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Abstract

Our previous studies demonstrated that glimepiride enhanced the proliferation and differentiation of osteoblasts and led to
activation of the PI3K/Akt pathway. Recent genetic evidence shows that endothelial nitric oxide synthase (eNOS) plays an
important role in bone homeostasis. In this study, we further elucidated the roles of eNOS, PI3K and Akt in bone formation
by osteoblasts induced by glimepiride in a high glucose microenvironment. We demonstrated that high glucose (16.5 mM)
inhibits the osteogenic differentiation potential and proliferation of rat osteoblasts. Glimepiride activated eNOS expression
in rat osteoblasts cultured with two different concentrations of glucose. High glucose-induced osteogenic differentiation
was significantly enhanced by glimepiride. Down-regulation of PI3K P85 levels by treatment with LY294002 (a PI3K inhibitor)
led to suppression of P-eNOS and P-AKT expression levels, which in turn resulted in inhibition of RUNX2, OCN and ALP
mRNA expression in osteoblasts induced by glimepiride at both glucose concentrations. ALP activity was partially inhibited
by 10 mM LY294002. Taken together, our results demonstrate that glimepiride-induced osteogenic differentiation of
osteoblasts occurs via eNOS activation and is dependent on the PI3K/Akt signaling pathway in a high glucose
microenvironment.
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Introduction

Type 2 diabetes mellitus (DM) is a metabolic disease with

elevated morbidity and mortality. It is characterized by hypergly-

cemia secondary to peripheral insulin resistance, with a variable

degree of hyperinsulinemia and insulin secretion impairment.

Hyperglycemia has various adverse effects on bone metabolism,

especially in patients with poorly controlled DM. Currently

available data on bone metabolism and fracture risk in patients

with DM are partly conflicting and inconclusive due to inhomo-

geneous study populations and designs. Patients with DM have

various skeletal disorders, including osteopenia or osteoporosis,

Charcot’s arthropathy and the diabetic foot syndrome [1–3].

Glimepiride, a third generation sulfonylurea, exerts its effects

primarily by stimulating insulin secretion, but has also been shown

to have pleiotropic effects. In addition to its stimulatory effects on

pancreatic insulin secretion, glimepiride has been reported to have

extrapancreatic functions including activation of PI3K (phospho-

inositide 3-kinase) and Akt(v-akt murine thymoma viral oncogene

homologue) in rat adipocytes and skeletal muscle [4–6]. In

endothelial cells, it is suggested that glimepiride induces endothe-

lial nitric oxide synthase (eNOS) phosphorylation with a depen-

dent mechanism of PI3K/Akt [7,8]. Osteoblasts are bone forming

cells that play an essential role in osteogenesis. Osteoblasts

differentiate from mesenchymal stem cells and form bone through

endochondral and intramembranous ossification. Many signaling

molecules have been identified that positively or negatively

regulate osteoblast differentiation. For example, PI3K/Akt signal-

ing is crucial for osteoblast differentiation [9,10], whereas p53 is a

negative regulator of osteogenesis [11].

The PI3K/Akt pathway is involved in signal transduction

related to cell growth, proliferation, differentiation, motility,

survival and metabolism [12]. The protein kinase Akt, a

multifunctional regulator of cell survival, is a downstream effector

of PI3K. Recent studies suggest that Akt is activated by

phosphorylation via activated PI3K and phosphorylates eNOS

on serine 1177, thereby activating this enzyme. By inducing eNOS

activity, the PI3K/Akt/eNOS pathway provides an enhanced cell

survival signal [13,14]. We previously demonstrated that glimepir-

ide activates the PI3K/Akt pathway, and this activation is likely to

be required for glimepiride to stimulate the proliferation and

differentiation of rat osteoblasts [15,16]. However, it remains

unclear whether the PI3K/Akt/eNOS pathway can regulate
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osteoblastic cell differentiation following treatment with glimepir-

ide in a high glucose microenvironment.

In the present study, we investigated whether glimepiride

enhanced bone formation by osteoblasts in vitro and whether the

effect was induced by up-regulation of eNOS through the PI3K/

Akt pathway. Expression of P-eNOS (Ser1177) and P-Akt (Ser473)

in a control group and a high glucose group were measured after

stimulation with glimepiride. We found that glimepiride signifi-

cantly enhanced the proliferation and differentiation of osteoblasts.

Moreover, pre-administration of LY294002 (a highly specific,

reversible inhibitor of PI3K) not only significantly reversed the

differentiation ability of osteoblasts, but also inhibited the up-

regulation of P-eNOS and P-Akt. Our findings suggest that

glimepiride activates eNOS expression in rat osteoblasts via the

PI3K/Akt pathway, and this activation is likely required for

glimepiride to stimulate differentiation of rat osteoblasts in a high

glucose microenvironment.

Materials and Methods

Study subjects
Sprague Dawley rats aged 6–8 weeks were purchased from the

Laboratory Animal Center of the Academy of Military Medical

Sciences (Beijing, China). We confirm that Military Medical

Sciences Intramural Animal Use and Care Committee approved

this study. All experiments were performed following the

Guidelines of the Academy of Military Medical Sciences

Intramural Animal Use and Care Committee.

Cell culture
Primary osteoblasts were prepared and purified as described in

our previous report [15,16]. In brief, we minced the mandibles

into fragments after removal of the condylar cartilage, connective

tissue and alveolar sockets including the periodontal ligaments.

The tissues were washed in sterile phosphate buffered solution

(PBS) and then digested in a mixture of 3 mg/mL 0.1%

collagenase type I (Gibco BRL, Gaithersburg, MD) for 30–

40 min at 37uC. Single-cell suspensions were generated by

filtration through a 100 mm strainer, washed, and resuspended

in Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL)

supplemented with 10% fetal bovine serum, 0.292 mg/mL of

glutamine (Invitrogen, Carlsbad, CA), 100 U/mL of penicillin and

100 mg/mL of streptomycin (Gibco BRL) at 37uC in a humidified

atmosphere of 5% CO2 and 95% air. Glimepiride was purchased

from Sigma (St. Louis, MO). Osteoblasts were treated with

10 mmol/L glimepiride and/or 10 mmol/L LY294002 (Cell

Signaling Technology, Danvers, MA) in 5.5 mM or 16.5 mM

glucose [17]. The concentrations for glimepiride and LY294002

were chosen according to previous reports [4–6,18–20]. The cells

then were harvested and subjected to assays for the in vitro

biological characteristics of osteoblasts. The same passage of cells

was used for each experiment. For osteoblast differentiation, cells

(2–56103/cm2) were incubated in DMEM containing 10% fetal

calf serum (FCS) with 5.5 mM or 16.5 mM glucose. Cultures were

fed every third day and characterized after 14 days by Alizarin

Red S staining. To measure the amout of stain, the stain was

solubilized with 0.5 mL of 5% sodium dodecyl sulfate (SDS) in 0.5

N HCl for 30 min at room temperature. Solubilized stain

(0.15 mL) was transferred to a 96-well plate and absorbance was

measured at 405 nm.

Immunocytochemical and Immunofluorescence staining
Osteoblasts were seeded on coverslips in a 24-well plate and

further cultured for 24 h before staining. After washing in PBS and

fixing in 4% paraformaldehyde for 15 min, the samples were

incubated with alkaline phosphatase (ALP), collagenase 1 (COL-1)

and osteocalcin (OCN) (1:200; R&D Systems Inc., Minneapolis,

MN) for 2 h and subsequently incubated with fluorescein

isothiocyanate (FITC)- or Rhodamine-conjugated antirabbit

secondary antibodies. eNOS and P-eNOS (1:100; Santa Cruz

Biotechnology, Santa Cruz, CA) immunocytochemical staining

was performed on osteoblasts that had been cultured in DMEM

containing 10% FCS with 5.5 mM or 16.5 mM glucose. The

osteoblasts were cultured in medium containing 5.5 mM or

16.5 mM glucose for 24 h and then changed to medium

containing 10 mM LY294002 for 120 min. After being fixed in

4% paraformaldehyde, samples were incubated with e-NOS

(1:100; Santa Cruz) for 2 h and subsequently incubated with

FITC-conjugated antirabbit secondary antibodies. Positive cells

were observed under a fluorescence microscope (Olympus Optical,

Tokyo, Japan). Each experiment was repeated at least three times.

MTT assay
Osteoblasts were cultured in 96-well plates (103 cells/well). An

MTT assay was conducted after 7 days using a cell proliferation kit

(Sigma) according to the manufacturer’s protocol. After 48 h, the

culture medium was replaced with 100 mL of MTT (0.5 mg/mL).

The black crystals that formed after 2–3 h were dissolved with

acidified isopropanol and absorbance was measured at 570 nm

with a microplate reader (Bio-TEK Instruments, Winooski, VT).

Determination of apoptosis
Apoptosis was measured by Annexin-V staining (Partec,

Münster, Germany) according to manufacturer’s instructions.

After incubation with or without 5 mM 7-xylosyl-10-deacetylpa-

clitaxel for 48 h, cells were spun at 12006g for 5 min and the

supernatant was decanted. The cell pellet was resuspended with

100 mL of Annexin-V binding buffer and 5 ml of Annexin-V dye

and was left in the dark at room temperature for 15 min.

Following incubation, an additional 400 mL of Annexin-V binding

buffer was added to each sample. Ten thousand cells were

Table 1. Primer sequences used in the reverse transcription polymerase chain reaction (RT-PCR).

Gene Forward primer (59-39) Reverse Primer(59-39)

CCND1 AAAGGCCAGTATGCACAGCTTTC TTCAACCACTGGGCCACTATTTC

RUNX2 GATAACCTGGATGCCGTCGTG CAGCCTAGCCAGTCGGATTTG

OCN CAGCGTTATGAGATCAAGATGACCA AGTGATGTGCAAGAGTCCATCCTG

ALP GGAGCACTGTGTTTATGCTGGAA GACCGAGCGATTGCTCAAGA

b-ACTIN TGGCACCCAGCACAATGAA GTCATAGTCCGCCTAGAAGCA

doi:10.1371/journal.pone.0112243.t001
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acquired and the apoptotic cell was quantification by flow

cytometry and FloMax software (Partec). This test was repeated

3 times.

Quantitative real-time polymerase chain reaction (PCR)
Total cellular RNA was extracted from the different groups of

osteoblasts using TRIzol Reagent (Invitrogen). Approximately 2–

5 mg of total RNA was converted to cDNA using a Super Script

First Strand Synthesis Kit (Invitrogen, Carlsbad, CA). Real-time

PCR reactions were performed using a QuantiTect SYBR Green

PCR Kit (Toyobo, Osaka, Japan) and an Applied Biosystems 7500

Real-Time PCR Detection System. Two independent experiments

were performed for each reaction in triplicate. The primers used

are listed in Table 1.

ALP staining and ALP activity
Osteoblasts (104/cm2) were seeded onto six-well plates, cultured

in medium containing 5.5 mM or 16.5 mM glucose and

stimulated with 10 mmol/L glimepiride and/or 10 mmol/L

LY29400 induction medium. After 7 days, ALP activity was

assayed using a BCIP/NBT alkaline phosphatase color develop-

ment kit (Beyotime Institute of Biotechnology, Haimen, China)

according to the manufacturer’s protocol. For ALP staining, cells

were fixed with 70% ethanol 7 days after induction and incubated

with a solution of 0.25% naphthol AS-BI phosphate and 0.75%

Fast Blue BB dissolved in 0.1 M Tris buffer (pH 9.3).

Western blot analysis
Whole cell lysates were extracted with lysis buffer (10 mM Tris-

HCL, 1 mM EDTA, 1% SDS, 1% Nonidet P-40, 1:100

Figure 1. Verification of rat mandibular osteoblasts. A, Osteoblasts were cultured in DMEM containing 10% FCS for 14 days, then mineralized
nodules were detected by Alizarin Red S staining. Immunocytochemical staining showed that the osteoblasts expressed ALP (B), Col-1 (C) and OCN
(D). Scale bars represent 100 mm. The expression of ALP, Col-1 and OCN(E)were measured by Western blot in osteoblasts. b-Actin was used as control
for equal loading. The graph shows the quantitative evaluation of the densitometric data of these proteins. The results represent mean 6 standard
deviation.
doi:10.1371/journal.pone.0112243.g001
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proteinase inhibitor cocktail, 50 mM b-glycerophosphate, 50 mM

sodium fluoride) for western blotting. The protein content of the

lysate was determined using a protein assay kit (Beyotime Institute

of Biotechnology) following the manufacturer’s recommended

protocol. The proteins were loaded on 10% SDS polyacrylamide

gels, transferred to PVDF membranes (Millipore, Bedford, MA)

and blocked with 5% nonfat milk powder in PBS with 0.1%

Tween. The membranes were probed overnight with the following

monoclonal primary antibodies: anti-ALP, anti-Col-1, anti-OCN,

anti-eNOS and anti-P-eNOS (Abcam, Cambridge, UK) and anti-

Akt and anti-P-Akt and anti-PI3K P85 (Cell Signaling Technol-

ogy, Beverly, MA). The membranes were then incubated with

antimouse horseradish peroxidase-conjugated secondary antibody

(Boster, Wuhan, China). The blots were visualized using an

enhanced chemiluminescence kit (Amersham Biosciences, Piscat-

away, NJ) according to the manufacturer’s recommended instruc-

tions. The ratio of the targeted band to actin was considered to be

the relative intensity of the targeted band.

Statistical analysis
For experiments with more than two groups, statistical analyses

were performed using one-way ANOVA, and Bonferroni’s

method was applied to control for multiple testing. Statistical

comparisons between two groups were performed by the Student’s

t-test. Differences were considered statistically significant at p,

0.05.

Results

Glimepiride induced the proliferation and differentiation
of rat osteoblasts in a high glucose microenvironment

Osteogenesis is a complex process involving epithelial–mesen-

chymal interactions, condensation and differentiation. Metabolic

disorders, including DM, are now well known to affect bone

metabolism and may result in osteoporosis. To determine whether

a high glucose microenvironment influences the biological

characteristics of osteoblasts, and the effects of glimepiride (a

third-generation sulfonylurea) on osteoblasts, we isolated osteo-

blasts from the mandible of rats. The isolated cells could

differentiate and had formed distinct nodules after 14 days, as

observed by Alizarin Red S staining. Dark red mineralized bone

matrix (bone nodules) was visualized in stained sections (Fig. 1A).

To identify osteoblasts, we detected their key proteins by

immunofluorescence staining, which found the osteoblasts to be

positive for ALP, COL-1 and OCN (Fig. 1B,C,D). Next we

perform Western Blot to evaluated ALP,COL-1 and OCN

expression in osteoblasts, we found that the osteoblasts were

positive expression for ALP,COL-1 and OCN (Fig.1E).

The control group proliferated faster than the group stimulated

by 16.5 mM glucose (Fig. 2A). However, MTT assay showed that

glimepiride promoted osteoblast proliferation not only in the

control group but also in the 16.5 mM glucose group from day 4

to 7 (p,0.05; Fig. 2A). Osteoblast cultured in a high glucose

Figure 2. Effects of glimepiride on the proliferation and differentiation of rat osteoblasts. A, Effect of glimepiride on proliferation of rat
mandibular osteoblasts incubated with two different glucose concentrations (MTT assay). Data represent mean 6SEM. *p,0.05 vs. controls without
glimepiride; # p,0.05 vs. 16.5 mM glucose without glimepiride. The statistical analysis were performed at day 1, 4 and 7. B, Apoptosis assay of
control group (osteoblasts cultured with 5.5 mM glucose) and osteoblasts stimulated with 16.5 mM glucose with or without glimepiride treatment.
The apoptotic cells were examined by using Annexin V staining in flow cytometric analysis. The apoptosis ratio was then calculated as shown in
histogram. *p,0.05 vs controls without glimepiride; # p,0.05 vs 16.5 mM glucose without glimepiride. C, Effects of glimepiride on cyclin D1
expression in osteoblasts cultured with 5.5 mM or 16.5 mM glucose for 120 min and then grown in basal medium for 48 h. Expression levels were
normalized to that of GAPDH. *p,0.05 vs controls without glimepiride; # p,0.05 vs 16.5 mM glucose without glimepiride. D, Photograph of culture
wells showing Alizarin Red S-stained Ca2+ deposition from osteoblasts treated with glimepiride for 72 h and then cultured with 5.5 mM or 16.5 mM
glucose for 14 days. E, Quantitative evaluation of Alizarin Red S staining. *p,0.05 vs controls without glimepiride; # p,0.05 vs 16.5 mM glucose
without glimepiride.
doi:10.1371/journal.pone.0112243.g002
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microenvironment showed the greatest apoptosis compared with

5.5 mM glucose group. Addition of glimepiride (10 mM) to the

osteoblasts significantly reduced apoptosis compared with cells

without glimepiride in both 5.5 mM and 16.5 mM glucouse

groups. (Fig. 2B). Cyclin D1 involved in major cellular programs

such as proliferation, migration and apoptosis, often give rise to

splice isoforms with distinct biological activities. Cyclin D1 drives

the G1-to-S phase progression of the cell cycle [21]. In the present

study, glimepiride treatment resulted in significantly increased

mRNA expression of cyclin D1 in both the control group and the

16.5 mM glucose group (Fig. 2C). Thus, we further investi-

gated whether glimepiride affected the osteogenic differentiation

potential of osteoblasts in the high glucose microenvironment.

Alizarin Red S staining showed that the high levels of glucose

significantly decreased Ca2+ accumulation in osteoblast cultures

treated with 16.5 mM glucose, relative to the control group

(Fig. 2D). Moreover, when 10 mM glimepiride was added to the

5.5 or 16.5 mM glucose culture medium for 72 h and the cells

were then cultured for another 14 days, Ca2+ accumulation in

both the control group and the 16.5 mM glucose group was

markedly increased (p,0.05; Fig. 2D,E). Taken together, our

results suggest that glimepiride induces proliferation and differen-

tiation of rat osteoblasts in a 16.5 mM glucose microenvironment.

Figure 3. Effects of glimepiride on P-eNOS expression in rat osteoblasts. A, Immunohistochemical staining showed that osteoblasts
expressed P-eNOS. Scale bar represents 100 mm. Osteoblasts grown with 5.5 mM glucose (control group; B) or 16.5 mM glucose (C) were incubated
with glimepiride (10 mmol/L) for up to 120 min. Western blotting was performed to detect P-eNOS and total eNOS. Actin served as the internal
control. eNOS, p-eNOS and p-eNOS/eNOS ratio are the mean 6SEM of three separate experiments. *p,0.05 vs control group related to P-eNOS
expression. #p,0.05 vs control group related to eNOS expression. { p,0.05 vs control group related to p-eNOS/eNOS ratio.
doi:10.1371/journal.pone.0112243.g003
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Glimepiride affected P-eNOS expression by osteoblasts in
a high glucose microenvironment

To investigate the mechanism of the effect of glimepiride on

osteogenesis and proliferation, immunohistochemical staining and

western blotting were first used to determine the eNOS and P-

eNOS protein levels of osteoblasts in the high glucose microen-

vironment. The eNOS isoform seems to play a key role in

regulating osteoblast activity and bone formation, because eNOS

knockout mice have osteoporosis due to defective bone formation

[22]. Our data demonstrate that activated eNOS and P- eNOS

are expressed in the cytoplasm of rat osteoblasts cultured with the

two different concentrations of glucose (Fig. 3A). To confirm

whether glimepiride activates eNOS expression in rat osteoblasts,

osteoblasts in basic medium (5.5 mM glucose) and in high glucose

medium (16.5 mM glucose) were cultured with glimepiride for

15 min, 30 min, 60 min and 120 min. Western blot analysis was

performed to determine P-eNOS and eNOS expression. Interest-

ingly, we found that under 5.5 mM glucose conditions, expression

of P-eNOS was rapidly induced by glimepiride, with a significant

increase observed after 15 min; P-eNOS was further substantially

increased after 30 min and 60 min. However, the expression of P-

eNOS exhibit a reduced tendency after 60 min (Fig. 3B).

Consistent with the result of P-eNOS, the p-eNOS/eNOS ratio

was increased gradually, the highest ratio was 2.46 after

60 minutes of incubation (Fig. 3B). P-eNOS expression in

osteoblasts cultured with the high level of glucose differed from

that in the control group. Addition of glimepiride to the culture

medium containing 16.5 mM glucose had markedly increased the

expression of P-eNOS after 120 min (p,0.05; Fig. 3C). However,

P-eNOS protein expression and the p-eNOS/eNOS ratio had no

statistically significant after 15 min, 30 min and 60 min compared

with the control group (p,0.05; Fig. 3C).

Glimepiride affected the biological characteristics of
osteoblasts in a high glucose microenvironment

Osteoblasts grown in both 5.5 mM and high level glucose were

treated with 10 mM glimepiride for 120 min. Furthermore, we

extracted mRNA from both groups of osteoblasts cultured with

basic media containing 5.5 mM or 16.5 mM glucose for 7 days

and performed real-time PCR to determine the expression levels

of osteoblast marker genes, including Runx2 (Runt-related

transcription factor 2) (Fig. 4A), a critical transcription factor for

osteoblastic differentiation [23], and ALP (Fig. 4B), an early

osteoblast marker [24]. The expression of these marker genes

increased by 2.62- and 2.25- fold, respectively, in the glimepiride

treated group compared with the group without glimepiride

(5.5 mM glucose, control group). The same trend of Runx2 and

ALP mRNA expression was observed in osteoblasts cultured in the

high glucose microenvironment (2.48- and 1.81- fold, respectively)

(Fig. 4A,B).

Suppression of the PI3K/Akt pathway by LY294002
suppressed expression of eNOS in osteoblasts

To explore the effect of glimepiride on eNOS expression and

the associated PI3K/Akt pathway in rat osteoblasts, we cultured

cells in basic medium (5.5 mM) or basic medium containing

16.5 mM glucose, which efficiently inhibited osteogenic differen-

tiation. 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. The two groups (control and 16.5 mM

glucose) of osteoblasts exposed to 10 mM LY294002 resulted in

inhibition of PI3K P85 as shown in Fig. 5A. The control group

(5.5 mM glucose) was exposed to LY294002 for 0 min, 15 min,

30 min, 60 min and 120 min, after which cells were collected to

determine the expression levels of P-eNOS and P-Akt. P-eNOS

and P-Akt expression increased gradually from 15 min to 120 min

in osteoblasts treated with glimepiride, but LY294002 abolished

glimepiride-dependent P-Akt and P-eNOS levels (Fig. 5B). Oste-

oblasts cultured with 16.5 mM glucose, treated with glimepiride

and harvested after 120 min exhibited increased P-eNOS and P-

Akt levels (Fig. 5C). P-eNOS and P-Akt were inhibited in the

glimepiride plus LY294002 group (Fig. 5C). To elucidate the

mechanism of action of LY294002 on osteoblasts in the presence

or absence of 5.5 mM glucose and 16.5 mM glucose, immuno-

fluorescence staining was used to determine P-eNOS protein

expression. e-NOS is downstream of the PI3K/Akt pathway and

our results indicate that P-eNOS expression was inhibited in the

cytoplasm of both groups of osteoblasts in the presence of

LY294002 (Fig. 5D). These findings support the hypothesis that

inhibition upstream of the PI3K/Akt pathway can inhibit the P-

eNOS expression, which in turn suppresses osteoblast differenti-

ation in high glucose microenvironments.

Figure 4. Effects of glimepiride on Runx2 and ALP mRNA levels
in rat osteoblasts. Real-time PCR analysis of RUNX2 (A) and ALP (B)
mRNA by osteoblasts stimulated with glimepiride for 120 min and then
cultured with 5.5 mM or 16.6 mM glucose for 7 days. Expression levels
were normalized to that of GAPDH. The results are the means (SD) of
three independent experiments performed in triplicate. *p,0.05 vs
controls without glimepiride; # p,0.05 vs 16.5 mM glucose without
glimepiride.
doi:10.1371/journal.pone.0112243.g004
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Suppression of eNOS inhibited the osteogenic
differentiation of osteoblasts in a high glucose
microenvironment

We examined the effect of LY294002 on the differentiation of

osteoblasts. ALP staining was performed on cells cultured with

5.5 mM or 16.5 mM glucose treated with PBS(as the control

group) and cells treated with 10 mM LY294002 (Fig. 6A).

Osteogenic differentiation, which was assessed on the basis of

ALP activity, was partially inhibited by 10 mM LY294002 in both

5.5 mM and 16.5 glucose groups (Fig. 6B). We then determined

RUNX2, ALP and OCN mRNA expression in osteoblasts

(5.5 mM and 16.5 mM glucose groups) treated with or without

LY294002. In the 5.5 mM and 16.5 mM glucose groups the same

trend was performed, expression of these genes was significantly

reduced by LY294002 treatment compared with those without

LY294002 (Fig. 6C,D,E), which was consistent with inhibition of

the PI3K/Akt pathway acting to down-regulate these osteoblastic

genes.

Discussion

DM is associated with specific alterations of bone metabolism.

Osteoblasts show promising potential for bone regeneration;

therefore, it is of great interest to investigate changes in their

proliferative ability and differentiation potential when cultured in

differing microenvironments. We stimulated rat osteoblasts with

16.5 mM glucose and found that the hyperglycemic conditions

interfered with the proliferation and mineralization of osteoblasts.

Glimepiride is a third-generation sulfonylurea. In addition to its

stimulatory effects on pancreatic insulin secretion, glimepiride has

also been shown to play extrapancreatic roles. Our results

demonstrated stimulatory effects of glimepiride on the prolifera-

tion and differentiation of rat osteoblasts, thus providing a possible

mechanism for the beneficial effect of glimepiride on bone

fracture, as reported by Vestergaard et al [25].

Our previous work suggests that glimepiride activates the

PI3K/Akt pathway in osteoblasts. In endothelial cells, it is

suggested that glimepiride induces eNOS phosphorylation with a

dependent mechanism PI3k/Akt [8,29]. Recent data from several

groups show that eNOS is widely expressed on a constitutive basis

in bone marrow stromal cells, osteoblasts and osteoclasts [26,27].

Furthermore, some studies have revealed interplay between the

PI3K/Akt pathway and the NO pathway, the latter of which is

important for the proliferation and differentiation of osteoblasts.

For instance, Afzal et al. suggest that impaired osteoblast

proliferation and differentiation in the eNOS gene knockout

mouse can be reversed by treatment with the NO donor potassium

nitrosylpentachlorouthenate, indicating that disrupted osteoblast

function is related to loss of NO-dependent signaling [28]. The

results of the present study show that glimepiride activated Akt and

eNOS phosphorylation in rat osteoblasts cultured with two

Figure 5. Effect of the PI3K inhibitor LY294002 on expression of eNOS in osteoblasts. A, Expression of PI3K P85 was measured by Western
blotting in rat osteoblasts cultured with 5.5 mM or 16.5 mM glucose for 24 h and then changed to basic medium containing 10 mM LY294002 for
120 min. b-Actin was used as the control for equal loading. B, LY294002 inhibited glimepiride-induced phosphorylation of Akt and eNOS in
osteoblasts cultured with 5.5 mM glucose. C, LY294002 inhibited glimepiride-induced phosphorylation of Akt and eNOS in osteoblasts cultured with
16.5 mM glucose. D, Immunostaining of P-eNOS in rat osteoblasts cultured with 5.5 mM or 16.5 mM glucose for 24 h and then changed to basic
medium containing 10 mM LY294002 for 120 min.
doi:10.1371/journal.pone.0112243.g005
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different concentrations of glucose. In our study, Glimepiride

increased the levels of both P-eNOS and total eNOS. Interesting-

ly, Salani et al. [29] observed activation of P-eNOS, but not total

eNOS, in glimepiride-treated endothelial cells, perhaps reflecting

cell type specificity.

PI3K is a heterodimeric enzyme important for proliferation and

apoptosis, while Akt is a downstream serine-threonine kinase that

transmits survival signals from growth factors [30]. Akt activates

eNOS, which leads to NO production [31]. Evidence shows that

high glucose-induced apoptosis in human umbilical vein endothe-

lial cells is mediated by sequential activation of c-Jun N-terminal

kinase and caspase, and prevented by exogenous NO [32].

Activation of the ROS/PI3K/Akt/eNOS signaling pathway in

early phase exerts protective effects against the induction of

apoptosis by high glucose concentrations [33]. In our present

study, we found that osteoblasts cultured in a high glucose

microenvironment exhibited less proliferation and greater apop-

tosis than the control group. However, glimepiride stimulated cell

proliferation and inhibited apoptosis in a high glucose microen-

vironment. Our results are consistent with our previous findings,

considering that PI3K/Akt pathway is likely to be required for

glimepiride to stimulate the proliferation of rat osteoblasts [16].

Figure 6. Effect of suppression of eNOS inhibited the osteogenic differentiation of osteoblasts. A, Scanned images of ALP staining of
osteoblasts cultured with 5.5 mM or 16.5 mM glucose for 4 days and then changed to basic medium containing 10 mM LY294002 for 3 days. B,
Quantitative evaluation of ALP activity. Data are the mean 6SD. *p,0.05 vs 5.5/16.5 mM+PBS group. Real-time PCR analysis of Runx2(C), ALP(D) and
OCN(E) expression by osteoblasts cultured with 5.5 mM or 16.5 mM glucose for 24 h and then changed to basic medium containing 10 mM LY294002
for 7 days. Expression levels were normalized to that of GAPDH. Data are the means (SD) of three independent experiments performed in triplicate.
*p,0.05 vs 5.5/16.5 mM+PBS group.
doi:10.1371/journal.pone.0112243.g006
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We also examined the mRNA expression of Cyclin D1, which is

known to play a major role in cell proliferation and apoptosis in

many cell types [21]. Cyclin D1 drives the G1-to-S phase

progression of the cell cycle. We also examined the effect of

glimepiride on Cyclin D1 mRNA level. We found that glimepiride

treatment resulted in significantly increased mRNA expression of

cyclin D1 in both the control group and the 16.6 mM glucose

group. We hypothesized that the effect of glimepiride on rats

osteoblast proliferation and apoptosis might be associated with

cyclin D1, and need to be identified in future studies.

ALP is an early osteoblast marker and Runx2 is a critical

transcription factor for osteoblastic differentiation [22,23], We

found that hyperglycemia interfered with the differentiation of rat

osteoblasts, and glimepiride increased the expression of these

marker genes at two different glucose concentrations. However,

we showed that inhibition of PI3K P85 by LY294002 reduced

ALP, Runx2 and OCN mRNA expression in osteoblasts. We

conducted experiments using LY294002 at the concentration of

10 mmol/L as described in previous studies [4–6,18–20]. Thomas

et al [39] have shown that, at this concentration, LY294002 was

nontoxic for osteoblastic cells, this conclusion has also been

confirmed in our previous study [15]. Our results also indicate that

P-eNOS expression was inhibited in the cytoplasm of both groups

of osteoblasts in the presence of LY294002. These findings provide

an additional mechanism for NO-elicited protection on the

differentiation of rat osteoblasts. Our results concerning the

complicated molecular relationship between eNOS and the PI3K/

Akt pathway might explain the functions of glimepiride in

osteoblasts under high glucose conditions. Some investigators

have shown that NO donors and NOS inhibitors have little effect

on osteoblast growth or differentiation, except at high concentra-

tions where inhibitory effects were observed [34].

However, we found that PI3K P85 protein expression was

markedly reduced at 16.5 mM glucose compared with 5.5 mM

glucose, and we also noticed that eNOS and P-eNOS were

suppressed in the group treated with 16.5 mM glucose. This

finding is consistent with a previous report that showed that

apoptosis in high glucose-induced umbilical vein endothelial cells

occurs via reduced phosphorylation of eNOS with subsequent NO

production [33,35,36]. Our previous studies also found that hat p-

Akt expression was markedly reduced at 16.5 mM glucose

compared with 5.5 mM glucose. We supposed that high glucose

concentration suppressed PI3K/Akt/eNOS pathway. We also

noticed that the increase in p-eNOS stimulated by the addition of

glimepiride was lower at 16.5 mM glucose than that at 5.5 mM

glucose. Interestingly, expression of P-eNOS induced by glimepir-

ide was more rapidly under 5.5 mM glucose conditions than that

16.5 mM glucose conditions (after 15 min vs. after 120 min). Our

previous studies also noticed that the increase in p-Akt stimulated

by the addition of glimepiride was 27.32% lower at 16.5 mM

glucose than that at 5.5 mM glucose. Kurowski et al and Oku et al

reported that a high glucose concentration reduced p-Akt levels

and reduced the insulin-induced Akt activation in skeletal muscles

[37,38]. We considered that hyperglycemia impaired glimepiride-

stimulated phosphorylation and activation of Akt and eNOS. We

also noticed that the increase in Runx2 and ALP mRNA

stimulated by the addition of glimepiride was 16.4% and

37.02% higher at 5.5 mM glucose than that at 16.5 mM glucose.

We supposed that the difference of rat osteoblastic differentiation

between high and normal glucose conditions is related to

glimepiride-mediated PI3K/Akt/eNOS pathway. However, fur-

ther studies are needed to confirm these findings.

In our study, we found that hyperglycemia interfered with the

proliferation, differentiation in rat osteoblasts. For the first time,

we reported that glimepiride activated eNOS expression in rat

osteoblasts cultured with two different concentrations of glucose,

which the PI3K/Akt pathway plays a key role in this process. Our

results also demonstrate that PI3K/Akt/eNOS pathway is likely to

be required for glimepiride-induced differentiation of rat osteo-

blasts. However, the upstream signaling mechanisms involved in

the up-regulation of eNOS expression by high glucose concentra-

tions, and the contribution of endogenous NO production to

preventing high glucose-induced cell apoptosis, need further

research.

Acknowledgments

We thank Ling-Ling E for help with the biochemical analyses and Xia Wu

for critically reading and editing the manuscript.

Author Contributions

Conceived and designed the experiments: HL. Performed the experiments:

PM BG. Analyzed the data: WX BT. Contributed reagents/materials/

analysis tools: JL WG. Wrote the paper: PM.

References

1. De Paula FJ, Horowitz MC, Rosen CJ (2010) Novel insights into the relationship

between diabetes and osteoporosis. Diabetes Metab Res Rev 26, 622–630.

2. Filippella MG, Faggiano A, Falchetti A, Colao A, Rosa C, et al. (2010) Risk of

fractures and bone abnormalities in postmenopausal women with type 2 diabetes

mellitus. Clin Cases Miner Bone Metab 7: 126–129.

3. Chung DJ, Choi HJ, Chung YS, Lim SK, Yang SO, et al. (2013) The prevalence

and risk factors of vertebral fractures in Korean patients with type 2 diabetes. J

Bone Miner Metab. 31(2): 161–168.

4. Muller G (2000) The molecular mechanism of the insulin-mimetic/sensitizing

activity of the antidiabetic sulfonylurea drug Amaryl. Mol Med6.: 907–933.

5. Rodrı́guez E, Pulido N, Romero R, Arrieta F, Panadero A, et al.

(2004)Phosphatidylinositol 3-kinase activation is required for sulfonylurea

stimulation of glucose transport in rat skeletal muscle. Endocrinology 145,

679–685.

6. Muller G, Jung C, Wied S, Welte S, Frick W (2001) Insulin-mimetic signaling by

the sulfonylurea glimepiride and phosphoinositolglycans involves distinct

mechanisms for redistribution of lipid raft components. Biochemistry 40,

14603–14620.

7. Salani B, Repetto S, Cordera R, Maggi D (2005) Glimepiride activates eNOS

with a mechanism Akt but not caveolin-1 dependent. Biochem Biophys Res

Commun 335: 832–5.

8. Jojima T, Suzuki K, Hirama N, Uchida K, Hattori Y(2009) Glimepiride

upregulates eNOS activity and inhibits cytokine-induced NF-kappaB activation

through a phosphoinoside 3-kinase-Akt–dependent pathway. Diabetes Obes

Metab11: 143–9.

9. Fujita T, Fukuyama R, Enomoto H, Komori T (2004) Dexamethasone inhibits

insulin-induced chondrogenesis of ATDC5 cells by preventing PI3K-Akt

signaling and DNA binding of Runx2. J Cell Biochem 93, 374–383.

10. Mukherjee A, Rotwein P (2012) Selective signaling by Akt1 controls osteoblast

differentiation and osteoblast-mediated osteoclast development. Mol Cell Biol

32, 490–500.

11. Molchadsky A, Shats I, Goldfinger N, Pevsner-Fischer M, Olson M, et al. (2008)

p53 plays a role in mesenchymal differentiation programs, in a cell fate

dependent manner. PLoS One 3: e3707.

12. Guntur AR, Rosen CJ (2011) The skeleton: a multi-functional complex organ:

new insights into osteoblasts and their role in bone formation: the central role of

PI3Kinase. J Endocrinol 211, 123–130.

13. Wei Q, Xia Y (2005) Roles of 3-phosphoinositide-dependent kinase 1 in the

regulation of endothelial nitric-oxide synthase phosphorylation and function by

heat shock protein 90. J Biol Chem 280, 18081–18086.

14. Wang J, Tokoro T, Matsui K, Higa S, Kitajima I (2005) Pitavastatin at low dose

activates endothelial nitric oxide synthase through PI3K-AKT pathway in

endothelial cells. Life Sci 76, 2257–2268.

15. Ma P, Gu B, Ma J, E L, Wu X, et al. (2010) Glimepiride induces proliferation

and differentiation of rat osteoblasts via the PI3-kinase/Aktpathway. Metabolism

59, 359–366.

16. Ma P, Xiong W, Liu H, Ma J, Gu B, et al. (2011) Extrapancreatic roles of

glimepiride on osteoblasts from rat manibular bone in vitro: Regulation of

cytodifferentiation through PI3-kinases/Akt signalling pathway. Arch Oral Biol.

56(4): 307–316.

Glimepiride Promotes Osteogenic Differentiation

PLOS ONE | www.plosone.org 9 November 2014 | Volume 9 | Issue 11 | e112243



17. Zayzafoom M, Botolin S, McCabe LR (2002) P38 and activating transcription

factor-2 involvement in osteoblast osmotic response to elevated extracellular
glucose. J Biol Chem 277, 37212–37218.

18. Brenneisen P, Wlaschek M, Schwamborn E, Schneider LA, Ma W, et al. (2002)

Activation of protein kinase CK2 is an early step in the ultraviolet B–mediated
increase in interstitial collagenase (matrix metalloproteinase–1; MMP-1) and

stromelysin-1 (MMP-3) protein levels in human dermal fibroblasts. Bio-
chem J 365, 31–40.

19. Ulici V, Hoenselaar KD, Gillespie JR, Beier F (2008) The PI3K pathway

regulates endochondral bone growth through control of hypertrophic chondro-
cyte differentiation. BMC Dev Biol. 11; 8: 40.

20. Davies SP, Reddy H, Caivano M, Cohen P (2000) Specificity and mechanism of
action of some commonly used protein kinase inhibitors. Biochem J 351, 95–

105.
21. Sanchez G, Delattre O, Auboeuf D, Dutertre M (2008) Coupled alteration of

transcription and splicing by a single oncogene: boosting the effect on cyclin D1

activity. Cell Cycle 7, 2299–2305.
22. Grassi F, Fan X, Rahnert J, Weitzmann MN, Pacifici R, et al. (2006) Bone re/

modeling is more dynamic in the endothelial nitric oxide synthase(2/2) mouse.
Endocrinology 147, 4392–4399.

23. Sun J, Zhou H, Deng Y, Zhang Y, Gu P, et al. (2012) Conditioned medium from

bone marrow mesenchymal stem cells transiently retards osteoblast differenti-
ation by downregulating runx2. Cells Tissues Organs 196(6): 510–522.

24. Rawat P, Kumar M, Sharan K, Chattopadhyay N, Maurya R (2009) Ulmosides
A and B: flavonoid 6-C-glycosides from Ulmus wallichiana, stimulating

osteoblast differentiation assessed by alkaline phosphatase. Bioorg Med Chem
Lett 19(16): 4684–4687.

25. Vestergaard P, Rejnmark L, Mosekilde L (2005) Relative fracture risk in patients

with diabetes mellitus, and the impact of insulin and oral antidiabetic medication
on relative fracture risk. Diabetologia 48: 1292–9.

26. Gramoun A, Azizi N, Sodek J, Heersche JN, Nakchbandi I, et al. (2010)
Fibronectin inhibits osteoclastogenesis while enhancing osteoclast activity via

nitric oxide and interleukin-1b-mediated signaling pathways. J Cell Bio-

chem111(4).: 1020–1034.
27. Saura M, Tarin C, Zaragoza C (2010) Recent insights into the implication of

nitric oxide in osteoblast differentiation and proliferation during bone
development. ScientificWorldJournal.10: 624–632.

28. Afzal F, Polak J, Buttery L (2004) Endothelial nitric oxide synthase in the control

of osteoblastic mineralizing activity and bone integrity. J Pathol 202, 503–510.

29. Salani B, Repetto S, Cordera R, Maggi D (2005) Glimepiride activates eNOS

with a mechanism Akt but not caveolin-1 dependent. Biochem Biophys Res

Commun. 335, 832–835.

30. Dudek H, Datta SR, Franke TF, Birnbaum MJ, Yao R, et al.(1997) Regulation

of neuronal survival by the serine-threonine protein kinase Akt. Science 275,

661–665.

31. Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, et al. (1999) Regulation

of endothelium-derived nitric oxide production by the protein kinase Akt.

Nature 399, 597–601.

32. Ho FM, Liu SH, Liau CS, Huang PJ, Shiah SG, et al. (1999) Nitric oxide

prevents apoptosis of human endothelial cells from high glucose exposure during

early stage. J Cell Biochem 75, 258–263.

33. Zhang W, Wang R, Han SF, Bu L, Wang SW, et al. (2007) Alpha-linolenic acid

attenuates high glucose-induced apoptosis in cultured human umbilical vein

endothelial cells via PI3K/Akt/eNOS pathway. Nutrition 23, 762–770.

34. Helfrich MH, Evans DE, Grabowski PS, Pollock JS, Ohshima H, et al. (1997)

Expression of nitric oxide synthase isoforms in bone and bone cell cultures. J

Bone Miner Res. 12, 1108–1115.

35. Das UN (2002) Nitric oxide as the mediator of the antiosteoporotic actions of

estrogen, statins, and essential fatty acids. Exp Biol Med 227, 88–93.

36. Meng L, Cui L (2008) Inhibitory effects of crocetin on high glucose-induced

apoptosis in cultured human umbilical vein endothelial cells and its mechanism.

Arch Pharm Res 31, 357–363.

37. Kurowski TG, Lin Y, Luo Z, Tsichlis PN, Buse MG, et al. (1999) Hyperglycemia

inhibits insulin activation of Akt/protein kinase B but not phosphatidylinositol 3-

kinase in rat skeletal muscle. Diabetes 48: 658–63

38. Oku A, Nawano M, Ueta K, Fujita T, Umebayashi I, et al. (2001) Inhibitory

effect of hyperglycemia on insulin-induced Akt/protein kinase B activation in

skeletal muscle. Am J Physiol Endocrinol Metab 280: E816–24

39. Thomas JE, Venugopalan M, Galvin R, Wang Y, Bokoch GM, et al. (1997)

Inhibition of MG-63 cell proliferation and PDGF-stimulated cellular processes

by inhibitors of phosphatidylinositol 3-kinase. J Cell Biochem 64, 182–95.

Glimepiride Promotes Osteogenic Differentiation

PLOS ONE | www.plosone.org 10 November 2014 | Volume 9 | Issue 11 | e112243


