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Abstract
The objective of this study was to identify the differences between osteoblasts derived from normal adult rat mandibles

and osteoporotic adult rats. An osteoporotic animal model was established by performing a bilateral ovariectomy (ovx

group). The proliferation and differentiation abilities of osteoblasts were determined by MTT (3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyl-2H-tetrazolium bromide), alkaline phosphatase (ALP) and osteocalcin release (OC) assays. Transmission

electron microscopy (TEM) was performed to assess differences in the ultrastructure. Proliferating cell nuclear antigen

(PCNA) and uncoupling protein 2 (UCP2) protein concentrations were analyzed by Western blot. In addition, UCP2 protein

in osteoblasts was assessed by immunohistochemistry staining. ATP and reactive oxygen species (ROS) concentrations

were analyzed separately with ATP and ROS quantification kits. At four and 12 weeks after the operation, osteoblasts of

the ovx group showed earlier attachment, fewer dead cells and faster growth compared with cells in the sham group. TEM

showed that osteoblasts of the ovx group had fewer folds, lysosomes, peroxisomes and less rough endoplasmic

reticulum. The results of the MTT, ALP activity and OC assays were all higher in osteoblasts from the ovx group at four or

12 weeks postsurgery than osteoblasts from the sham group. PCNA protein concentrations in the ovx group increased

significantly compared with those of the sham group at four or 12 weeks after the operation, but UCP2 concentrations

decreased over the same time period. UCP2 immunohistochemical staining of osteoblasts showed that the protein was

concentrated in the cytoplasm and that the osteoblasts from the sham group had higher expression than those from the

ovx group. The ATP and ROS concentrations of the ovx groups were significantly higher than the sham groups at four or

12 weeks postsurgery. Therefore, we concluded that there are differences in cell ultrastructure, proliferation, differentiation,

ATP and ROS concentrations, and PCNA and UCP2 protein expression levels in osteoblasts from the mandibles of rats of

the ovx group compared with those from the sham group.
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Introduction

Estrogen deficiency typically occurs in women during post-
menopause and has been shown to be effective in accelerat-
ing the bone re-modeling process, which usually results in
higher levels of bone resorption than bone formation (osteo-
porosis).1 Osteoporosis is a condition of decreased bone
mass and increased susceptibility to fractures, and rep-
resents the most common systemic metabolic bone
disease.2 Although the effects of osteoporosis on decreased
bone quality and increased risk of fracture of long bones
and vertebra are well established, the effects on jaw bone
are less understood. Bones of the jaw contain teeth and

therefore are arguably more complex than other bones.
The functional demands of mastication on alveolar bones
increase the complexity of both the structural makeup and
subsequent mechanical properties. Interestingly, some
reports have shown that osteoporosis is closely related to
the loss of jaw bone, periodontal disease, tooth loss and
implantation.3,4

Osteoporosis is characterized by an imbalance between
the activity of osteoblasts, which are the bone-forming
cells, and the osteoclasts, which are the cells that resorb
the bone tissue.5 Osteoporosis is regulated by controlling
the number and activity of osteoblasts, so in order to fully
understand this process, it is necessary to study changes
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in cell function and microstructure. Mitochondria are the
fundamental organelles of cellular energy metabolism. The
changes in mitochondrial function and number play impor-
tant roles in proliferation and differentiation of osteo-
blasts.6,7 It has been shown that over 90% of oxygen
molecules are consumed by mitochondria in vivo, which
generates ATP to meet energy needs of the body, as well
as used as reactive oxygen species (ROS). Although ATP
secretion has been well characterized with regards to osteo-
blast proliferation,8 little is known about the molecular
mechanisms of ATP regulation in osteoblasts under osteo-
porotic conditions. Epidemiological evidence in humans
and recent mechanistic studies in rodents have indicated
that ROS greatly influence the generation and survival of
osteoblasts. Moreover, recent data have shown that ROS,
such as H2O2-generated superoxide anions, are able to influ-
ence osteoblastic differentiation.9 The uncoupling protein 2
(UCP2) was discovered in 1997 on the mitochondrial mem-
brane and is widely distributed in a variety of tissues and
organs of humans and rodents. As a proton transport
protein, UCP2 allows protons to directly enter the mitochon-
drial matrix without involvement in ATP synthesis.10 This
process also reduces ROS production due to the reduction
of the proton gradient and electron leakage.11 However,
the presence of UCP2 in the bone or osteoblasts has not
been reported, and no study to date has examined the
roles of UCP2, ATP and ROS together in osteoporosis.

The study of osteoblasts in vitro eliminates a number of
influential factors that are present in vivo, and therefore
this method can provide very valuable experimental data
for bone metabolism. However, several previous studies of
osteoporotic mechanisms were restricted to normal bone
cells from the calvarial or femur bones.12,13 Due to the
unique anatomy, location and function of the mandible,
characterizing osteoblasts that are derived from the osteo-
porotic mandible may provide an important study approach
for osteoporotic jaws. Therefore, this study compared osteo-
blasts obtained from the mandibles of osteoporotic rats with
osteoblasts obtained from the mandibles of normal rats in
order to assess proliferation, differentiation and related
protein expression. We also established an in vitro method
for culturing mandible osteoblasts isolated from osteoporo-
tic rats, which represent cells that are potentially the origin
for osteoporosis in the jaw and an important focus of oral
medicine.

Materials and methods

Establishment of the animal model

All animal experiments were approved by our Institutional
Animal Care and Use Committee. Twenty-three-month-old
female Sprague–Dawley (SD) rats (Experimental Animal
Center of Military Medical Sciences, Beijing, China) weigh-
ing approximately 300 g were randomly divided into two
equal groups. Group 1 served as a control (sham), and a
small piece of fatty tissue near the ovary was removed
from the rats of this group. For Group 2, we performed bilat-
eral ovariectomy on the rats, which served as an osteoporo-
tic animal model based on a previously established method.

Measurement of bone mineral density and serum
estradiol concentrations

SD rats were anesthetized with 1% pentobarbital and
measured with a DEXA scanner (GE Lunar Prodigy, GE
Healthcare, Madison, WI, USA). To measure the lumbar
spine and femoral bone mineral density (BMD), the rats
were placed in the prone position on the DEXA plate and
the X-ray tube was aligned along the longitudinal axis at
the midpoint of the body. The mandibular BMD was
measured when the rats were in the lateral position. The
BMD value was determined using small animal analysis
software (Prodigy enCORE software version 10.50.086, GE
Lunar Prodigy; GE Healthcare). The coefficient of variation
for the BMD of the lumbar spine, femoral and mandible was
0.83, 0.65 and 1.27%, respectively.

Retinal artery blood from rats was incubated at room
temperature for 30 min and then centrifuged at 3000 rpm
for 10 min. The upper serum was then removed and
stored at 2808C for future measurement. Estradiol (E2) con-
centrations in the serum were measured using an estradiol
radioimmunoassay kit (North Bio Tech, Beijing, China).

Hematoxylin and eosin staining of mandibular bone

Mandibular tissue specimens from SD rats at four and 12
weeks after the operation were fixed with 10% formal-
dehyde, decalcified with 10% ethylenediaminetetraacetic
acid, dehydrated with graded alcohol and embedded in par-
affin. The specimens were serially cut into 5 mm thick sec-
tions in the mesial and distal direction of the teeth and
then stained with hematoxylin and eosin (H&E). The sec-
tions were observed under an optical microscope.

Osteoblast isolation, culture and expansion in medium

At four, 12 and 20 weeks after the operation, the rats from
the two groups were euthanized under general anesthesia
and soaked in 75% ethanol for five minutes. The mandibles
of the rats were then removed under sterile conditions,
rinsed in 75% ethanol for 5–10 s, immersed in 5.25%
NaClO for one minute and washed three times with
phosphate-buffered saline (PBS). The muscles and fascia
were then completely stripped and the teeth were
removed. The mandible was cut into 2 mm � 2 mm bone
slices and the bone slices were washed with PBS to
remove residual blood. Osteoblasts were isolated by incu-
bation with trypsin.

Alkaline phosphatase staining

Osteoblasts were seeded on coverslips at an inoculation
density of 1 � 104 cells/mL in six-well plates and fixed
with 95% ethanol for 10 min after culturing the cells for
24 h in order to make cell-climbing slices. The coverslips
were incubated with a solution containing 5 mL 2% pento-
barbital sodium, 5 mL 3% b-glycerophosphate, 10 mL 2%
calcium nitrate, 5 mL 2% magnesium sulfate and 25 mL dis-
tilled water for four hours at 378C. The coverslips were then
washed with distilled water and placed in a solution of 2%
calcium nitrate and cobalt nitrate for two minutes. They
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were then washed with distilled water and placed in 1%
ammonium sulfate for one minute. Finally, the slices were
completely washed with tap water, dehydrated with
alcohol, made transparent with xylene and sealed with resin.

Alizarin red S staining of calcium tubercles

Osteoblasts were seeded on coverslips at an inoculation
density of 1 � 105 cells/mL in six-well plates and fixed
with 95% ethanol for 10 min after culturing the cells for
24 d in order to make cell-climbing slices. The slices were
then rinsed with PBS and fixed with acetone. Calcium
tubercles were stained for one minute with 20 mL of 1%
Alizarin red S and washed twice with 1 mL of distilled
water per wash. Calcium tubercles were then observed
and identified by light microscopy.

Collagen I staining of osteoblasts

Osteoblasts were seeded on coverslips and cultured. The cells
were then fixed with 95% ethanol and washed with PBS. One
drop of iron hematoxylin was placed on the coverslips for
five minutes and the coverslips were washed with PBS
three times. The coverslips were washed with tap water for
10 min and dyed by incubation with picric acid fuchsin for
five minutes. After rapid differentiation with 95% ethanol
and treatment with xylene to make the cells transparent,
the coverslips were observed under an inverted microscope.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide assay

Cell proliferation was determined by the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazolium bromide)
assay. Briefly, osteoblasts from the ovx and sham groups at
four and 12 weeks postsurgery were inoculated in a
96-well plate (1 � 104 cells/well; 200 mL per well) and
grown for 72 h at 5% CO2 and 378C. The MTT solution
(20 mL) was added in each well and incubated at 378C for
four hours. After the formation of formazan crystals, MTT
medium was aspirated and replaced with dimethyl sulfoxide
to dissolve the formazan crystals. The plates were read on an
enzyme-linked immunosorbent detector (ELx800 UV-type;
Bio-Tek, Winooski, VT, USA) at a wavelength of 490 nm.

Intracellular and media activity of alkaline phoshatase
and protein assay

Fourth generation osteoblasts from the ovx and sham groups
at four and 12 weeks postsurgery were seeded in six wells
each of a 12-well plate (1 � 105 cells/well; 1 mL per well)
and grown for three days at 5% CO2 and 378C. The cells
were then washed with PBS and lysed in 300 mL of 0.1%
Triton X-100 overnight at 48C. The lysates (50 mL) were trans-
ferred to another 96-well plate and 50 mL of 4.5 mmol/L
para-nitrophenylphosphate was added. The plate was then
incubated at 378C for an additional 30 min. To terminate
the reaction, 50 mL of 0.1 mol/L NaOH was added to each
well. The optical density for the enzyme products was
measured at a wavelength of 405 nm. A protein assay

(Bicinchoninic acid [BCA] Protein Assay Kit; Boster,
Wuhan, China) was used to normalize protein.

Osteocalcin assay

Osteoblasts were seeded in a 12-well plate (1 � 105 cells/
well; 1 mL per well) and cultured for three days. The cell
culture medium was then collected and the content in the
culture medium was detected using an automatic electro-
chemiluminescence immunoassay (Cobas E601; Roche,
Basel, Switzerland).

Transmission electron microscopy of osteoblasts

Osteoblasts from the ovx group at 12 weeks postsurgery
were collected, re-suspended at a concentration of 2 �
107 cells/mL and washed with PBS (pH 7.4) two times.
The osteoblasts were then centrifuged for five minutes at
1500 rpm. The cell mass was fixed with 1.5% glutaralde-
hyde for four hours followed by incubation in 1% oxide
osmium for one hour. After the cell mass was dehydrated
with an acetone gradient, the cell mass was impregnated
and embedded in epoxy resin, sliced to a 50 nm thickness
and double-stained with uranyl acetate and lead citrate.
The osteoblasts were then observed by transmission electron
microscopy TEM (JEM 100CX-II; JEOL, Tokyo, Japan).

UCP2 immunohistochemistry

Osteoblasts from the sham and ovx groups were seeded on
slides (2.4 cm � 2.4 cm) at 1 � 105 cells/mL. After 24 h, the
slides were fixed with 95% ethanol and detected using
the Strept-Avidin-Biotin Complex (SABC) immunohisto-
chemistry method (Boster). Briefly, the slides were washed
with PBS (5 min � 3 times), incubated with 0.1%
TritonX-100 for 20 min at room temperature and washed
again with PBS (5 min � 3 times). A 5% BSA blocking sol-
ution was then incubated with the slides for 20 min at
room temperature. The excess liquid was removed and the
appropriate primary antibody (diluted 1:100; Boster) was
incubated with the slides overnight at 48C. The next day,
the slides were washed with PBS (5 min � 3 times), incu-
bated with secondary antibody (Boster) for 60 min and
washed with PBS again. The SABC reagents were then
added and the slides were incubated for an additional
20 min at 378C. After the incubation, the slides were
washed four times with PBS (5 min for each wash). The
slides were then colored with a mixture of reagents A, B
and C from the 3, 30-diaminobenzidine tetrahydrochloride
(DAB) color kit (Boster) together with 1 mL distilled
water. The reaction time was controlled by observation
under the microscope. Distilled water was used to wash
the slides and stop the reaction. Finally, the slides were
dehydrated, made transparent and mounted.

Western blot

Osteoblasts were washed with PBS three times and directly
lysed. The plate was gently shaken for 15 min on ice. The
osteoblasts in each well of the plate were scraped with a cell
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scraper, collected in 1.5 mL Eppendorf tubes and centrifuged
at 12,000 g for 15 min at 48C. The supernatants were normal-
ized to contain equal amounts of protein (30 mg), separated by
8% sodium dodecyl sulfate polyacrylamide gel electrophor-
esis and electro-transferred to 0.45 mm polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA).
Following the transfer, the membranes were blocked with a
solution of 0.1% Tris-buffered saline-Tween (TBS-T) wash
buffer (containing 5% non-fat milk, pH 7.4) overnight at 48C
and then incubated with primary antibody (rabbit anti-rat
UCP2, final dilution 1:300; mouse anti-rat proliferating cell
nuclear antigen [PCNA], final dilution 1:400; anti-b-actin,
final dilution 1:2000; Boster) for two hours at 378C. The mem-
branes were then washed with TBS-T solution (10 min � 3
times) and horseradish peroxidase-labeled goat anti-rabbit
IgG and goat anti-mouse IgG were added (final dilution
1:2000) and incubated for one hour at 378C. After the second-
ary incubation, the membranes were washed with TBS-T
(10 min � 3 times) and the membranes were placed in chemi-
luminescence substrate and incubated for five minutes at
room temperature with rapid shaking. The membranes
were subsequently exposed for two minutes to film.

For analysis, the blots were scanned and quantified using
Quantity One analysis software (Bio-Rad, Hercules, CA,
USA). The results were expressed as a percentage of
b-actin immunoreactivity.

ATP quantification

ATP concentrations in osteoblasts were measured with the
ATP assay kit (Beyotime, Nantong, China) according to
the manufacturer’s instructions. Briefly, osteoblasts were
seeded in six-well plates at 3 � 105 cells/mL and cultured
for 24 h to reach 80% confluence. The osteoblasts were
lysed in the same plate for 10 min using the reagent pro-
vided in the kit. After lysis, the mixtures were centrifuged
at 12,000 g for 10 min at 48C while the ATP detection
working solution was incubated in opaque-walled, 96-well
plates for five minutes to reduce the background of ATP.
The supernatant of the samples was then transferred into
opaque-walled, 96-well plates for two seconds and lumines-
cence was immediately measured with a versatile fluor-
escent light analyzer (FLUOstar Omega; BMG Labtech,
Offenburg, Germany) at a 562 nm wavelength. The ATP
concentration was calculated based on a standard curve
generated from the ATP standard solution that was pro-
vided with the ATP assay kit. Protein content was measured
with the BCA protein assay kit (Beyotime).

Osteoblast ROS quantification

Intracellular ROS concentrations were analyzed with the
Reactive Oxygen Species assay kit (Beyotime) using
20,70-dichlorodihydrofluorescin diacetate (DCFH-DA).
Briefly, osteoblasts were seeded in six-well plates at a
density of 1 � 106 cells/mL and cultured for 24 h to reach
80% confluence. The cells were then washed twice with
PBS and the DCFH-DA probe diluted with serum-free
culture medium (1:1000 dilution) was added to the plates.
The osteoblasts were incubated for an additional 20 min at

378C with 5% CO2. Each well was washed with serum-free
cell culture medium three times to fully remove the remain-
ing DCFH-DA, placed in centrifuge tubes and centrifuged at
800 rpm for six minutes. The cells were washed with PBS
and re-suspended in 0.3 mL PBS. From this suspension,
0.2 mL of solution containing cells was transferred to a
96-well plate and the fluorescence was measured with a ver-
satile fluorescent light analyzer (FLUOstar Omega; BMG
Labtech) at an excitation/emission wavelength of 488/
525 nm. The mean fluorescence values of DCFH-
DA-loaded cells were corrected by subtracting the auto-
fluorescence background.

Statistical analysis

The results were expressed as mean+ standard deviation.
Statistical analysis was performed by analysis of variance,
followed by adequate subtests when statistical significance
was reached. A P value equal to or less than 0.05 was con-
sidered significant.

Results

The establishment of osteoporosis in a rat model

We first compared the BMD and serum estradiol concen-
trations of rats in the sham and ovx groups and found
that the BMD of the lumbar spine and femur from rats of
the ovx group decreased significantly (P , 0.05) compared
with the sham group 12 weeks after the operation
(Table 1). These results suggested that the rats from the
ovx group were osteoporotic at 12 weeks postsurgery. In
addition, there was a decreasing trend in BMD of the rat
mandibles in the ovx group 12 weeks after the operation,
but the results were not significant (P . 0.05). There were
no significant differences in estradiol concentrations
between the sham and ovx groups before the operation.
At the same time point after surgery, serum estradiol con-
centrations of rats in the ovx group were significantly
lower than the sham group (P , 0.05), indicating that we
successfully established a rat model of osteoporosis.

H&E staining of tissue sections

H&E staining of tissue around the apical area of teeth at
different time points is shown in Figure 1. The apical area
of the teeth from rats in the sham group had denser trabecu-
lar bone, and the trabecular space was smaller compared
with teeth from rats in the ovx group. In addition, the trabe-
cular bone at the apical area in the teeth of rats from the ovx
group was reduced, sparsely arranged and the trabecular
separation was widened.

Identification and morphology of osteoblasts by
microscopy

There was no significant difference in the morphology of
osteoblasts between the ovx group and sham group,
which exhibited long spindle-like, triangle and polygon
morphologies (Figure 2a). However, at four and 12 weeks
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after the operation, both the primary and subcultures of
osteoblasts from the ovx group exhibited earlier attachment,
fewer dead cells and faster growth than cells from the sham
group. Twenty weeks after the operation, the osteoblasts
from both the ovx and sham groups grew slowly, did not
passage smoothly and exhibited cell death.

The cells stained well with ALP and showed brown and
black granules that clustered in the cytoplasm (Figure 2b).
In addition, Alizarin red S staining of the osteoblasts
showed the formation of red tubercles (Figure 2c). The col-
lagen I staining showed the deposition of an orange sub-
stance in the osteoblasts (Figure 2d).

Figure 1 The H&E staining of tissue near the apical area of teeth in the mandible at different time points. (a) H&E staining of mandibular tissue sections from the

sham group at four weeks (�100). (b) H&E staining of mandibular tissue sections from the ovx group at four weeks (�100). (c) H&E staining of mandibular tissue

sections from the sham group at 12 weeks (�100). (d) H&E staining of mandibular tissue sections from the ovx group at 12 weeks (�100). (e) H&E staining of

mandibular tissue sections from the sham group at 20 weeks (�100). (f ) H&E staining of mandibular tissue sections from the ovx group at 20 weeks (�100).

H&E, hematoxyline and eosin. (A color version of this figure is available in the online journal)

Table 1 The BMD of the lumbar spine, femoral and mandibular bones and serum estradiol concentration

BMD (g/cm2)

Group Lumbar spine Femoral Mandibular E2 (ng/L)

Sham group (0 weeks) 0.207+0.019 0.261+0.024 0.372+0.024 107.42+12.01

Ovx group (0 weeks) 0.204+0.011 0.267+0.015 0.378+0.033 110.23+15.16

Sham group (4 weeks) 0.242+0.015 0.287+0.015� 0.406+0.013� 103.22+11.25

Ovx group (4 weeks) 0.202+0.028� 0.268+0.010� 0.462+0.018� 67.43+9.28

Sham group (12 weeks) 0.245+0.029 0.314+0.017� 0.414+0.036 96.24+12.31

Ovx group (12 weeks) 0.190+0.029� 0.263+0.022 0.393+0.018 45.19+8.02

Sham group (20 weeks) 0.240+0.023 0.296+0.031� 0.394+0.007 89.15+9.76

Ovx group (20 weeks) 0.213+0.039� 0.272+0.016� 0.389+0.007 38.21+7.39

BMD, bone mineral density; E2, estradiol
�P , 0.05 for the ovx and sham groups compared at the same time point; n ¼ 10
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MTT assay of osteoblasts

The proliferation of osteoblasts from the ovx group at four
and 12 weeks after the operation was significantly faster
than that of the respective rats from the sham group (Figure 3).

ALP activity of osteoblasts

The ALP activity in osteoblasts from the ovx group was sig-
nificantly higher than that in the sham group four weeks
after the operation. Moreover, the difference between the
ovx and sham groups was even greater at 12 weeks postsur-
gery (Figure 4).

Osteocalcin release in cell supernatants

Although the concentration of osteocalcin in the ovx group was
higher than in the sham group, the differences at four weeks
after the operation were not significant (Figure 5). However,
the difference was significant at 12 weeks after the operation.

TEM of osteoblasts

The osteoblasts were mostly flat when observed by TEM
(Figure 6). The nuclei of the cells were polygonal in shape,
had several folds and contained 0, 1 or 2 nucleoli. The cell
surface had many protrusions and microvilli. In addition,
the cytoplasm was rich with mitochondria and rough endo-
plasmic reticulum (Figure 6a). In contrast, the osteoblasts of
the ovx group had fewer folds, lysosomes, peroxisomes and
less rough endoplasmic reticulum (Figure 6b). Moreover,
they had one nucleolus, or in some cases had no nucleoli,
and only rarely had two. These cells also contained more
heterochromatin and mitochondria than the osteoblasts
from the sham group.

PCNA and UCP2 protein expression in osteoblasts

The PCNA protein concentrations in the osteoblasts from
the ovx group increased significantly compared with the
sham group at four or 12 weeks after the operation
(Figure 7). In contrast, the UCP2 protein concentrations in

Figure 2 Observation and staining of osteoblasts: (a) osteoblasts from mandibular tissue (�100); (b) alkaline phosphatase staining of osteoblasts (�100);

(c) Alizarin red S staining of osteoblasts (100 �); and (d) collagen I staining of osteoblasts (�100). (A color version of this figure is available in the online journal)

Figure 3 Proliferation analysis of osteoblasts from the ovx and sham groups (�P , 0.05 for the ovx and sham groups compared at the same time point). MTT,

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; OD, optical density. (A color version of this figure is available in the online journal)
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the osteoblasts from the ovx group were lower than those in
the sham group at the same time points (Figure 8).

Immunohistochemistry staining of UCP2

The UCP2 immunohistochemical staining of osteoblasts was
observed as a yellow color that was concentrated in the
cytoplasm of both groups; however, the signal in the osteo-
blasts from the sham group (Figure 9a) was higher than
those from the ovx group (Figure 9b).

ATP quantification in osteoblasts

ATP concentrations of osteoblasts four and 12 weeks post-
surgery were measured (Figure 10). The ATP concentrations

of cells from the ovx groups were significantly higher
than cells from the sham groups at four and 12 weeks
postsurgery (P , 0.05). The ATP concentration was the
highest in cells from the ovx group at 12 weeks postsurgery
and lowest in cells from the sham group at the same time
point.

ROS quantification in osteoblasts

Non-fluorescent DCFH can be oxidized by intracellular ROS
to generate a fluorescent DCF, and therefore detection of
DCF fluorescence can reflect the level of intracellular ROS.
Four types of osteoblasts from the ovx and sham groups
at four or 12 weeks postsurgery were detected using this
method (Figure 11). There was a significant increase in

Figure 4 ALP activity of osteoblasts from the ovx and sham groups (�P , 0.05 for the ovx and sham groups compared at the same time point). ALP, alkaline

phosphatase. (A color version of this figure is available in the online journal)

Figure 5 A comparison of osteocalcin release in cell supernatants between the ovx and sham groups at the same time point. �P , 0.05. (A color version of this

figure is available in the online journal)

Figure 6 TEM of osteoblasts from the sham and ovx groups: (a) TEM of osteoblasts from the sham group (�6700 magnification) and (b) TEM of osteoblasts from

the ovx group (�6700 magnification). TEM, transmission electron microscopy
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ROS concentrations of cells from the ovx group compared
with the sham group (P , 0.05). In addition, osteoblasts
from cells of the ovx group at 12 weeks postsurgery had
the highest ROS concentrations, whereas osteoblasts from
the sham group at four weeks postsurgery has the lowest.

Discussion

The surgical removal of rat ovaries is well recognized and
accepted as a method for generating an osteoporotic
animal model.14 Some researchers believe that there is a sig-
nificant correlation between the mineral density of the

Figure 7 PCNA protein expression in the ovx and sham groups at different periods. �P , 0.05 comparing the ovx and sham groups at the same time point.

PCNA, proliferating cell nuclear antigen. (A color version of this figure is available in the online journal)

Figure 8 UCP2 protein expression in the ovx and sham groups at different time periods. �P , 0.05 comparing the ovx and sham groups at the same time point.

UCP2, uncoupling protein 2. (A color version of this figure is available in the online journal)

Figure 9 UCP2 immunohistochemical staining of osteoblasts: (a) UCP2 immunohistochemical staining from the sham group and (b) UCP2 immunohistochemical

staining from the ovx group. UCP2, uncoupling protein 2A. (A color version of this figure is available in the online journal)

................................................................................................................................................
402 Experimental Biology and Medicine Volume 237 April 2012



mandibular bone and other bones in the body, so the man-
dibular BMD can be measured as a precursor to osteoporo-
sis.15,16 In this study, the lumbar spine and femur BMD in
the ovx group decreased compared with the sham group
at four weeks after the surgery, while the mandibular
bone mineral density had an obvious increase. At 12 and
20 weeks after the operation, the mandibular BMD of the
ovx group had a decreasing trend compared with the
sham group. These results revealed that different parts of
the osteoporotic body have different reactions to BMD. In
addition, the decrease of BMD in different bone types of
the body was not the same. The mandibular biopsy
showed that at four weeks after the operation, the spongy
bone at the root tip was sparse, even though the mandibular
BMD increased. At 12 and 20 weeks after the operation, the
sparseness of the trabecular bone was more obvious.

The masticatory functional and mechanical demands on the
structural adaptation of the alveolar bone have an influence
on BMD and bone microstructure parameters of the alveolar
bone.17 When measuring the BMD of the mandible, a lateral
measurement can avoid the interference of other maxillofacial
structures. However, because of too little bone and more
cortical bone in the mandible, the decrease in BMD could
not be measured during the early osteoporotic period.

Many studies hypothesized that the excessive absorption
of osteoclasts was an important cause of osteoporosis.18

Recent studies have found that osteoprotegerin (OPG),

receptor activator of NF-kB ligand (RANKL), bone morpho-
genetic protein, matrix metalloproteinase and other cyto-
kines expressed in osteoblasts link osteoblasts and
osteoclasts together,19 – 21 which indicates that osteoblasts
play a more important role in osteoporosis than osteoclasts.
Therefore, additional studies of osteoblasts may provide a
deeper insight into the mechanisms of osteoporosis.
Currently, there are several osteoblast-like cell lines that
have been derived from tumor tissue or gene transfer
methods, which have shown good stability and purity.
However, osteoblast-like cell lines have undergone
changes that may not adequately represent the normal
physiological function, and their true representation of
osteoblasts may be limited.22 Importantly, primary cultures
of osteoblasts from osteoporotic rats more accurately depict
the in vivo situation than cell lines. Since osteoblasts from
osteoporotic human bone have confounding factors, such
as the patient’s age, genetics, race and diet, the osteoporotic
animal model provides a rich source of osteoblasts.
Moreover, osteoblasts obtained from different sources can
affect the biological characteristics of the cells.23 – 25

Therefore, the successful culture of osteoblasts obtained
from the mandible of osteoporotic rats in this study is an
important breakthrough for experimental studies in oral
medicine. The in vitro culture of osteoblasts not only elimin-
ates the impact of complex factors within the body, but it
also provides a source of the same seed cells.

Figure 10 Differences in ATP production of osteoblasts between the ovx and sham groups at the same time point. (A color version of this figure is available in the

online journal)

Figure 11 The level of reactive oxygen species (ROS) generation from osteoblasts of the ovx and sham groups. (A color version of this figure is available in the

online journal)
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The osteoblasts from the ovx group exhibited faster
growth, earlier attachment and fewer dead cells at four
and 12 weeks postsurgery compared with cells from the
sham group. At 20 weeks, cells from both the ovx and
sham groups grew slowly, did not passage smoothly and
even died compared with cells at four or 12 weeks postsur-
gery. This may have been due to the age of the cells, since
32-week-old rats exhibit signs of aging based on published
studies.26,27 Osteoblasts from rats four and 12 weeks post-
surgery were used for subsequent studies since a large
number of cells were needed for proliferation, differen-
tiation and related protein analyses. ATP provides energy
for the growth, repair and physical activity of osteoblasts,
and has been described as the energy currency of the
cell.28 The higher growth and passage ability of osteoblasts
from the ovx group may be closely related to higher energy
metabolism, especially in the generation of ATP, and there-
fore an analysis of ATP in osteoblasts from an osteoporotic
model may help explain the abnormal performance of
osteoblasts. We found that the proliferation and differen-
tiation ability of cells from the ovx groups increased com-
pared with the sham groups, as determined with the
MTT, ALP activity and osteocalcin (OC) release assays.
TEM also verified the higher proliferation and differen-
tiation ability of osteoblasts from the ovx group, which
had more heterochromatin and mitochondria, but fewer
folds, lysosomes, peroxisomes and nucleoli.

The development of methods for culturing osteoblasts in
vitro has enhanced experimental studies and allowed
researchers to investigate osteoblast metabolism in healthy
tissue and in various different bone diseases. A greater
knowledge of cultures from pathological bone tissue-
derived osteoblasts may be helpful in performing in vitro
experiments, since this kind of approach better reflects the
conditions of clinically relevant diseases. In ovariectomized
rats at four weeks (early osteoporosis), the proliferation and
differentiation ability of the osteoblasts increased signifi-
cantly. This suggested that the osteoblast changes occurred
earlier than BMD, so some characteristics of osteoblasts
may be important for the prevention and treatment of osteo-
porosis. In the absence of a body substance, the ability to
make body precision adjustments provided long-term com-
pensation. In other words, the removal of the ovaries
reduced the estrogen concentrations, which created a need
for the enhancement of osteoblast function in order to com-
pensate for the effects of the decrease in estrogen. This com-
pensatory function of the body may be an important
method for treating chronic diseases. In most cases, when
the loss of an important factor is not properly compensated,
life-sustaining activities are prioritized to maintain impor-
tant regulatory mechanisms. In addition, the more active
in vitro growth of osteoblasts from the ovx group may be
due to an increase in factors, such as serum factors and
receptors on the osteoblasts, which disturb the balance
between osteoblasts and osteoclasts.29,30 The function of
osteoclasts is overactivated by certain factors secreted by
osteoblasts. The application of OPG has been shown to be
a possible method for preventing and treating osteoporo-
sis.31,32 Therefore, the search for differences between
normal osteoblasts and osteoblasts from the osteoporotic

body may identify promising treatment options for osteo-
porosis, and a preliminary assessment of these mechanisms
was made in this study. A previous study had shown that
osteoblastic cells derived from trabecular bone explants of
osteoporotic subjects (OP cells) exhibited an altered ALP
response to 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) com-
pared with control (CON) cells. In addition, dexamethasone
was shown to amplify the differences between OP and CON
cells and confirmed the presence of intrinsic osteoblastic
abnormalities in patients with osteoporosis that persisted
in culture.33 Early adhesion-mediated events, such as cell
adhesion, attachment, and focal adhesion kinase signaling
through phosphotyrosine may be altered in osteoporotic
osteoblasts.24 Under baseline conditions, human normal
and osteoporotic bone cells showed some differences in
vitro in proliferation (MTT test), procollagen I carboxyterm-
inal propeptide and OC assays, as well as interleukin-6
levels. Importantly, the current findings should also be con-
sidered with the findings from in vitro cultures derived from
the human bone.34

PCNA was originally identified as an antigen that is
expressed in the nuclei of cells during the DNA synthesis
phase of the cell cycle.35 The level of expression is closely
related to cell proliferation activity.36 In this study, the pro-
liferation of osteoblasts appeared to increase, which was
consistent with the expression of PCNA. In addition, the
increase in proliferation and differentiation was confirmed
by the TEM results. The increase in the number of mitochon-
dria in this study reflected the active state of the osteoblasts.
The changes in the number of mitochondria indicated the
pathological changes of osteoblasts for energy production
and use. Mitochondria are the power plant of cells and
provide the energy for cell proliferation and differentiation.
Some researchers have found a relationship between osteo-
porosis and the cytochrome c of mitochondria, and cyto-
chrome c plays a role in the apoptosis of osteoblasts.37 – 39

In addition, other proteins of the mitochondria may also
be involved in cell energy metabolism. UCP2 is a proton
transporter on the mitochondrial inner membrane and is
widely found in brown adipose tissue, white adipose
tissue, skeletal muscle, pancreatic b-cells, liver, heart,
spleen, kidney, brain, lymphocytes, placenta and intestinal
cells.40 – 45 UCP2 was shown to provide protective effects
by transferring the superoxide anion from the substrate to
the space inside and outside of the mitochondrial mem-
brane.46,47 UCP2 expression can be induced48 and regulated
by many factors, such as 1,25(OH)2D3, thyroid hormone,
growth hormone, leptin, norepinephrine, nucleation peroxi-
dase, peroxisome proliferator-activated receptor g, diet,
exercise and ultrasound stimulation.49 – 53 In addition, the
degree of UCP2 expression is closely related to several phys-
iological and pathological processes. The UCP2 expression
in white adipose tissue of ovx rats has been shown to be
reduced, which was related to the reduction of estrogen.54

Moreover, UCP2 is an important intracellular protein that
inhibits the production of ROS.55 – 57 The down-regulation
of ROS production through the activation of UCP2 may
provide a unique strategy for the prevention and treatment
of chronic diseases, including osteoporosis, since the protein
is widely expressed in numerous mammalian tissues, yet in
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minute amounts. Fatokun et al.58 reported that ROS could
influence MC3T3-E1 osteoblast-like cells and was related
to conditions such as osteoporosis. On the other hand,
UCP2 can mediate mitochondrial proton leak, which can
dissipate the protons originally used for ATP synthesis,
which suggests that UCP2 activation may lead to a decline
in ATP synthesis. ATP is involved in a variety of enzymatic
reactions in vivo to maintain normal life activities and is an
indicator of living cell metabolism. Therefore, ATP content
can be used as a quantitative indicator of cell proliferation
and cytotoxicity.

In this study, immunohistochemistry and Western blot
analysis showed that UCP2 was expressed in osteoblasts,
and the results suggest that the UCP2 expression levels in
the osteoblasts from osteoporotic rats were lower than in
the sham group. However, the concentrations of ATP and
ROS were significantly higher in cells of the ovx group
than the sham group. These data may indicate the relation-
ship between UCP2, ATP and ROS. It is possible that due to
the decreased UCP2 expression, which reduced mitochon-
drial proton leak, ATP production increased and provided
energy for the osteoblasts, which increased the proliferation
and differentiation. Concurrently, excessive protons for
osteoblasts may have produced certain toxic effects that
affected osteoblasts, which enhanced the inflammatory
response, possibly through increased expression of ROS
and superoxide anions. These effects caused a pathological
state in the osteoblasts. Therefore, studies of UCP2 may
provide an approach for the prevention and treatment of
osteoporosis.

The results of this study suggest that there are differences
in cell ultrastructure, proliferation, differentiation, ATP and
ROS concentrations, and PCNA and UCP2 protein
expression levels between the osteoblasts from the mand-
ibles of rats of the ovx and sham groups. In addition, the
in vitro culture method of osteoporotic osteoblasts from
mandibles described in this study may provide a way of
studying osteoporosis in oral medicine.
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