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High glucose inhibits osteogenic differentiation and
proliferation of MC3T3-E1 cells by regulating P2X7
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Abstract. Diabetes mellitus adversely affects human bones
and increases the risk of developing osteoporosis. In the
present study, treatment with 30 mmol/l glucose was used to
establish a high glucose (HG) cell model in vitro. Plasmids
were used to overexpress the P2X purinoceptor 7 (P2X7) gene.
Brilliant blue G and (4-benzoyl-benzoyl)-ATP were used as
a P2X7 antagonist and agonist, respectively. Proliferation of
osteogenic MC3T3-El cells and alkaline phosphatase (ALP)
activity were determined using MTT and colorimetric assays,
respectively. Alizarin Red S was used to assess calcification
of MC3T3-El cells. Western blotting and reverse transcrip-
tion-quantitative PCR were performed to determine protein
and mRNA expression levels. The results demonstrated that
HG inhibited MC3T3-El1 cell proliferation and P2X7 expres-
sion, reduced calcification, and downregulated the expression
levels of ALP and osteocalcin (Ocn) in MC3T3-El cells.
Overexpression of P2X7 in HG conditions increased calcifica-
tion and proliferation, and upregulated the levels of ALP and
Ocn in MC3T3-E1 cells. Inhibition of P2X7 downregulated
the expressions of ALP and Ocn in MC3T3-El cells under HG
conditions. Therefore, the present results indicated that HG
caused damage to osteogenic MC3T3-El cells. Thus, P2X7
may be a regulatory factor that may be used to counteract the
effects of HG on osteogenesis.

Introduction

As a metabolic disease characterized by hyperglycemia,
diabetes mellitus (DM) results from deficient insulin secretion
or insulin resistance. The American Diabetes Association
indicates that chronic hyperglycemia causes dysfunction in a
number of organs, including the eyes, kidneys, nerves, heart
and blood vessels (1). It is reported that DM also adversely
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affects human bones and is related to an increased risk of
developing osteoporosis (2). Osteoporosis is associated with
fractures, which lead to morbidity and mortality, particularly
in the developed countries (3,4). Children with type 1 diabetes
(T1D) have a 5-21% loss of bone mass, and clinical surveys
indicated that patients with DM have a high risk of suffering
fractures, including hip, vertebral and tibia fractures, due to
insufficient bone mineral density (BMD) (5-8). Lower BMD
was reported to be caused by hyperglycemia in patients with
T1D (9). High glucose (HG) and MC3T3-El cells have been
used as an in vitro model to investigate the effects of DM on
bone (10,11).

P2X purinoceptor 7 (P2X7) is a member of the P2X
receptor family, a group of trimeric ligand-gated ion chan-
nels (12). The P2X receptors are assembled from seven possible
subunits (P2X1-7) (13,14). Extracellular ATP activates P2X
family receptors to regulate the passage of Na*, Ca** and other
cations (15). P2X subunits share similar membrane topology:
Intracellular N- and C-termini, two membrane-spanning
domains, and an extracellular loop containing an ATP binding
site (16,17). P2X7 is involved in various physiological and
pathophysiological processes, including activation of the
inflammasome and inflammatory factors (18), stimulation of
metalloproteases (19), and the generation of reactive oxygen
and nitrogen species (20). Previous studies reported that
P2X7 may be a susceptibility gene in non-obese diabetic
mice (21,22). P2X7 has also been reported to be involved in
the development of diabetic complications; Portillo et al (23)
found that P2X7 was involved in diabetic retinopathy. The
part purinergic system reactivity of P2X7 was identified to
be involved in the pathogenesis of diabetic nephropathy, and
antagonizing the P2X7 receptor may alleviate kidney damage
caused by diabetes (24). Wesselius et al (25) demonstrated
that the aberrant function of P2X7 was associated with a low
BMD and an increased risk of osteoporosis. P2X7 has been
reported to regulate osteoblast activity by potentiating the
Wnt/B-catenin pathway (26). Therefore, the aim of the present
study was to investigate the effect of P2X7 on HG-induced
pre-osteoblastic MC3T3-El cells.

Materials and methods
Cell culture. MC-3T3-El cells, derived from the bone of a

newborn mouse, were purchased from The American Type
Culture Collection. MC-3T3-E1 cells were cultured with
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oMEM (Gibco; Thermo Fisher Scientific, Inc.), supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.),
100 u/ml penicillin and 100 pg/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc.), in an incubator with 5% CO,
at 37°C. For the HG group, the dose of 30 mmol/l glucose was
selected; since aMEM already contains 5.5 mmol/l D-glucose,
the media was supplemented with 24.5 mmol/l D-glucose
powder (Gibco; Thermo Fisher Scientific, Inc.) in order to
generate the HG conditions. For the mannitol (Man) group,
which acted as a control for osmotic pressure, an equal amount
of mannitol, 24.5 mmol/l, was added to aMEM containing
5.5 mmol/l D-glucose. The cells were cultured for 48 h with
0,1,2,5, 10,20 uM Brilliant blue G (BBG; Shanghai Aladdin
Bio-Chem Technology., Co., Ltd.).

Reagents. The P2X7 agonist (4-benzoyl-benzoyl)-ATP
(BzATP) (27) was purchased from MedChemExpress. The
P2X7 antagonist BBG (28) was obtained from Aladdin. Cells
were stimulated with BZATP (300 xM) or BBG (10 yM) at a
final concentration 300 or 10 #M for 2 h at room temperature.
Application of PBS was used as the control.

Cell transfection. Cells were seeded in 35 mm plates 24 h
prior to transfection experiments. Then, 50 nmol of P2X7
and mock (empty vector) plasmids were purchased from
Cobioer Biosciences Co., Ltd. Lipofectamine® (Invitrogen;
Thermo Fisher Scientific, Inc.) was diluted in Opti-MEM
(Invitrogen; Thermo Fisher Scientific, Inc.). The plasmids
and Lipofectamine® solution were added to tubes containing
FBS-free oMEM. The mixed solution was added to the cells
for 2 h, after which the medium was removed and replaced
with fresh complete culture medium. The cells were cultured
for a further 24 or 48 h.

Cell viability. MTT was used to determine the levels of cell
viability. MTT was dissolved in PBS to a concentration of
5 mg/ml. The cells (5x10%) were seeded in 96-well plates
for 24 h in a 5% CO, incubator at 37°C. After the cells were
treated for 24 or 48 h, the culture medium was removed. MTT
solution (5 mg/ml) was diluted to a concentration of 0.5 mg/ml
with FBS-free aMEM. MTT working solution (200 ul) was
added to each well and incubated for 2 h in a 5% CO, incu-
bator at 37°C. The MTT working solution was discarded, and
100 p1 DMSO was added to each well for 10 min at 37°C. The
absorbance was determined using a microplate reader at a
wavelength of 570 nm.

Colorimetric assay for alkaline phosphatase (ALP). After the
cells had been treated with the reagents as aforementioned for
48 h, protein was extracted using cell lysis buffer (Thermo
Fisher Scientific, Inc.) on ice, followed by centrifugation
at 20,000 x g for 15 min at 4°C. The concentration of total
protein was determined using the bicinchoninic acid (BCA)
method. A nitrophenyl phosphate kit (Beijing Leagene Biotech
Co., Ltd.) was used to determine ALP activity, according to
the manufacturer's instructions. The absorbance was detected
using a spectrophotometer at a wavelength of 405 nm.

Alizarin Red S assay. The cells (2x10* cells/cm?) were seeded
in 6-well plates and treated for 48 h, as aforementioned. The
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cells were cultured using complete culture medium supple-
mented with vitamin C (50 pg/ml; Sigma-Aldrich; Merck
KGaA) and B-phosphoglycerol (10 mmol/l; Sigma-Aldrich;
Merck KGaA) for 20 days. After removing the medium,
PBS was used to wash the cells three times. The cells were
fixed using 0.05% glutaraldehyde in H,O for 10 min at room
temperature and washed three times with PBS. Alizarin Red S
solution (0.4%; Beijing Solarbio Science and Technology Co.,
Ltd.) was used to stain the cells for 5 min at room temperature.
After washing with PBS, images of the cells were captured
using a light microscope (magnification, x200; Olympus
Corporation).

Western blot analysis. Total protein was extracted from
MC-3T3-El cells using cell lysis as aforementioned, and the
concentration was determined using the BCA method. A protein
ladder (Thermo Fisher Scientific, Inc.) and (20 ug/lane) protein
samples were separated using 10% SDS-PAGE. The proteins
were transferred to PVDF membranes, which were blocked
with 5% BSA for 2 h at room temperature. The following
primary antibodies were incubated with the membranes
overnight at 4°C: P2X7 (cat. no. ab109054; 1:1,000; Abcam)
and pB-actin (cat. no. ab8227; 1:1,000; Abcam). The membranes
were washed three times with TBS with 0.05% Tween-20
(TBST), incubated with a horseradish peroxidase-conjugated
anti-rabbit secondary antibody (cat. no. ab7090; 1:1,000;
Abcam) at room temperature for 2 h, and then washed three
times with TBST. Protein bands were visualized using ECL
(Thermo Fisher Scientific, Inc.). An E-gel imager (Thermo
Fisher Scientific, Inc.) was used to capture images and ImageJ
(version 1.8, National Institutes of Health) was used for densi-
tometry analysis.

Reverse transcription-quantitative PCR (RT-qgPCR). Total
RNA was extracted from MC-3T3-El cells using TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc.), followed by
centrifugation for 10 min at 16,000 x g at 4°C. Total RNA
was dissolved in ddH20 and a spectrophotometer was used
to detect the RNA concentration at a wavelength of 260 nm.
Total RNA was reverse transcribed using a cDNA reverse
transcription kit (High-Capacity cDNA reverse transcrip-
tion kit, Applied Biosystems; Thermo Fisher Scientific,
Inc.) at 42°C for 15 min and 95°C for 3 min. RT-qPCR was
conducted on ABI 7500 Real-time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.) using SYBR
green (Invitrogen; Thermo Fisher Scientific, Inc.). The
following primers were used for qPCR: P2X7 forward,
5'-CTTCGGCGTGCGTTTTG-3' and reverse, 5'-AGGACA
GGGTGGATCCAATG-3"; ALP forward, 5-CAGTGGTAT
TGTAGGTGCTGTG-3' and reverse, S-TTTCTGCTTGAG
GTTGAGGTTAC-3'; osteocalcin (Ocn) forward, 5'-GGC
GTCCTGGAAGCCAATGTG-3' and reverse, 5'-GACCAG
GAGGACCAGGAAGTCCACGT-3'; and B-actin forward,
5'-AGCAGAGAATGGAAAGTCAAA-3" and reverse,
5'-ATGCTGCTTACATGTCTCGAT-3". The conditions
of the qPCR were as follows: 95°C for 1 min, followed by
40 cycles of 95°C for 30 sec, 62°C for 60 sec and 72°C for
30 sec, with a final extension at 72°C for 90 sec. The rela-
tive mRNA expression levels were analyzed using the 2-44¢4
method (29).
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Figure 1. HG inhibits MC3T3-El1 cell proliferation and P2X7 expression. (A) MC3T3-El cells were cultured with medium containing 15, 30 or 50 mmol/1
D-glucose for 24 or 48 h. Cell viability was then assessed by MTT assay. (B) MC3T3-El cells were cultured with medium containing 30 mmol/l D-glucose
or 24.5 mmol/l Man for 24 or 48 h. MTT assay was then used to determine cell viability. (C) mRNA expression levels of P2X7 were determined by reverse
transcription-quantitative PCR. (D) P2X7 protein expression levels were determined by western blot analysis. (E) Quantification of western blot analysis. Data are
presented as the mean + SD. “P<0.05 and “P<0.001 vs. Con group. HG, high glucose; P2X7, P2X purinoceptor 7; Man, mannitol; Con, control; OD, optical density.

Statistical analysis. Data are presented as the mean + SD
from three independent experiments and were analyzed using
one-way ANOVA followed by Turkey's multiple comparison
test. Data were analyzed using SPSS 21.0 (IBM Corp.).
P<0.05 was considered to indicate a statistically significant
difference.

Results

HG reduces MC-3T3-EI proliferation and the expression of
P2X. Stimulation with 30 and 50 mmol/l glucose significantly
inhibited the proliferation of MC-3T3-El cells (Fig. 1A);
therefore, the dose of 30 mmol/l glucose was selected as HG
conditions to treat MC-3T3-El cells in the subsequent experi-
ments. To control for the effect of osmotic pressure, Man was
used as a control group (Fig. 1B). The osmotic pressure created
by Man, that would be equivalent to the HG conditions, did not
affect cell proliferation (Fig. 1B). Furthermore, HG was found
to inhibit the expression of P2X7, both at the mRNA and the
protein level (Fig. 1C-E).

HG inhibits calcification and the levels of ALP and Ocn in
MC-3T3-EI cells. Next, the present study investigated whether
HG affected calcification, and the expression levels of ALP
and Ocn. The results indicated that HG stimulation downregu-
lated the mRNA expression levels of ALP and Ocn (Fig. 2F).
In addition, the Alizarin Red S staining in the HG group was
markedly lighter compared with the control group (Fig. 2G),
which suggested that HG stimulation resulted in reduced calci-
fication in MC-3T3-E1 cells.

Overexpression of P2X7 increases calcification, proliferation
and the levels of ALP and Ocn expression in MC-3T3-EI cells
under HG conditions. First, successful P2X7 overexpression
was confirmed, both at the mRNA and the protein level, in

MC-3T3-El cells (Fig. 2C-E). Overexpression of P2X7 had
no significant promotion effect on the cell proliferation of
MC-3T3-El cells under HG conditions (Fig. 2A). In addition,
P2X7 overexpression enhanced ALP activity and upregulated
the expression of ALP, under both normal glucose or HG condi-
tions (Fig. 2B and F). P2X7 overexpression also increased the
mRNA expression levels of Ocn, under both normal glucose or
HG conditions (Fig. 2F). The Alizarin Red S staining analysis
revealed no difference between the P2X7 overexpression
group and the control group; however, the HG+P2X7 group
had a darker Alizarin Red S staining than the HG alone group
(Fig. 2G), suggesting that P2X7 overexpression improved
calcification in MC-3T3-EI cells.

Inhibition of P2X7 reduces the levels of ALP and Ocn in
MC-3T3-EI cells under HG conditions. To investigate the
effect of P2X7 on MC-3T3-El cells in HG conditions, the
P2X7 antagonist BBG was used. The results demonstrated
that 10 xuM BBG had no significant effect on cell viability
(Fig. 3A). BBG treatment (10 #M) inhibited the activity of
ALP (Fig. 3B), the mRNA and protein expression of P2X7
(Fig. 3C-E), and the mRNA expression levels of ALP and
Ocn (Fig. 3F). By contrast, overexpression of P2X7 partially
reversed the effects of BBG on above the gene expression with
or without HG treatment (Fig. 3C and F).

Activation of P2X7 increases the expression of ALP and Ocn
in MC-3T3-EI cells under HG conditions. To further investi-
gate the role of P2X7, cells were treated with the P2X7 agonist
BzATP. BZATP treatment promoted ALP activity (Fig. 4A)
and upregulated the expression of ALP and Ocn (Fig. 4E).
Overexpression of P2X7 increased the effects of BZATP
(Fig. 4A-E). BZATP in combination with the overexpression
of P2X7 promoted ALP activity and further upregulated the
expression of ALP and Ocn in the HG group.
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Figure 2. Effects of HG and P2X7 on calcification and the expression levels of ALP and Ocn in MC3T3-E1 cells. MC3T3-El cells were transfected with
mock or P2X7-overexpressing plasmids, under normal or HG (30 mmol/1) conditions. (A) After 24 or 48 h of treatments, MTT assay was used to determine
cell viability. (B) After treatments as indicated for 8 h, a nitrophenyl phosphate kit was used to determine ALP activity. (C) After treatments as indicated for
48 h, mRNA expression levels of P2X7 were determined by RT-qPCR. (D) After treatments for 48 h, P2X7 protein expression levels were determined by
western blot analysis. (E) Quantification of the western blot analysis. (F) After treatments as indicated for 48 h, mRNA expression levels of ALP and Ocn were
determined by RT-qPCR. (G) Alizarin Red S staining was used to assess calcification in the MC3T3-El cells. Data are presented as the mean + SD. "P<0.05
and “P<0.001 vs. Con; "P<0.05 and “'P<0.001 vs. HG. HG, high glucose; P2X7, P2X purinoceptor 7; ALP, alkaline phosphatase; Ocn, osteocalcin; RT-qPCR,

reverse transcription-quantitative PCR; Con, control.

Discussion

The present study demonstrated that HG stimulation caused
damage to osteogenic MC3T3-El cells, with the damage
becoming more serious if glucose at a high concentration was
used to treat MC3T3-El cells for an extended period of time.
HG resulted in the reduced expression of P2X7 in osteogenic
MC3T3-E1 cells.

ALP is a plasma membrane-bound glycoprotein (30). The
mammalian ALP is a zinc-containing metalloenzyme encoded
for by a multigene family. ALP is expressed in the placenta,
intestine, liver, kidneys and bone (30). Romagnoli et al (31)
reported that the expression of ALP in bones is useful in clin-
ical practice. ALP can be used as a marker to assess osteoblast
activity and decreased serum ALP activity reduces osteogen-
esis (32,33). In the present study, HG stimulation decreased the
activity and expression of ALP, suggesting that HG reduced
osteogenesis. Furthermore, HG inhibited the calcification of
osteoblasts. However, overexpression of P2X7 in osteogenic
MC3T3-El cells attenuated the effects of HG and promoted
osteogenesis and calcification. A previous study has found that
osteoblasts regulated glucose homeostasis, which is an aspect

of energy metabolism, by conducting studies on an animal
model and conducting cell biology experiments (34). Another
previous study demonstrated that osteoblasts stimulate
insulin secretion and that this function was regulated by Ocn,
suggesting that osteoblasts act as endocrine cells (35). Genetic
evidence from mice suggest that G-protein coupled receptor
family (GPRC6A) is important for Ocn in regulating insulin
secretion and expression (36). GPRC6A is a master regulator
of complex endocrine networks and metabolic processes,
including insulin, bone, liver metabolism and fat metabolism,
and immune function (37). In the present study, HG stimula-
tion decreased the expression of Ocn, with the overexpression
of P2X7 in osteogenic MC3T3-El cells increasing Ocn expres-
sion under HG conditions, indicating that HG may attenuate
the ability of osteoblasts to secrete insulin and that the overex-
pression of P2X7 may improve insulin secretion.

To further analyze the role of P2X7 in osteoblasts under
HG conditions, BBG and BzATP were used to antagonize
and activate P2X7 function, respectively. The present results
demonstrated that overexpression of P2X7 promoted the differ-
entiation of MC3T3-El. BBG had no significant effect on cell
viability, indicating that BBG had no obvious toxicity to cells.
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Figure 3. BBG inhibits the expressions of P2X7, ALP and Ocn in MC3T3-El cells under HG conditions. BBG (10 ymol/1), P2X7 overexpression, mock or their
combination were used to treat MC3T3-EI cells for 48 h under normal or HG (30 mmol/l) conditions. (A) MTT was used to determine cell viability at different
BBG concentrations. (B) A nitrophenyl phosphate kit was used to determine ALP activity. (C) mRNA expression levels of P2X7 were determined by RT-qPCR.
(D) P2X7 protein expression levels were analyzed by western blot analysis. (E) Quantification of the western blot analysis. (F) mRNA expression levels of
ALP and Ocn were determined by RT-qPCR. Data are presented as the mean + SD. "P<0.05 vs. 0 ymol/l BBG; “P<0.05 and **P<0.001 vs. Mock; *P<0.001
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Figure 4. BZATP promotes the expression of P2X7, ALP and Ocn in MC3T3-El cells under HG conditions. BZATP (300 ymol/l), P2X7 overexpression, mock or
their combination were used to treat MC3T3-El1 cells for 48 h under normal or HG (30 mmol/l) conditions. (A) A nitrophenyl phosphate kit was used to determine
ALP activity. (B) mRNA expression levels of P2X7 were determined by RT-qPCR. (C) P2X7 protein expression levels were determined by western blot analysis.
(D) Quantification of the western blot analysis. (E) mRNA expression levels of ALP and Ocn were determined by RT-qPCR. Data are presented as the mean + SD.
1P<0.05 vs. Mock; “P<0.001 vs. HG+Mock; “P<0.001 vs. BZATP+Mock; *P<0.05 and #P<0.001 vs. BZATP+HG+Mock. BzATP, (4-benzoyl-benzoyl)-ATP; P2X7,
P2X purinoceptor 7; ALP, alkaline phosphatase; Ocn, osteocalcin; HG, high glucose; RT-qPCR, reverse transcription-quantitative PCR; Con, control.
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In addition, BBG and BzATP participated in the differentiation
of osteoblast MC3T3-El by regulating the function of P2X7.
In addition, the overexpression of P2X7 partially reversed the
effects of BBG with or without HG treatment. Wu et al (38) used
a hyperglycemic mice model to investigate the effect of HG on
bone formation and bone resorption. Nicke ef al (39) describe
a novel P2X7 isoform with distinct functional properties that
contributes to the diversity of P2X7 receptor signaling. In the
present study, it was demonstrated that HG caused damage
to osteogenic MC3T3-El cells and that the overexpression of
P2X7 increased osteogenic differentiation and proliferation
of MC3T3-El cells. It was also found that inhibiting P2X7
decreased osteogenesis under HG conditions. Therefore, the
findings of the present study suggested that P2X7 may be a
regulator of the action of HG on osteogenic MC3T3-El cells.
Future studies will be required to provide a more in-depth vali-
dation experiments of P2X7 in osteoblasts under HG conditions.

In conclusion, the present study indicated that HG
stimulation inhibited the proliferation and differentiation of
osteoblasts by downregulating the expression of P2X7, and
that activating P2X7 could significantly improve the function
of osteoblasts under HG conditions. However, the role of P2X7
in insulin and glucose metabolism requires further investiga-
tion, since the present study did not examine the relationship
between P2X7 and GPRC6A. In addition, the culture of cells
in HG conditions could affect cell viability, which may also
affect osteoblast differentiation.
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