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Abstract Osteoporosis, a systemic bone disorder, is

prevalent in postmenopausal woman. Bone mesenchymal

stem cells (BMSCs), precursors of osteogenic cells, may

contribute to prevention or treatment of bone frustrate in

osteoporosis. Recently, two studies suggested a role of

calcitonin gene-related peptide (CGRP) in promoting

osteogenesis of BMSCs under physiological conditions.

However, the role of CGRP on BMSCs, which are derived

from osteoporotic tissues, is unclear. Here, we investigated

the role of CGRP on BMSCs isolated from female osteo-

porotic rats. Data showed that CGRP stimulated cell pro-

liferation and inhibited cell apoptosis for short-term culture

of BMSCs. Instead, CGRP induced BMSCs differentiation

into the osteoblasts and promoted formation of calcified

nodules after long-term culture. Moreover, CGRP gradu-

ally up-regulated expression levels of osteoporotic differ-

entiation-related genes including alkaline phosphatase,

Collagen type I, Bmp2, Osteonectin, and Runx2 during

osteogenic differentiation. In conclusion, CGRP promoted

proliferation and induced osteogenic differentiation and

mineralization during female osteoporotic rat-derived

BMSC differentiation. These findings support a potential

role of CGRP on the prevention or treatment of osteopo-

rotic fracture.
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Introduction

Osteoporosis, a progressive bone disease, is characterized

by a decrease of bone mass and bone density [1]. Osteo-

porosis usually leads to an increased risk of bone fracture

because of reduction of the bone mineral density (BMD)

and deteriorates of bone microarchitecture [2]. Primary

osteoporosis can be classified as two different types [3].

The postmenopausal osteoporosis is primary type 1 oste-

oporosis commonly happened in female after menopause

[3]. The senile osteoporosis is primary type 2 osteoporosis,

which frequently occurs in elder people in both male and

female [3]. In osteoporotic bone fracture, the osteoblast

differentiation and osteogenesis potential are reduced,

while the differentiation of adipocytes is increased [4].

These alterations may result in poor effects for therapy of

bone fracture in osteoporotic patients. Bone mesenchymal

stem cells (BMSCs) are the common precursors for both

osteoblasts and adipocytes [5]. To improve efficiency of

therapy of bone fracture in osteoporotic patients, it’s

important to stimulate BMSC proliferation and differenti-

ation into osteoblasts but not to adipocytes in osteoporotic

patients.

It has been reported that metabolism, resorption, and

performance of bone tissues are frequently regulated by

nervous system [6]. First, the nervous fibers innervate bone

tissues [7]. Second, nervous fibers secret neurotransmitters

such as calcitonin gene-related peptide (CGRP), neuro-

peptide, and substance P to regulate the performance of

bone tissues [8, 9]. Third, peptides secreted from nervous

fibers are highly associated with the regulation of osteo-

clast and osteoblast activities [9, 10]. Among those pep-

tides, CGRP is an attractive candidate, which may play a

role in promoting bone healing in fracture patients with

osteoporosis [11].
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CGRP is a member of the calcitonin family of peptides

distributed in both peripheral and central nervous [12, 13].

In bone tissues, CGRP-positive nerve fibers are abundantly

distributed and play an essential role in the regulation of

bone formation and bone resorption [14, 15]. The CGRP

receptors are expressed on the surface membrane of

BMSCs [16], suggesting a potential role of CGRP on

modulating BMSCs. Recently, two studies implicated that

exogenous CGRP promoted BMSC proliferation and

osteogenic potential in physiological conditions [11, 17].

However, the role of CGRP in proliferation and differen-

tiation of BMSCs derived from pathological environment

such as osteoporosis is unclear.

In this study, we employed ovariectomy female rats as

an osteoporotic model and isolated BMSCs from these

osteoporotic rats. During ex vivo culture of BMSCs, we

found that CGRP stimulated cell growth for short-term

culture (with CGRP for 7 days). Rather, CGRP promoted

BMSCs differentiation into the osteoblasts and formation

of calcified nodules after long-term culture (with CGRP

longer than 14 days). In addition, gene expression mapping

suggests that CGRP gradually up-regulated expression of

osteoporotic differentiation-related genes including Alka-

line phosphatase (Alp), Collagen type I (Coll-I), Bmp2,

Osteonectin, and Runx2 during differentiation. Protein

levels of Osteonectin and RUNX2 were also consistently

increased after CGRP stimulation during differentiation.

These findings reveal the role of CGRP in BMSCs derived

from osteoporotic tissues and might give an insight into the

prevention or treatment of osteoporotic fracture.

Materials and methods

Animal model

This experimental study was approved by the Animal

Research Ethical Committee in The Fourth Affiliated

Hospital, Guangxi Medical University. In this study, 12

female Sprague Dawley rats aged 3 months, weighing

between 200 and 250 g were used. The Animals were

randomly assigned to control group or experimental group

after measurement of bone density. Rats in the experi-

mental group were subjected to ovariectomy (OVX). Rats

in the control group were performed the same surgical

procedure but only some adipose tissues were removed in

these rats. Rats in both groups were grown for 6 months

with a low calcium diet after surgery.

Measure of bone density

At the beginning and 6 months later, BMD of all rats in

both groups was measured in vivo with a micro-CT. In all

measurements, the animals were under ketamine anesthesia

and placed in a supine position with a complete abduction

of the hind limbs. The instrument was calibrated daily. The

scan images were analyzed and BMD (in grams per square

centimeter) (g/cm2) of the metaphyseal zone of proximal

femurs were determined.

Isolation and culture of BMSCs

BMSCs were collected from femoral and tibial bone mar-

row of six OVX mice by inserting a 26-gage syringe at

bone cavity. Cells were washed with 10 ml of DMEM

(Gibco, #11320-033), and then centrifuging at 1,500 rpm

for 5 min. BMSCs were re-suspended in 1 ml DMEM

supplied with 10 % FBS (Gibco, #16000-044). Cells were

plated with 6 9 105 cells/60-mm dish. Cultures were

maintained in an incubator at 37 �C with 5 % CO2. Med-

ium was replaced every 3 days and cells were passaged

with 0.25 % trypsin (Gibco, #25200-072) when they

reached to 80 % confluence.

Flow cytometry analysis

One million BMSCs were incubated with FITC/PE/APC-

conjugated mouse anti-rat antibodies (anti- CD29, CD34,

CD45, and anti- CD90 from BD bioscience) for 15 min at

room temperature. Then, cells were washed twice with

PBS, centrifuged at 1,000 rpm for 10 min and resuspended

in 0.5 ml PBS. Cells with antibody binding were then

analyzed by a detector (FC500, Beckman Coulter). Cells

incubated with PBS were used as control. Triplicated

experiments were performed.

Hematoxylin and eosin staining (H&E staining)

BMSCs at passage 3 (P3) were dissociated and plated into

6-well plate at density 5 9 104 cells/well for 24 h. After

that, different doses of CGRP (Sigma, #C2806) or corre-

sponding volume of control vehicle were added to cultures

for 3 days following by standard H&E staining. The ima-

ges were taken with microscopy (Olympus DP71X).

MTT assay

BMSCs at P3 were dissociated and plated into 96-well

plate at density 2.5 9 104 cells/well for 24 h. Then, dif-

ferent doses of CGRP or corresponding volume of control

vehicle were added to cultures for 7 days. Each day, MTT

assay was performed according to MTT assay protocol

(Life technologies, #V13154). Triplicated experiments

were performed.
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EdU and propidium iodide (PI) assay

BMSCs were treated with vehicle or CGRP (10-10 mol/L

or 10-7mol/L) for 7 days. Then, 10 lM EdU (Ribobio,

Cat. No. C10310) were added to cultured cells for 2 h.

Cells were then washed with PBS, followed by 4 % para-

formaldchyde fixation. Then, cells were incubated with

2 mg/ml glycine, washed with PBS twice. After perme-

abilization with PBS containing 0.5 % triton X-100 and

extensive washing with PBS, cells were incubated with

staining solution for 30 min. Next, cells were washed with

PBS containing 0.5 % triton X-100 for three times, fol-

lowed by 10 min incubation with Hoechst 33342. Images

of the staining were captured with a fluorescent microscope

(Olympus DP71X).

The apoptosis of cells during differentiation in vehicle

or CGRP-treated cells was identified by PI staining using

cell apoptosis PI detection kit (Cat. No. Loo311, Gen-

script). The staining was performed according to technical

manual from Genscript. Images of the staining were taken

with a fluorescent microscope (Olympus DP71X).

Calcified nodule staining

BMSCs at P3 were dissociated and plated into 6-well plate

at density 5 9 104 cells/well for 24 h. After that, different

doses of CGRP or corresponding volume of control vehicle

were added to cultures for 14 or 21 days. Then, cells were

fixed with 10 % formalin (Sigma, #HT501128) for 30 min

and stained with Alizarin Red S(Sigma, #122777) for

another 30 min. Cells were then washed with distilled

water and mounted on slides. The images were taken with

microscopy.

Alkaline phosphatase staining

Cells were plated into 24-well plate at density 5 9 104

cells/well for 24 h. Then, different doses of CGRP or

corresponding volume of control vehicle were added to

cultures for 14 days. Each day, alkaline phospha-

tase staining was performed according to protocol provided

by Life technologies (#A14153). Triplicated experiments

were performed.

Fig. 1 Characteristics of

female osteoporotic rat-derived

BMSCs. BMSCs were analyzed

by flow cytometry at the third

passage using antibodies against

CD90 (a–b), CD29 (a, d), and

CD34 (c). BMSCs were positive

for CD29, CD90 (a), and

negative for CD34 (c)
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Real-time PCR

BMSCs with or without CGRP cultured for 1, 3, 7, or

14 days were subjected to RNA extraction using TRIzol

reagent (Invitrogen, #15596-066). Quantitative PCR was

performed in accordance with previous report [18]. PCR

primers were listed as follow:

Western blot analysis

Western blotting analysis was used to determine the protein

levels of RUNX2 and Osteonectin. Protein was isolated

from BMSCs with CGRP (10-10 mol/L or 10-7 mol/L)

treatment for 3, 7, and 14 days or from untreated cells using

a Protein Isolation Kit (Tiangen Biotech Co. Ltd). Then,

20 lgof each protein sample was subjected for SDS-PAGE

gel electrophoresis. The following antibodies were used:

anti-RUNX2 (1:1,000, Cat No: ab76956, abcam), mouse

anti-human Osteonectin (1:1,000, Cat No: LS-C25800,

LifeSpan BioSciences), and anti-GAPDH (1:5,000, ab9485,

abcam). The protein bands were digitally scanned and ana-

lysed using Adobe Photoshop, version CS4 (Adobe, USA).

Statistical analysis

All experiments were repeated at least three times inde-

pendently. Graphs were drawn using the SPSS�statistical

software, version 19.0 (SPSS, Chicago, IL, USA). Data

for MTT assay were expressed as means ± SD, and data

for real-time PCR were represented as means ± SEM.

Student’s t test was used for statistical analysis. The

value of p less than 0.05 was considered as significance.

Results

Molecular characteristics of female osteoporotic rat-

derived BMSCs

To evaluate the influence of CGRP on BMSCs that were

derived from osteoporotic tissues, we generated the

female osteoporotic rat model using OVX. The control

and osteoporotic rats were maintained with a low cal-

cium diet after surgery. Six months later, BMD of all

rats in both groups was measured. The BMD of those

adolescent rats was significantly increased from

0.11232 ± 0.0102 to 0.33259 ± 0.01001 (g/cm2) in con-

trol group, but not in OVX group (BMD: 0.182904 ±

0.00856 g/cm2) after surgery for 6 months, indicating

osteoporotic problem to those OVX surgery rats. The

result suggests that the osteoporotic model was estab-

lished successfully according to previous reports [19, 20].

To obtain BMSCs in those osteoporotic rats, cells were

collected from femoral and tibial bone marrow and

Fig. 2 Morphology of BMSCs during culture. BMSCs treated with

CGRP (a and c) or control vehicle (b and d) for 3 days were

harvested for H&E staining. Cells were imaged using microscopy

with 40 9 (a and b) or 100 9 (c and d) object. Scale bar = 200 lm

in b (apply to a), = 75 lm in d (apply to c)
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cultured in DMEM with 10 % FBS. Then, flow cytometry

was performed to validate the characteristics of BMSCs.

The isolated cells presented molecular identities of

BMSCs: with CD29 and CD90-positive (98.8 and 99.4 %,

respectively) and CD34-negative (98.7 %) (Fig. 1). In

addition, the isolated cells displayed spindle-shaped

morphology (Fig. 2), which is a typical morphology of

BMSCs.

CGRP promotes cell growth during culture

To measure the effects of CGRP on BMSCs during culture,

H & E staining was performed 3 days after CGRP treat-

ment. The data showed that the number of BMSCs with

typical spindle-shaped morphology was increased in CGRP

group as compared to control group (Fig. 2). This result

implicate that CGRP may stimulate cell growth during

BMSC culture ex vivo. To confirm that, MTT assay was

used. With this assay, we measured the absorbance values

(optical density, OD), which indicate number of viable

cells, in control and CGRP-stimulated groups. Because the

physiological concentration of circuitry CGRP is in range

10-10–10-8 mol/L [21–23] and studies widely used con-

centration of CGRP between 10-10 to 10-8 mol/L for

BMSC treatment in vitro [11, 16], we chose concentration

of CGRP in range 10-12–10-5 mol/L for our MTT assay.

After one-day stimulation with CGRP, there was no sig-

nificant difference between treated groups and control

group. After 2 days’ treatment, CGRP-treated groups,

except 10-12 mol/L group, significantly improved cell

viability (p \ 0.05, student’s t test, n = 3 independent

cultures). After CGRP continuously treated for 7 days,

CGRP-treated groups significantly promoted cell viability

in a dose-dependent manner (Fig. 3a, p \ 0.05, student’s

t test, n = 3 independent cultures). Based on the physio-

logical concentration of CGRP in vivo (10-10–10-8 mol/L),

we chose concentration of CGRP in range 10-10–10-7

mol/L for our further experiments. To confirm the effects of

CGRP, we performed EdU and PI staining. Our data showed

that CGRP treatment gradually increased number of EdU-

positive cells (Fig. 3b) and decreased number of PI-positive

cells (Fig. 3c) in a dose-dependent manner. Taken together,

CGRP promotes cell growth and inhibits cell apoptosis

during culture ex vivo.

CGRP induces osteogenic differentiation

Next, we want to measure the effects of CGRP on BMSCs

during long-term culture. After treatment with CGRP or

vehicle for 14 days, cells were harvested for measurement

of alkaline phosphatase (ALP) activity, which is an early

marker of osteogenic differentiation. ALP staining showed

heavy positive signals in cells with CGRP but not with

vehicle treatment (Fig. 4). This result strongly suggests

that CGRP induces differentiation of osteoblasts to gener-

ate ALP activities.

To further confirm the effects of CGRP on osteogenic

terminal differentiation, alizarin red staining, which is used

to indicate formation of bone nodules, was performed in

cells cultured for 14 or 21 days ex vivo. Alizarin red

staining showed that CGRP obviously promoted formation

Fig. 3 CGRP promotes cell proliferation and inhibits cell death

during BMSC culture. a BMSCs without or with different doses of

CGRP (10-12–10-5 mol/L) continuous stimulation for 7 days were

collected for MTT assay. The OD value (Y axis) at different time

points as indicated in X axis was used to generate growth curve of the

cells. b Representative images of EdU (red) and corresponding

Hoechst (blue) staining of cells treated with different concentrations

of CGRP for 7 days as indicated. Scale bar = 75 lm for all images.

c Representative images of propidium iodide (PI, red) and corre-

sponding Hoechst (blue) staining of cells treated with different

concentrations of CGRP for 7 days as indicated. Scale bar = 75 lm

for all images. (Color figure online)
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of calcium nodules as compared to vehicle group at

14 days (Fig. 5a–c). The Alizarin red staining became

more apparent after stimulation with CGRP for 21 days

(Fig. 5d–f). After CGRP-treated for 21 days, 90.5 % area

were stained with Alizarin red, but only 10.1 and 8.5 %

area were positive for Alizarin red staining in vehicle group

and untreated group, respectively. CGRP treatment showed

significant higher area coverage stained by Alizarin red as

compared with vehicle or untreated group (p \ 0.05, stu-

dent’s t test, n = 4 independent cultures). There was no

significant difference of Alizarin red staining coverage

between vehicle and untreated groups (p \ 0.05, student’s

t test, n = 4 independent cultures).

Collectively, CGRP induced BMSC differentiation

into osteoblasts and promoted osteogenic terminal

differentiation.

Fig. 4 CGRP induces generation of ALP-positive osteoblasts.

BMSCs after treatment with 10-8 mol/L CGRP (a and c) or vehicle

(b and d) for 14 days, were harvested for ALP activity assay. Cells

were visualized under microscopy with 1009 object (CGRP group: c,

control group: d). Scale bar = 75 lm in d (apply to c)

Fig. 5 CGRP stimulates formation of calcium nodules during

osteogenic differentiation. BMSCs with CGRP (10-8 mol/L), with

vehicle or without treatment for 14 days (a, b, and c, respectively) or

21 days (d, e, and f, respectively) were stained using Alizarin Red S.

Scale = 75 lm in f (apply to a–e)
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Expression of osteogenic differentiation-related genes

are increased after CGRP treatment

To validate the inductive role of CGRP during osteogenic

differentiation, genes associated with osteoblast differen-

tiation were examined. Cells stimulated with CGRP or

vehicle for 1, 3, 7, and 14 days, were collected to generate

mRNA. The real-time PCR results showed that CGRP

significantly increased expression levels of genes in early

stage of osteogenic differentiation (Alp and Coll-I), as well

as expression levels of genes in late stage of osteogenic

differentiation (Bmp2, osteonectin and Runx2) during

differentiation for 14 days (Fig. 6). Notably, Coll-I, a gene

expressed in early stage of osteogenic differentiation, was

increased dramatically at first and then decreased after

terminal differentiation (Fig. 6c). To further validate the

real-time PCR results, Western blot analysis was employed

to examine protein levels of RUNX2 and Osteonectin in

control and CGRP-treated cells. The data showed that

different dose of CGRP stimulation for 3, 7, or 14 days up-

regulated protein levels of RUNX2 and Osteonectin as

compared to untreated control (Fig. 7). Therefore, CGRP

induced osteogenic differentiation-related gene expression

during differentiation.

Fig. 6 CGRP up-regulates expression levels of osteogenic differen-

tiation-related genes. BMSCs without or with different concentration

of CGRP (10-10 mol/L or 10-7 mol/L) stimulation for 1, 3, 7, or

14 days were harvested for gene expression analysis. The osteogenic

differentiation-related genes including Alp (a), Bmp2 (b), Coll-I (c),

Osteonectin (d), and Runx2 (e) were examined. *p \ 0.05 for a–e
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Discussion

CGRP,a peptide with 37 amino acid residues, is mainly

synthesized in small sensory neurons in the dorsal root

ganglion [24]. CGRP-positive nerve fibers are abundantly

distributed in bone tissue [7, 25]. CGRP generated from

these fibers plays important roles in the regulation of

growth, repair, and performance of bone tissues [14, 15,

26]. During healing of bone fracture, the number of

CGRP-positive nerve fibers is increased in the periosteum

as well as in new-formed bone [27]. CGRP may act on

CGRP receptor expressing in BMSCs [16]. Recently, the

roles of CGRP were implicated in BMSC cell line and

BMSCs derived from healthy human [11, 17]; however,

its function in BMSCs generated from osteoporotic tissues

is unknown. In this study, we generated BMSCs from

osteoporotic tissues in OVX rat model and confirmed

their cell and molecular characteristics (Fig. 1 and

Table 1). Interestingly, we noticed that there were two

populations of CD90 and CD29-positive fractions based

on FACS results (Fig. 1). This special feature may belong

to BMSCs generated from osteoporotic tissues. However,

it’s unclear what’s different between those two fractions.

In this study, we also discovered the positive effects of

CGRP in stimulation of cell growth and induction of

osteogenic differentiation (Figs. 2, 3, 4, 5, 6, 7). These

findings demonstrated the role of CGRP in BMSCs

derived from osteoporosis. Upon these data, it’s interest-

ing to know whether CGRP has a similar function on

BMSCs and osteogenic differentiation in osteoporotic rats

in future.

In our study, we found CGRP promoted cell growth at

early stage (Figs. 2, 3) and induced osteoblast differentia-

tion late on (Figs. 4, 5, 6, and 7). These results are con-

sistent with findings in BMSC cell line and primary

cultured BMSCs under physiological conditions [11, 17].

Together with previous reports, it’s reasonable to propose

that CGRP has different roles in different stages of osteo-

genic differentiation. At first, CGRP stimulates cell pro-

liferation to generate enough precursor cells. Then, CGRP

induces cell differentiation into osteoblasts after long-term

stimulation. However, the detailed mechanisms that

mediate the roles of CGRP at different stages of osteogenic

differentiation are unclear and should be explored in next

study.

Although the detailed mechanisms are not explored in

this study, we found some implications. We revealed that

several osteogenic differentiation-related genes (Alp, Coll-

I, Bmp2, Osteonectin, and Runx2) were responded to

CGRP stimulation (Figs. 6, 7). Coll-I, a specific type of

collagen synthesized by osteoblasts in bone tissues, plays

an important role in osteoblastic differentiation of BMSCs

[28]. CGRP may regulate expression of Coll-I to promote

osteogenic differentiation. In addition to Coll-I, BMP sig-

naling is another important player for osteogenic differ-

entiation [29–31]. Consistent with previous report [32], our

study suggests that CGRP increases expression levels of

Bmp2 thereby potentially activating BMP2 signaling

pathway to promote osteoblast differentiation. BMP sig-

naling pathway can up-regulate Runx2, one of the key

transcription factors involved in osteoblast differentiation

[33]. Runx2 has a positive regulatory effect on bone for-

mation by inhibiting adipogenic differentiation and pro-

moting osteogenic differentiation of BMSCs [34, 35].

Thus, it’s possible that CGRP activates BMP2 pathway to

up-regulate Runx2 and other bone-related genes during

stimulation of osteogenesis. To validate this possibility,

microarray approach will be employed to explore global

gene expression changes in cells with and without CGRP

stimulation and pathways including BMP pathway

responding to CGRP stimulation will be analyzed.

Table 1 PCR primers

Gene Primer sequences: 50–30

Alkaline phosphatase (Alp) F: CGTTGACTGTGGTTACTGCTGA

R: TTGTAACCAGGCCCGTTG

Bmp2 F: CGTGCTCAGCTTCCATCAC

R: CCTGCATTTGTTCCCGAAA

Runx2 F: TTTGCAGTGGGACCGACA

R: AGCCATGGTGCCCGTTAG

Collagen type I (Coll-I) F: TCTCCATGGCCTCTGCAA

R: CATGTGTGGCCGATGTTTC

Osteonectin F: CTCCCATTGGCGAGTTTG

R: TGTAGTCCAGGTGGAGCTTGTG

Gapdh F: CACAGTCAAGGCTGAGAATG

R: GGTGGTGAAGACGCCAGTA

Fig. 7 CGRP up-regulates protein expression levels of RUNX2 and

Osteonectin. BMSCs without or with different concentrations of

CGRP (10-10 mol/L or 10-7 mol/L) stimulation for 3, 7, or 14 days

were harvested for protein expression analysis. The osteogenic

differentiation-related genes including Runx2 and Osteonectin were

examined. GAPDH was probed as loading control
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