, compared with other biological factors
regulating bone metabolism, like insulin and insulin-like
growth factor—1 [38-42]. Evaluation of the direct effects
of glimepiride on proliferation and differentiation of
rat osteoblasts in the complex mechanism needs to be
further explored.
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