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We evaluated the e�cacy of platelet-rich plasma (PRP) in combination with allogeneic bone marrow mesenchymal stem cells
(BMSCs) for the treatment of osteoporotic bone defects in an ovariectomized rat model. By day 42 a
er injury, in vivo
microcomputed tomography (micro-CT) imaging revealed that bone defects of control rats and ovariectomized rats treated with
PRP and BMSCs were completely repaired, whereas those of ovariectomized rats treated with PRP or BMSCs alone exhibited
slower healing. Histological data were consistent with these results. We also assessed changes to bone trabeculae in the proximal
tibial growth plate. In ovariectomized rats treated with PRP or with a combination of PRP and BMSCs, the trabecular connectivity
densities (Conn.D), bone volume ratios (BV/TV), and numbers (Tb.N) in the defect areas increased signi�cantly from day 7 to
day 42. �ese results indicate that PRP treatment enhances bone microarchitecture in osteoporosis. Moreover, expression levels
of osteogenesis-speci�c marker genes including RUNX2, OSX, and OPN were signi�cantly upregulated in rats treated with PRP
and BMSCs compared to those of other groups. �us, we conclude that treatment with PRP combined with BMSCs signi�cantly
promotes healing of osteoporotic bone defects. �is study provides an alternative strategy for the treatment of osteoporotic bone
loss.

1. Introduction

�e treatment of bone defects, especially in the case of oste-
oporosis, remains controversial. �e “gold standard” for the
treatment of bone defects is autogenous bone gra
ing, but
this method is constrained by the problem of limited bone
mass and the additional trauma caused by the surgical site [1].
Allogeneic bone transplantation can solve problems related
to the source of the bone gra
. However, while transplanted
bone can provide a scaold for osteoconduction and residual
bone morphogenetic protein can promote bone healing,
strong immune responses limit the clinical application of
allogra
 bone transplantation [2]. Previous studies have
demonstrated that bone healing in postmenopausal osteo-
porotic women and estrogen depletion-induced osteoporotic
animals is remarkably delayed or impaired [3]. �e number

of patients with osteoporotic fractures or bone defects is
gradually increasing along with the age of the population. It
is therefore necessary to �nd a more eective treatment for
osteoporosis and the healing of bone defects.

It has been suggested that age-related osteoporosis is
associatedwith an increased propensity toward adipocyte dif-
ferentiation accompanied by a reduction in the osteogenesis
of bone marrow mesenchymal stem cells (BMSCs) [4]. An
alternative strategy for the treatment of osteoporosis could
therefore involve enhancing the proliferation and osteogenic
dierentiation potential of BMSCs [5, 6]. Activated platelet-
rich plasma (PRP) releases several growth factors associ-
ated with wound healing and bone regeneration, including
transforming growth factor-�1 (TGF-�1), insulin-like growth
factor, platelet-derived growth factor, basic �broblast growth
factor, and vascular endothelial growth factor [7]. Recent
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studies have established that PRP treatment could improve
overall bone quality in osteoporoticmice by promoting osteo-
genesis while suppressing adipogenesis in bone marrow [8].
Moreover, PRP can stimulate the dierentiation of embryonic
�broblasts into osteoblast-like cells; the transplantation of
these PRP-treated cells signi�cantly improved bone architec-
ture in osteoporotic mice [9]. It has also been demonstrated
that PRP treatment combined with BMSCs may enhance
the formation of new bone [10, 11]. However, whether this
treatment is eective in the case of osteoporosis remains
unknown.

Many molecules play important roles in the regulation of
bone formation. �e phosphorylation of runt-related tran-
scription factor 2 (RUNX2) and the induction of osterix
(OSX) gene expression and alkaline phosphatase activity are
associated with bone formation [12]. Osteopontin (OPN) is a
prominent constituent of the bone matrix. �ese molecules
are o
en used as markers in the evaluation of osteogenic dif-
ferentiation in vitro and in vivo [13]. Peroxisome proliferator-
activated receptor gamma 2 (PPAR�2) has been described as
an adipocyte-speci�c marker [14]. �us, these markers can
be used in monitoring the balance between osteogenesis and
adipogenesis of BMSCs in vivo.

Collectively, these observations led us to hypothesize that
treatment with BMSCs combined with PRP may improve
bone regeneration in osteoporotic bone injuries. To test this
hypothesis, we used BMSCs and PRP derived from Sprague
Dawley (SD) rats to treat bone defects of ovariectomized rats.
Callus formation and mineralization were constantly moni-
tored using microcomputed tomography (micro-CT) analy-
sis. Quantitative real-time PCR was employed for determin-
ing the expression levels of bone healing related genes. Decal-
ci�ed histology was used to describe callus histopathology
features at the tissue level.

2. Materials and Methods

All procedures involving animals were approved by the Ani-
mal Care and Experiment Committee of GuangdongMedical
University and complied with the Guide for the Care and
Use of Laboratory Animals by the National Institutes of
Health.

2.1. Preparation and Treatment of �rombin-Activated PRP.
Rat PRP releasate was prepared as previously described [11]
with some modi�cations. Brie�y, �ve female healthy SD
rats (210–290 g) were anesthetized with chloral hydrate
(400mg/kg i.p.), and one pool of bloodwas collected from the
heart in tubes that were rinsed with heparin. Blood was cen-
trifuged twice: �rst at 215×g for 10min at 20∘C to remove
red blood cells and then at 863×g for 10min at 20∘C to
obtain PRP. �e PRP was then activated with one unit per
mL rat thrombin (Sigma-Aldrich, Saint Louis, MO, USA).
A
er activation, the PRP releasate was separated from the
cellular debris by centrifugation at 3000×g for 20min at
4∘C, followed by �ltration through a 0.2 �m �lter. �e PRP
releasate was aliquoted and stored at −80∘C until usage.
To ensure the consistency in PRP utilization, the TGF-�1

concentration within the PRP releasate was determined by
a rat TGF-�1 ELISA kit according to the manufacturer’s
protocol (BD Biosciences, San Diego, USA) and used as an
indicator for quantifying PRP as described elsewhere [9, 15].
�e concentration of TGF-�1 within the PRP releasate was
102.12 ng/mL as assessed by ELISA assays. A �nal concen-
tration of 750 pg/mL of TGF-�1 in PRP-treated cells or rats
(i.e., the PRP-containing medium was calibrated on the basis
of a TGF-�1 concentration of 750 pg/mL) was employed
throughout the study, as it has been shown that rat BMSCs
proliferate under such a condition [16].

2.2. Isolation and Culture of Rat BMSCs. Rat BMSCs were
isolated and expanded using previously reported methods
with minor modi�cations [17]. In brief, bone marrow was
collected from the femur and tibia of 30-day-old SD rats.
Bone marrow cells were �ushed and centrifuged in a 1.073-
g/mLPercoll (Pharmacia, Uppsala, Sweden) density gradient.
Enriched cells were collected from the interface and trans-
ferred into culture �asks with Dulbecco’s modi�ed Eagle’s
medium-low glucose (DMEM, Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (Gibco) at
37∘C and 5% CO2. A
er seeding for 72 h, nonadherent cells
were discarded, and adherent cells were washed twice with
phosphate-buered saline (PBS). Fresh complete medium
was added and replaced every 3 d. To identify their multilin-
eage dierentiation potentials, cells were induced to dieren-
tiate into adipocytes and osteoblasts, and their dierentiation
capacitiesweremeasured by stainingwith oil redOor alizarin
red using Oricell dierentiation kits (Cyagen Biosciences,
Santa Clara, CA, USA) following the manufacturer’s instruc-
tions. For phenotypic characterization, harvested cells were
incubated with phycoerythrin- (PE-) labeled antibodies (BD
Biosciences, San Jose, CA, USA) against CD29, CD31, CD34,
CD44, CD45, or CD90 and assayed by FACSCanto II �ow
cytometer (BD Biosciences). Rat BMSCs from passages 2–6
were used for subsequent experiments.

2.3. Proliferation and Colony-Forming Assays. �e cell pro-
liferation was assessed by using the MTS cell viability assay
kits (Promega,Madison,WI,USA) according to the supplier’s
instructions. Brie�y, 5000 cells were placed per well of a
96-well plate and incubated in complete culture media
supplemented with PRP for 48 h.�e cells grown in complete
culture media without any treatment were used as controls.
�e colony-forming assay was carried out as previously
described in [16].

2.4. Animals and Surgical Procedures. Female rats were pur-
chased from the Guangdong Medical Laboratory Animal
Center of China with an initial weight of 200 ± 20 g. All
animals were randomly assigned to �ve treatment groups (20
rats in each group): the sham operation group, in which rats
received PBS; the Ovx group, in which rats were ovariec-
tomized and then received PBS; the Ovx-BMSCs group,
in which rats were ovariectomized and then treated with
BMSCs; the Ovx-PRP group, in which rats were ovariec-
tomized and then treated with PRP; and theOvx-PRP/BMSC
group, in which rats were ovariectomized and then received
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Figure 1: Ovariectomized bone defect animal model. (a) Schematic representation of the drill-hole defect area using micro-CT analysis. �e
drill-hole is located in the lateral plane of the tibial plateau. �e diameter of the tibial drill-hole was 1.5mm, which penetrated one side of the
bone cortex. (b) Bone mass densities of rats before and a
er ovariectomy (∗∗� < 0.01, postovariectomy versus preovariectomy).

PRP and BMSCs. A bone mineral density (BMD) test was
performed using a Bruker Xtreme In Vivo Imaging System
(Bruker, Billerica, MA, USA) just before ovariectomy. �e
ovariectomy and sham operation protocols were carried out
as previously described [4]. Rats were allowed to feed conven-
tionally for three months a
er ovariectomy. BMD was again
assessed to con�rm the osteoporotic animal model. A 1.5mm
diameter tibial defect was made in all SD rats approximately
5mm from the proximal tibial growth plate by hollow drill
(Figure 1(a)). �e same leg was used for each group. Holes
were rinsed by injection of saline to remove bone fragments
from the cavity. Subsequently, the defect areas were �lledwith

PBS, PRP (20�L), and/or BMSCs (1×106 cells), according to
experimental group. Five postoperative rats from each group
were sacri�ced under general anesthesia with intraperitoneal
injection of 1% pentobarbital sodium (0.1mL/100 g) on days
7, 14, 28, and 42, and tibias were harvested. Samples were
assessed using micro-CT, histological staining, and real-time
RT-PCR (see below) at each time point.

2.5. In Vivo Micro-CT Imaging and Analysis. Using in vivo
micro-CT imaging (vivaCT 40, Scanco Medical, Switzer-
land), changes in trabecular bone morphology and BMD
in the defect area and a control area were tracked over
time in animals over the course of six weeks. Micro-CT
analysis was performed with a source voltage of 70 keV,
current of 114 �A, and 10.5 �m isotropic resolution. Param-
eters including trabecular connectivity density (Conn.D),
trabecular bone volume ratio (BV/TV), trabecular number

(Tb.N), and trabecular space (Tb.Sp) were calculated from
the resulting binary images using the Micro-CT Evaluation
program (version 6.1-2).

2.6. Quantitative Real-Time PCR. Callus samples were iso-
lated from the defect sites of experimental rats. �e samples
were frozen in liquid nitrogen, pulverized, and thoroughly
homogenized in QIAzol lysis reagent (QIAGEN, Dusseldorf,
Germany). Total RNA was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). �e concentration of the
RNA was determined using a spectrophotometer. Comple-
mentary DNA was synthesized from 0.5�g of total RNA
using the SuperScript III First-Strand Synthesis System
(Invitrogen). �e mRNA expression levels of the osteoblastic
markers RUNX2, OPN, and OSX and of the adipogenesis-
speci�c marker PPAR�2 were quanti�ed by real-time RT-
PCR using the SYBR Premix Ex Taq Kit (Takara Bio, Shiga,
Japan) and a LightCycler 480 II instrument (Roche Diag-
nostics, Basel, Switzerland).�e glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) housekeeping gene was used as
reference for normalization of mRNA levels. All PCR reac-
tions were performed in triplicate. Primers used for real-time
RT-PCR are listed in Table 1.

2.7. Histological Analysis. Isolated tibias were �xed in 10%
neutral-buered formalin, transferred to 70% ethanol, and
decalci�ed in 9% formic acid. A
er tissue processing, spec-
imens were embedded in para�n. Sections (5�m) were cut
sagittally along the tibial sha
 axis and collected on glass
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Table 1: Oligonucleotide primer sequences for quantitative real-time PCR analysis of gene expression.

Target gene Sequences (5�-3�) Product size (bp) GenBank accession number

GAPDH
Forward, TGCCACTCAGAAGACTGTGG

129 AF106860
Reverse, TTCAGCTCTGGGATGACCTT

RUNX2
Forward, CCACCACTCACTACCACACG

119 NM 001278483
Reverse, GGACGCTGACGAAGTACCAT

OPN
Forward, GATCGATAGTGCCGAGAAGC

111 M99252
Reverse, TGAAACTCGTGGCTCTGATG

OSX
Forward, CCAATGACTACCCACCCTTTC

109 AY177399
Reverse, ACACTAGGCAGGCAGTCAGAA

PPAR�2 Forward, GGTTGACACAGAGATGCCATT
123 NM 001145367

Reverse, CTGGAGAAATCAACCGTGGTA

slides before being depara�nized and subjected to hema-
toxylin and eosin (H&E) staining using standard protocols.
A
er mounting with coverslips, specimens were viewed and
analyzed under a light microscope.

2.8. Statistical Analysis. Data are expressed as means ± SD.
Signi�cant dierences were analyzed by Student’s �-test or
one-way ANOVA followed by post hoc Newman-Keuls mul-
tiple comparison test using GraphPad Prism 6.0 so
ware. �
values less than 0.05 were considered signi�cant.

3. Results

3.1. Determination of BMD in SD Rats with Osteoporosis. �e
BMDs of ovariectomized rats were determined in vivo. �ere
was no signi�cant dierence in BMD among the experimen-
tal groups before treatment. Additionally, there was no dier-
ence in sham group BMDs before and a
er treatment. �ere
was, however, a signi�cant dierence in BMD between sham
and ovariectomized rats (� < 0.05). Moreover, compared to
preoperative BMD values, ovariectomized groups exhibited
reduced BMDs 12 weeks a
er surgery (� < 0.01), indicating
that we were successful in inducing an osteoporosis model
(Figure 1(b)). A
er surgery, nomortality or femoral fractures
were observed throughout the study. All rats were able towalk
normally 20 h a
er surgery.

3.2. Characterization of Rat BMSCs and the Eect of PRP on
Cells. Pretreated marrow cells were plated into �asks and
were cultured for approximately two weeks. Typical spindle-
shaped cells appeared and began to grow and divide 72 h
a
er seeding. Colonies appeared a
er 6–9 days and became
con�uent a
er 2-3 weeks (data not shown). Rat BMSCs
isolated at passages 2 and 4were analyzed for their capacity to
dierentiate following adipogenic and osteogenic induction.
Lipid droplets were visualized by staining with oil red O
(Figure 2(a)), and calcium deposition was determined by
staining with alizarin red (Figure 2(b)). Based on analysis
of surface marker expression using �ow cytometry, cells
were negative for CD31, CD34, and CD45 and positive for
CD29, CD44, and CD90 (Figure 2(c)). Next, to examine the
eect of PRP on the cell growth (proliferation and colony

formation) and dierentiation capacities in vitro, BMSCs
were treated with or without PRP, and the MTS assays,
colony-forming assays, and adipogenic/osteogenic dieren-
tiation assays were performed. We observed that the number
of cells and colonies formed in PRP-containing media was
more than that in control media (Figures 2(d) and 2(e)).
Meanwhile, while PRP alone failed to induce osteogenesis as
demonstrated by alizarin red staining, the addition of PRP
to osteogenic medium dramatically increased the number of
alizarin red-positive cells (Figure 2(f), upper). Furthermore,
oil red O staining revealed that PRP was not able to trigger
adipogenesis when used alone and had no noticeable eect
on adipogenic dierentiation when added to adipocyte-
inducing media (Figure 2(f), lower).

3.3. In Vivo Micro-CT Analysis of New Bone Formation at
Defect Sites. Bone healing processes in the areas surround-
ing the defects were monitored by in vivo micro-CT scan
7, 14, 28, and 42 d a
er injury. Midpoint coronal plane 2D
(Figure 3(a)) and 3D (Figure 3(b)) images were acquired and
reconstructed. Hematomas were visible in bone defect areas
in sham,Ovx-BMSC,Ovx-PRP, andOvx-PRP/BMSC rats 7 d
a
er injury, while there were no obvious hematomas in the
Ovx group. By day 14 a
er injury, bone defects in sham and
Ovx-PRP/BMSC rats hadmostly closed due to newly formed
calluses. In contrast, only thin calluses had formed in Ovx-
BMSC and Ovx-PRP rats, and there were no obvious calluses
at all in Ovx rats. By day 28 a
er injury, bone defects in sham
and Ovx-PRP/BMSC rats had been completely closed by
calluseswith high density andmineralization.While the bone
defect areas in the other three groups were mostly covered
by calluses, callus density was relatively low. By 42 days
a
er injury, bone defects had completely healed in sham and
Ovx-PRP/BMSC rats, and calluses had mostly mineralized
according to the 2D coronal images. �ere was no dis-
cernable dierence between the callus and the surrounding
bone tissue. In Ovx-BMSC and Ovx-PRP rats, calluses had
thickened and the degree of mineralization increased. In
contrast, the bone defect had not completely closed in Ovx
rats.

In order to identify changes to bone trabeculae besides
those at the defect site, micro-CT scans were taken of the
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Figure 2: Continued.
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Figure 2: Dierentiation of rat bone marrow mesenchymal stem cells (BMSCs) into adipocytes and osteoblasts. Isolated rat BMSCs were
grown in either adipogenic or osteogenic induction media, and their adipogenic and osteogenic dierentiation abilities were assessed by oil
red O staining (a) and alizarin red staining (b), respectively. (c) Phenotypic characterization of the rat BMSCs at passage 3. (d) Eect of PRP
on the proliferation of rat BMSCs. Rat BMSCs were cultured in complete growth media with or without PRP for 48 h, and the proliferation of
cells was measured by MTS assays. (e) �e colony-forming e�ciency of rat BMSCs is enhanced by PRP treatment. �e cells were cultured in
complete growth media with or without PRP for 2 weeks, and the colony-forming e�ciency was determined by the colony formation assay.
(f) Eects of PRP on the adipogenic (lower panel) and osteogenic (upper panel) dierentiation potentials in rat BMSCs.

proximal tibial growth plate. �ere were no obvious changes
to bone trabeculae in Ovx or Ovx-BMSC rats from day 7
to day 42 a
er surgery. However, the bone volumes of Ovx-
PRP and Ovx-PRP/BMSC rats signi�cantly increased over
this time period (Figure 3(c)).�eBV/TV, Tb.N, andConn.D
values in the proximal tibias were higher in the sham group
than those in the other groups. In both Ovx-PRP and Ovx-
PRP/BMSCs groups, the BV/TV, Tb.N, and Conn.D values of
the defect areas increased signi�cantly from day 7 to day 42,

whereas the Tb.N and Conn.D values in Ovx rats decreased
during the bone reproduction process (Table 2).

3.4. Quantitative Real-Time PCR Analysis of Gene Expres-
sion during Bone Healing. �e mRNA expression levels of
RUNX2, OPN, OSX, and PPAR�2 in the calluses of sham,
Ovx-BMSC, Ovx-PRP, and Ovx-PRP/BMSCs rats were de-
termined as fold-change values relative to those of the
Ovx group. Expression levels of RUNX2 and OPN steadily
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Figure 3: Temporal micro-CT analysis of bone healing. Representative 2D (a) and 3D (b) images were generated by micro-CT showing the
bone healing process a
er drill-hole surgery. Scale bar, 1mm. (c) Trabecular bone volumes of proximal tibial growth plates were assessed by
micro-CT scan. Scale bar, 1mm.

Table 2: Micro-CT analysis of bone microstructure changes in proximal tibial growth plates a
er surgery (� ± �, 	 = 5).

Group Time Tb.N (1/mm) Tb.Sp (mm) BV/TV (%) Conn.D

Sham Day 7 4.867 ± 0.187 0.166 ± 0.012 0.445 ± 0.027 91.545 ± 6.281
Day 42 4.759 ± 0.123 0.177 ± 0.003 0.383 ± 0.029 91.598 ± 6.743

Ovx Day 7 1.518 ± 0.114 0.700 ± 0.051 0.128 ± 0.060 12.434 ± 3.144
Day 42 0.823 ± 0.203∗ 1.277 ± 0.290 0.048 ± 0.014 3.425 ± 0.478∗

Ovx-BMSC Day 7 1.321 ± 0.108 0.655 ± 0.202 0.115 ± 0.043 10.440 ± 3.321
Day 42 1.438 ± 0.288 0.295 ± 0.082 0.154 ± 0.028 15.997 ± 3.361

Ovx-PRP Day 7 1.567 ± 0.079 0.678 ± 0.034 0.118 ± 0.055 13.377 ± 5.644
Day 42 3.838 ± 0.471∗ 0.266 ± 0.041∗∗ 0.194 ± 0.055∗ 46.836 ± 9.086∗

Ovx-PRP/BMSC Day 7 1.658 ± 0.501 0.663 ± 0.211 0.131 ± 0.068 15.870 ± 5.861
Day 42 4.242 ± 0.057∗∗ 0.219 ± 0.005∗ 0.282 ± 0.038∗ 76.024 ± 6.563∗∗

∗� < 0.05 and ∗∗� < 0.01 versus day 3 values.
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Figure 4: Temporal analysis of callus gene expression. Temporal changes in RUNX2, OPN, OSX, and PPAR�2 mRNA expression levels in
callus samples a
er drill-hole surgery were determined by quantitative real-time PCR. Expression levels were normalized to that of GAPDH,
and levels were calculated as fold-change values relative to that of the Ovx group. Data are reported as means ± SD, 	 = 5.

increased from day 7, peaking at day 14 before decreasing
from day 14 to day 42 (Figures 4(a) and 4(b)). While expres-
sion levels of OSX steadily increased from day 7 to day 28 and
decreased therea
er in all groups, levels were signi�cantly
lower in Ovx-BMSC rats than those in Ovx-PRP/BMSC rats
on days 14 and 28 (Figure 4(c)). Expression levels of PPAR�2
were downregulated in sham, Ovx-BMSC, Ovx-PRP, and
Ovx-PRP/BMSC rats compared to those in Ovx rats, with
Ovx-PRP/BMSC rats exhibiting even lower expression levels
than those of Ovx-BMSC and Ovx-PRP rats (Figure 4(d)).

3.5. Histological Analysis of Bone Healing. By 7 d a
er induc-
tion of bone defects, there was a predominance of so
 tissue
composed of a mixture of hematoma and granulation tissue
in Ovx-BMSCs and Ovx-PRP rats. �e bone defect area was
�lled with an irregular �brous callus in the sham group.

Newly woven bone was identi�ed across the intramedullary
region and cortical gap in Ovx-PRP/BMSCs rats. However,
the density and volume of these bone structures were lower in
theOvx-PRP/BMSCs group than those in the sham group. By
day 42, bone defect sites were completely �lled with calluses
in all groups.�e thickness of each callus was equal to that of
the adjacent cortical bone and lamellar bone had fully formed
parallel to the backbone in sham and Ovx-PRP/BMSCs rats,
whereas woven bone remained in Ovx, Ovx-PRP, and Ovx-
BMSCs rats.�e cortical gap could be identi�ed in all groups
(Figure 5).

4. Discussion

Osteoporosis is a systemic skeletal disease characterized by
a decrease in bone mass as well as a deterioration of bone
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Figure 5: Histological analysis of bone healing progression. Representative photomicrographs of callus sections from all groups demonstrate
bone healing a
er drill-hole surgery. Callus sections extracted on the indicated day a
er surgery were stained with hematoxylin and eosin.
Arrows indicate cortical gaps.

architecture resulting in an increased risk of fractures [18, 19].
Reduced estrogen levels in postmenopausal women along
with declines in BMSC number and osteogenic dieren-
tiation capacity are important contributors to age-related
bone loss [20]. PRP has been widely used in various clinical
procedures due to its high concentration of growth factors
and bioactive proteins that in�uence the healing of bone
injuries [7, 21]. Although not yet conclusive, it appears that
most research supports a positive role for PRP in bone
regeneration in vivo [22, 23]. However, virtually all the
previous studies were done in normal animals, and it is not
clear whether the impact of PRP would be compromised by
osteoporosis. In the present study, by using a well-established
animal model of osteoporotic bone defects, we demonstrated
that treatment with PRP combined with BMSCs can be used
to enhance bone healing. To our knowledge, this is the �rst
study of its kind to examine the e�cacy of a combination of
PRP and BMSCs treatment in an osteoporotic bone defect
animal model.

In order to explore the potential mechanisms by which
PRP and BMSCs accelerated bone regeneration, we analyzed
the expression levels of osteogenesis-related genes RUNX2,
OPN, and OSX and of the major adipogenesis regulator
PPAR�2 during bone healing. We found that RUNX2, OPN,
and OSX were generally upregulated following PRP and/or
BMSC treatment. Notably, the highest expression levels of
these genes were observed in the Ovx-PRP/BMSCs group,
indicating that the positive eect of BMSCs on bone forma-
tion might be enhanced in the presence of PRP. Since PRP
remarkably promoted the growth and osteogenic dierentia-
tion capacities of BMSCs in vitro, it is thus possible that PRP
may accelerate bone repair by upregulating the proliferation
and osteogenesis of BMSCs. In contrast, PPAR�2 expression
was suppressed, particularly in Ovx-PRP/BMSCs rats. �ese
results suggest that PRP is involved in mediating the bal-
ance between osteogenesis and adipogenesis in vivo, which

somehow may also contribute to the positive eects of PRP
on bone formation in osteoporotic rats.

Micro-CT has been shown to be a useful tool for precisely
measuring changes in bone stereology, volume, and microar-
chitecture [24]. During the late phase of bone healing, the
newly formed bone in the defect area was fully remodeled
into a cortical-like structure in sham and Ovx-PRP/BMSCs
rats, whereas remodeling was incomplete in Ovx-PRP, Ovx-
BMSCs, andOvx rats, as observed in both 2D and 3D images.
�e lamellar bone of defect sites in Ovx-PRP and Ovx-
BMSCs rats was relatively thin, and the degree of healing was
comparable to that of Ovx rats.�ese results indicate that the
remodeling capacity from woven bone to lamellar bone can
be aected by various treatments. �is �nding is consistent
with that of a previous study involving an estrogen-de�cient
mouse model treated with murine embryonic stem cell-
derived osteoblasts [25]. Furthermore, 3D reconstructions of
proximal tibial growth plates revealed that bone volume was
signi�cantly increased in Ovx-PRP/BMSCs and Ovx-PRP
rats compared with that in Ovx rats. �ese data reinforce the
notion that PRPmay be useful in enhancing bone volume and
treating pathological conditions of bone loss.

5. Conclusions

Although bothmicro-CT and histological analysis con�rmed
that PRP and BMSC treatment is bene�cial for bone healing,
these analyses were not able to determine to what extent
and for how long the exogenous cells act on the bone injury
site. �erefore, further experiments should be conducted
using alternative in vivo cell tracking techniques, such as
labeling with superparamagnetic iron oxide or cell tracking
dyes. �ese analyses would facilitate the monitoring and
identi�cation of introduced exogenous cells.

In conclusion, our results suggest that PRP and BMSCs
promote new bone formation. Better results were obtained
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by combining the two into a single treatment for osteo-
porotic bone defects. PRP can promote the proliferation and
osteogenic dierentiation of BMSCs, which may play an
important role in the initiation of bone repair. Our �ndings
may provide insight for the development of a novel therapeu-
tic strategy in osteoporotic bone healing.
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[12] T. Eskildsen, H. Taipaleenmäki, J. Stenvang et al., “MicroRNA-
138 regulates osteogenic dierentiation of human stromal
(mesenchymal) stem cells in vivo,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 108, no.
15, pp. 6139–6144, 2011.

[13] J.-F. Zhang, W.-M. Fu, M.-L. He et al., “MiRNA-20a promotes
osteogenic dierentiation of humanmesenchymal stem cells by
co-regulating BMP signaling,” RNA Biology, vol. 8, no. 5, pp.
829–838, 2011.

[14] X. Chen, F. He, D.-Y. Zhong, and Z.-P. Luo, “Acoustic-fre-
quency vibratory stimulation regulates the balance between
osteogenesis and adipogenesis of human bone marrow-derived
mesenchymal stem cells,” BioMed Research International, vol.
2015, Article ID 540731, 10 pages, 2015.

[15] H.-Y. Liu, C.-F. Huang, T.-C. Lin et al., “Delayed animal aging
through the recovery of stem cell senescence by platelet rich
plasma,” Biomaterials, vol. 35, no. 37, pp. 9767–9776, 2014.

[16] P. Arpornmaeklong, M. Kochel, R. Depprich, N. R. Kübler,
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