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ABSTRACT

Osteoporosis might be due to defects in mesenchymal stem cells (MSCs) that lead to reduced proliferation
and osteoblast differentiation. We hypothesized that transplantation of MSCs into sites at risk for devel-
oping osteoporotic bone could improve bone structure and biomechanics. The aim of this study was to
establish an osteoporosis rabbit model by ovariectomy (OVX), characterize the autologousMSCs from the
OVX rabbits, and transplant the autologous MSCs into the OVX rabbits. MSCs harvested from bone
marrow of normal and OVX rabbits were culture expanded and differentiated in osteogenic medium.
Phenotypes were evaluated by collagen I immunostaining, von Kossa staining, and quantitative assays of
bone-specific alkaline phosphatase (B-ALP) and osteocalcin (OCN). MSCs were transfected with green
fluorescence protein (GFP) and implanted in the gluteus muscle to trace their fate in vivo. Cultured
autologousMSCs fromOVX rabbits were constructed in calcium alginate gels and then transplanted in the
distal femurs. At 4 and 8 weeks after implantation, histomorphometrical and biomechanical analyses were
performed on the samples. MSCs from OVX rabbits displayed higher B-ALP activity, but had similar
OCN levels as compared to those from sham rabbits. After 8 weeks of implantation, more bone apposition
was found in the MSC–alginate-treated group. Histomorphometry indicated increased trabecular thick-
ness. Histology also illustrated improved microstructures with newly formed osteoids and enhanced tra-
becular thickness. In addition, biomechanical testing revealed stronger stiffness in the MSC–alginate
treatment group. Therefore, this study implies that transplantation of MSCs can help to strengthen
osteoporotic bone in rabbits.

INTRODUCTION

OSTEOPOROSIS IS A DISEASE characterized by abnormal-

ities in the quantity and quality of bone tissue, which

leads to impaired skeletal strength and increased suscept-

ibility to fractures.1 Although the detailed pathologic me-

chanism remains unknown, the disproportion between

osteoblasts and osteoclasts owing to a sharp decrease in

hormone secretion plays an important role during the oc-

currence of osteoporosis.2,3 The imbalance of the remodel-

ing parameters leads to low bone density and an increased

risk of osteoporotic fractures, which are very common in the

elderly, as indicated by lifetime risk.4–6

Mesenchymal stem cells (MSCs) from postmenopausal

women differ from those from premenopausal women in

having a slower growth rate and exhibiting a deficiency in

the ability to differentiate along the osteogenic lineage.7–9

It is suggested that the lower bone density and reduced

fracture healing capacity in osteoporotic humans might be

due to defects in MSCs that lead to reduced proliferation

and osteoblastic differentiation.10,11 The use of stem cells

and tissue engineering technology has shown promising
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results in treatment of conditions as varied as hematological

malignancy to cartilage defects in joints. Current studies of

bone tissue engineering concentrate mainly on the repair of

segmental bone defects in animals.12–14 In osteoporosis,

some of the treatment options include bone regeneration

with growth factors such as recombinant human bone

morphogenetic proteins or genetic alteration of cells to

modify phenotypes.3,15 Although gene therapy may be one

of the tools available to orthopedic surgeons to treat diffi-

cult bone healing problems in osteoporosis, the safety is-

sues related to gene therapy are still uncertain, whereas the

implantation of autologous cells is becoming useful for

clinical practice.

We hypothesized that transplanting in vitro cultured

bone marrow stromal cells with appropriate osteogenic

phenotype into sites particularly at risk for developing os-

teoporotic bone could improve bone structure and enhance

biomechanics. The study was conducted in 4 stages:

1. Establish an osteoporosis rabbit model using the

ovariectomy (OVX) procedure;

2. Characterize the autologous MSCs from the osteo-

porosis rabbit model;

3. Determine MSCs survivability following implanta-

tion in a rabbit model; and

4. Explore the application of autologous MSCs for the

treatment of the osteoporosis rabbit model.

These data suggest that a potential therapeutic strategy to

treat osteoporosis is by transplantation of in vitro cultured

autologous MSCs.

MATERIALS AND METHODS

Stage 1: Development of the rabbit

osteoporosis model

Six-month-old female New Zealand white rabbits were

used for this study. The animals were fed in individual cages

for 1 week prior to the OVX on a diet of normal pellets

containing calcium (0.8%) and distilled water. They were

fasted 24 h prior to operation. Hypnorm (fentanyl citrate

0.15mg/mL; fluanisone 10mg/mL) 0.3 kg/mg was injected

subcutaneously to induce anesthesia, and Valium 0.2mg/kg

was infused via the auricular vein to maintain anesthesia.

OVX was performed via a ventral incision from the umbi-

licus to the pubis of the rabbit. The ovarian vessels and fall-

opian tubes were ligated individually, and bilateral ovaries

including periovarian fat pads were removed. The peritoneal

incision was closed with simple interrupted sutures before

skin closure.

Rabbits were randomized into 2 groups. Group I (n¼ 6)

was subjected to sham surgery, and group II (n¼ 24) had

bilateral OVX. Postoperatively, the animals were fasted for

a further 12 h to minimize any gastrointestinal, urinary, or

wound complications. Subsequently, they were allowed to

move freely within their cage and were fed normal diets.

Bone mineral density (BMD) of the distal femurs (10mm

from the distal end) was measured using a Norland XR-36

Bone Mineral Densitometer (Norland Corporation, Fort

Atkinson, WI) before surgery and 6 months postsurgery to

confirm the osteopenic status.

Stage 2: In vitro characteristics of bone marrow

MSCs from normal and OVX animals

MSCs from the control group and OVX rabbits were

isolated from bone marrow. Bone marrow was aspirated

from the iliac crests of rabbits using a preheparinized flex-

ible plastic tube affixed to a 10-mL syringe containing 1mL

of heparin solution (1000U/mL). Under sterile conditions,

the aspirate was transferred into a 50-mL centrifuge tube and

centrifuged at 1000 g for 10min. The pelleted cells were res-

uspended in Dulbecco’s modified Eagle’s medium (DMEM)

(Gibco, Grand Island, NY) containing 10% fetal bovine

serum. Cultures were incubated in a humidified atmosphere

of 95% air and 5% carbon dioxide (CO2) and the culture

medium was changed twice a week. The cells were passaged

and trypsinized at 80% confluency.

The MSCs were allowed to proliferate and differentiate in

osteoinduction medium supplemented with 50 mg/mL as-

corbic acid, 10mM sodium-glycerophosphate, and 10 nM

dexamethasone (Sigma, St. Louis, MO). Alkaline phospha-

tase (ALP) and osteocalcin (OCN) assays, and von Kossa

and collagen type I staining were performed to identify the

phenotypes.

Alkaline phosphatase assay

The first passaged cells were cultured in 96-well plates at

1�104 cells per well. Twenty mL of the culture supernatant

were retrieved after 2, 4, and 6 days of culture and examined

for ALP content using an enzyme-linked immunoassay

(Metra alkaline phosphatase EIA kit, Quidel Corporation, San

Diego, CA). The assay uses a monoclonal anti–bone-specific

ALP antibody–coated strip to capture bone-specific ALP in

the sample. All experiments were carried out in triplicate and

reported as the mean values� standard deviation.

Osteocalcin assay

The first passaged cells were cultured in 96-well plates at

1�104 cells per well. Twenty mL of the culture supernatant

were retrieved after 2, 4, and 6 days of culture and ex-

amined for OCN content using a competitive immunoassay

(Metra Osteocalcin EIA kit, Quidel Corporation). The as-

say uses OCN-coated strips, a mouse anti-OCN antibody,

and a p-nitrophenyl phosphate substrate. All experiments

were carried out in triplicate and reported as the mean

values � standard deviation.
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von Kossa staining for calcium phosphate deposits

The first passaged cells were cultured in 6-well plates for

von Kossa staining. At confluence, the medium was changed

to osteoinduction medium and the cells were stained with

von Kossa stain after 21 days of culture. Briefly, the mono-

layers were fixed with 4% formaldehyde buffered with

10mM phosphate for 10min. After rinsing with distilled

water, 1% freshly prepared silver nitrate solution was added

to the fixed cultures and left under ultraviolet light for 1 h.

The cultures were rinsed 3 times with distilled water and

incubated with freshly prepared 5% sodium thiosulphate

solution for 5min. The cultures were rinsed 3 times again

with distilled water before viewing the stained cells under

the light microscope. Calcium phosphate deposits were

stained dark brown.

Collagen type I stain

The first passaged MSCs were seeded at 104/cm2 onto

glass culture chambers. When the cells were 80% confluent,

the monolayer cells were fixed with 10% formalin overnight.

The cells were incubated with a primary antibody (goat anti-

rat) to collagen type I for 2 h at room temperature. The cells

were then incubated with the second antibody (biotinylated

anti-mouse IgG) overnight at 48C. The cells were rinsed with
phosphate-buffered saline solution and avidin/biotinylated

chromogen was added for 10min at room temperature.

A brown precipitate was formed indicating positively stained

collagen type I.

Green fluorescence protein transfection of MSCs

To trace the fate of MSCs in vivo, we labeled MSCs with

green fluorescence protein (GFP) by using the CalPhos

Mammalian Transfection Kit (K’205101, Clontech La-

boratories, Mountain View, CA). In brief, MSCs were plated

at 4�105 cells in 35-mm culture plates the day before

transfection. Two h prior to transfection, the culture medium

was replaced with fresh medium. The transfection solution

was prepared by adding solution A (3 mL of plasmid DNA,

12.4 mL of 2M calcium chloride [CaCl2], and sterile water in

100-mL volume) to solution B (100 mL of Hank’s balanced

salt solution) dropwise under slow vortexing. The transfec-

tion solution was incubated at room temperature for 20min.

Two hundred mL of the transfection solution were added

dropwise to the culture plates and returned to the CO2 in-

cubator for 6 h. After incubation, the calcium phosphate–

containing medium was replaced with 2mL of fresh com-

plete osteoinduction medium and incubated at 378C for 48 h.

The GFP transfected cells were loaded onto culture cham-

bers, cultured until 80% confluent, and harvested for in vivo

study. For intramuscular implantation, 2 rabbits received

GFP-transfectedMSC implants (2 implants per animal). Prior

to injection of the implants, the animals were immobilized

and placed in a ventral position. The backs of the animals

were shaved and disinfectedwith povidone-iodine. Two small

incisions were made on each side of the vertebral column.

Lateral to the incisions, an intramuscular pocket was created

using blunt dissection with scissors between the space of

gluteus maximus muscle and gluteus medius muscle. Two

million GFP-transfected MSCs mixed in alginate gel were

transplanted in the intramuscular pocket. After placement of

the implants, the skin was closed over the implants with Vi-

cryl 5-0 sutures. Specimens were harvested at 4 weeks post-

implantation and were decalcified and sectioned at routine.

GFP-marked cells were detected by direct fluorescence with

laser confocal microscopy fluorescence.

Stage 4: Transplantation of autologous

MSCs into the distal femur

To explore the restoration effect by MSC transplantation,

12 OVX rabbits were used for this experiment. We pro-

cessed 5�106 cultured autologous MSCs with 1 aliquot of

calcium alginate gel, and injected them into the cancellous

space of the right distal femur. One aliquot of calcium

alginate gel alone was injected in the left femur as a con-

trol. Briefly, the calcium alginate constructs were prepared

as follows. First, 2 wt% sodium alginate (A0682, Sigma)

was dissolved in a solution of 0.15M sodium chloride and

25mM HEPES buffer at pH 7.0 and sterilized by auto-

claving. Next, the monolayer cells were trypsinized and

resuspended in the sterile alginate solution. Finally, the

cells in alginate solution were loaded into a 10-mL syringe

equipped with a 22-gauge needle, added dropwise into 1mL

of 100mMCaCl2 solution, and allowed to cure for 10min at

room temperature before implantation. Upon contact with

CaCl2, the alginate in the solution polymerizes and entraps

the cultured cells in suspension. One aliquot of calcium al-

ginate cell sample was fixed with 2% glutaraldehyde for 24 h

and observed under a scanning electron microscope to study

the distribution of transplanted cells.

Histologic, histomorphometrical,

and biomechanical assessment

Rabbits were humanely killed at 4 or 8 weeks post-

implantation by CO2 euthanasia. Femurs were dissected and

soft x-ray detection (SOFTEX Inc., Tokyo, Japan), histo-

morphometry and biomechanical testing were performed.

The harvested femurs were fixed with 10% formalin over-

night. For osteoid staining, the specimens were first fixed

with xylanuric chloride before decalcification and then

stained with H & E. Ten-mm-thick undecalcified sections of

the distal femurs in OVX rabbits were processed with a

Polycut machine and stained with H & E. Histomorpho-

metric analyses were performed with the use of an Image

Analysis System (OlympusMicro Image 4.0, Tokyo, Japan).

The parameters measured included the bone volume/total

volume, trabecular bone thickness, cortical bone thickness,

and the ratio of nodes to free ends. Five sections of each
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specimen were measured and the results were analyzed with

Student’s t-test.

Indentation tests of femurs

For the indentation tests, the samples were cut and ground

to a depth of 1.5mm to create a surface for testing. Both right

and left femurs were loaded to failure in an Instron 5543

mechanical testing machine (Instron, Canton, MA). The

indentor diameter used was 1mm and the loading rate was

1mm/min. Ultimate strength was calculated from the for-

mula 4Pi/pd
2, where Pi is the ultimate indentation load and d

is the diameter of the indentor.

RESULTS

Establishment of the rabbit osteoporosis model

There were no surgical complications and nomacroscopic

signs of infection. Interestingly, OVX resulted in changes to

the rabbits’ fat metabolism, followed by depletion of estro-

gen. The average weight of the OVX rabbits was

4.6� 0.3 kg at 6 months postsurgery compared with the

sham rabbits, which weighed 4.1� 0.3 kg ( p< 0.05). The

baseline BMD for the OVX group was 339� 12mg/cm2

(n¼ 14) and 303� 4mg/cm2 (n¼ 4) for the sham group.

The OVX rabbits experienced constant bone loss 3 months

following surgery, whereas those in the sham group had sig-

nificant bone mass increase with growth. At 6 months post-

surgery, the BMD for the OVX rabbits was 318� 7mg/cm2

versus 323� 5mg/cm2 for the sham rabbits. Soft x-ray ana-

lysis also showed less dense and loose microarchitecture (data

not shown) in the OVX group compared to that of the sham

group. Histomorphometrical results demonstrated sig-

nificantly less bone mass volume and thinner trabecular

thickness in the OVX group (Table 1).

Cell culture

Initially, there were difficulties in achieving MSC pro-

liferation from osteoporotic rabbits. The colony-forming

rate was low and the growth was inhibited by sparse cell-to-

cell contact. Consequently, repeated aspirations were per-

formed (as a form of stimulus) to acquire significantly

TABLE 1. HISTOMORPHOMETRICAL ANALYSIS OF UNDECALCIFIED

SECTIONS IN SHAM AND OVX RABBITS

Group n BV/TV(%) Th. Tr (mm)
Nodes/free

ends ratio

OVX 8 22� 9* 123� 15* 0.53� 0.09*

Sham 4 51� 12 156� 31 0.98� 0.17

Data are expressed as mean values�SE.

*Significant difference between OVX and sham group; p< 0.01.

FIG. 1. In vitro characteristics of bone marrow–derived stem cells. (A) Primary MSCs attain confluency at 21 days of culture. Original

magnification,�40. (B) von Kossa staining of BMSCs, 2-week culture in osteogenic medium. Original magnification,�40. (C) Collagen

I immunostaining of BMSCs, 2-week culture. Original magnification, �200. (D) Scanning electron microscopic image of exterior

surface of MSC–alginate constructs. Spheroid cells positioned around an interconnected pore orifice. Original magnification,�300.

(Color images available online at www.liebertpub.com/ten.)
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higher populations. Primary MSCs from osteoporotic rab-

bits were confluent after 21 days of culture (Fig. 1A).

Characterization of bone marrow–derived

stem cells

Nodule formation was observed in cells cultured in OM

medium and was positive for the von Kossa stain (Fig. 1B)

and collagen type I (Fig. 1C). To quantify osteoblast dif-

ferentiation, ALP and OCN activity were measured after 2,

4, and 6 days of subculture. As shown in Figure 2, there

was significantly higher ALP expression in osteoporotic

MSCs compared to normal MSCs (Fig. 2A; p< 0.05).

However, initially the OCN levels in osteoporotic MSCs

were lower than normal MSCs, but restored to a normal

level with time during in vitro culture (Fig. 2B; p> 0.05).

SEM imaging of BMSC–alginate constructs showed de-

position of aggregates of spherical cells throughout the

scaffold (Fig. 1D).

Detection of implanted GFP-transduced cells

The ectopic bone formation from GFP-transduced MSCs

in alginate gels was evaluated in an intramuscular location

created between gluteus muscles. After 8 weeks of im-

plantation, green fluorescence was detected positively

within the implant. H & E staining also confirmed the

formation of trabeculae-like tissues with bone marrow,

indicating the presence and differentiation of transplanted

MSCs (Fig. 3).

Evaluation of tissue engineered MSC–alginate

constructs in osteoporotic femurs

In the in vivo study, samples were harvested at 8 weeks

postimplantation. No inflammation or fracture was present.

Gross examination of the morphology of harvested femurs

showed no inflammation or necrosis. Novel bone tissue

formation could be seen in the MSC–alginate-treated fe-

mur; in contrast, the control femur presented loose bone

structure (sagittal section, Fig. 4A–D). Histomorphometry

of undecalcified sections revealed that the bone mass vo-

lume increased by 50% and thicker trabecular structures

(trabecular thickness of treatment group 165� 32 mm ver-

sus control group 132� 22 mm) could be observed around

the injection sites in MSC–alginate-treated sites (Table 2).

This is evident of the osteogenic effect induced by the

tissue engineering constructs. H & E stains showed denser

microstructures with formation of novel osteoid bodies and

enhanced trabecular thickness of the MSC–alginate-treated

femurs compared to the alginate-only control femurs

(Fig. 5). Table 3 shows the results from the indentation

tests. The ultimate load and stress values obtained for the

MSC–alginate-treated group were similar to those of the

sham group ( p> 0.05), whereas values in the alginate-only

control group decreased to two thirds compared to theMSC–

alginate-treated group ( p< 0.05).

DISCUSSION

Autologous cell transplantation or genetically modified

MSCs expanded in vitro is a potential strategy to augment

bone formation in elderly subjects suffering from osteo-

porosis.16,17 This study presents the use of rabbits for an

osteoporosis model and the subsequent implantation of

autologous MSCs in alginate hydrogels for the treatment of

FIG. 2. (A) ALP activity of in vitro cultured BMSCs, normal

versus OVX rabbits. (B) OCN contents of in vitro cultured

BMSCs, normal versus OVX rabbits. Data are presented as mean

values� standard deviation of triplicate determinations. Statistical

analyses were performed for the cultures with osteogenic stimu-

lation.
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FIG. 3. Transplantation of GFP-transduced BMSCs in muscle pocket. (A) Fluorescence image of implants with GFP-transfected

BMSCs, 4 weeks postsurgery. Original magnification�20. (B) H & E staining of the same section of the specimen. Typical trabecular

bone formation lines with osteoblast zones. Original magnification�40. (Color images available online at www.liebertpub.com/ten.)

FIG. 4. Gross views of harvested osteoporotic distal femurs, 8 weeks postsurgery. Soft-s photos. (A, B) Circles indicate the injection area.

There is significantly higher radiopaque intensity in the treatment group. (C, D) Sagittal sections. (C) MSC–alginate treatment. New bone

tissue formation can be observed in theMSC-alginate–treated femur. (D) Alginate only. There remains sparse trabecular structure as compared

to the MSC-alginate–treated femur. The arrow indicates the injection point. (Color images available online at www.liebertpub.com/ten.)
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osteoporosis. Utilizing rabbits as a model has been estab-

lished for the study of bone defects, inflammatory arthritis,

and even local osteopenia.15,18 Experimental models of

estrogen-deficiency osteopenia are now regarded as among

the most accurate for adult human diseases. Rodent OVX

models appear to undergo the same bone remodeling pat-

tern as found in human cancellous bone, and the periosteal

and endocortical surfaces of adult rat cortical bone func-

tionally behave similarly to those same surfaces in adult

humans. However, the adult rat continues to be inap-

propriate for use in studying Haversian remodeling of

cortical bone.19

One of the advantages of using rabbits to establish an

osteoporosis model is that they have moderate bone size

with sufficient bone volume for harvesting bone marrow as

compared to rodents. Also, rabbits are the smallest animals

where Harvesian structures are found within the bone.

Rabbits attain sexual maturity between 20 and 24 weeks

with skeletal maturity at 32 weeks, and regular bone re-

sorption and formation are well established at this stage.20

Similar to sheep, rabbits display seasonal estrogen-

deficiency bone loss.21 Porcine or canine models show little

or poor bone loss after OVX; therefore, they are inappro-

priate for the study of estrogen-deficiency osteopenia.22,23

Although recent data demonstrate that some strains of adult

mice develop estrogen-deficiency bone loss after OVX, no

transgenic or knockout mice have been generated that mi-

mic typical adult human osteoporosis.24,25 In our study, we

indicated that all rabbits achieved osteoporosis 6 months

post-OVX. Despite initial difficulties such as lower popu-

lation frequency and proliferation rates of cultured MSCs

from OVX rabbits, with repeated aspirations we success-

fully restored the proliferation and differentiation potentials

of MSCs from the osteoporotic rabbits. Physiologically,

this difficulty could be due to aging and estrogen depletion,

where red bone marrow of the OVX rabbits is replaced by

adipose-rich yellow marrow.

A number of in vivo animal studies have demonstrated

that calcium cross-linked sodium alginate hydrogels are

suitable carriers for MSCs and various other cell types.26–29

Hydrogels have desired properties such as high porosity

and injectability.30 The alginate can be conveniently and

accurately injected at the site, and solidify within 30min of

injection. In our in vivo studies, there were significantly

enhanced radiologic features and histomorphometrical re-

sults in autologous MSC–alginate-treated femurs. Bio-

mechanical testing showed improved ultimate load and

stress levels in the experimental group as compared to the

control group. In our in vitro studies, we had a low MSC

population, which resulted in difficulty in cell culture. Also,

our phenotype studies showed that the MSCs still presented

osteoblast differentiation including mineralization and

bone-specific matrix production. Our functional studies

revealed higher ALP levels as compared to normal animals,

which may be due to biofeedback. Interestingly, OCN le-

vels in the OVX MSCs were lower than normal, but still

showed a tendency to increase over time. In human clinical

studies, it has been reported that increased adipogenesis in

the senior population and patients with osteoporosis could

FIG. 5. Undecalcified section of distal femurs. H & E staining.

(1) MSC–alginate implant in osteoporotic distal femur (8 weeks).

Original magnification,�3. (2) Alginate-only implant in osteoporotic

distal femur (8 weeks). Original magnification,�3. (3) High mag-

nification microscopy of a more central part of (1). Original mag-

nification,�60. (4) High magnification microscopy of a more central

part of (2). Original magnification,�60. More trabecular bone ap-

peared in the MSC–alginate implant group than in the control (ar-

rows). Abundant new osteoids were formed in the MSC–alginate

group. (Color images available online at www.liebertpub.com/ten.)

TABLE 2. HISTOMORPHOMETRY OF UNDECALCIFIED SECTIONS

IN MSC–ALGINATE AND CONTROL GROUPS

Group BV/TV(%) Th. Tr (mm)
Nodes/free

ends ratio

Treatment 32.3� 9.8* 165� 32* 0.92� 0.28*

Control 21.2� 7.8 132� 22 0.55� 0.19

Data are expressed as mean values�SE.

*Significant difference between treatment and control group; p< 0.05.

TABLE 3. INDENTATION TESTING IN SHAM, OVX CONTROL,

AND MSC–ALGINATE GROUPS

Group n

Ultimate

load (N)

Ultimate

strength (MPa)

Sham 8 68.9� 15.9{ 87.8� 20.3{

OVX-control 8 45.7� 12.7 58.3� 16.2

OVX-treatment 8 61.3� 21.8* 78.1� 22.9*

*p< 0.05, OVX treatment versus OVX control.
{p> 0.05, OVX treatment versus sham.
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be a result of changes in the differentiation potential of

MSCs, which is in turn regulated by various hormones and

growth factors.31 The shift from osteoblast differentiation

to adipocyte differentiation with advancing age may

be involved in the pathophysiology of senile and postmeno-

pausal osteoporosis.32 In a study of long-term cultures of

human BMSCs obtained from young and old donors, it was

found that cells obtained from elderly donors showed de-

creased proliferation potential and accelerated senescence

compared with cells from younger donors.33

Although we were able to obtain a sufficient amount of

bone marrow stromal cells by in vitro multiplication, we did

not compare the differences in proliferation and differ-

entiation rates of MSCs obtained from OVX and aged rab-

bits. It would be important to characterize and compare the

replication capacity and osteogenic potential of MSCs ob-

tained from ovariectomized and aged rabbits to determine

whether autologous implantation of MSCs can be achieved

successfully in older rabbits. Future studies focusing on

the combination of MSCs and hormone growth factor

replacement–containing scaffolds, modification of autolo-

gous MSCs therapy by genetic engineering, and growth

factor composition would be very beneficial in the treatment

of osteoporosis.

In summary, autologous MSCs can be transplanted into

osteoporotic rabbits, and MSC–alginate-treated femurs

showed significant improvement in bone histomorphome-

trical structure and mechanical strength. These results im-

plied that cell therapy–based tissue engineering implantation

ofMSCs into sites at high riskmay prevent osteoporotic bone

fracture from occurring as well as improve bone fracture

healing in osteoporosis patients.

ACKNOWLEDGMENTS

The authors acknowledge the National Medical Research

Council, Singapore, for financial support. We also thank

Tan Bee Leng, Jessia Tan, and Chan Wai Kam for technical

assistance and Dominic Tey for indentation tests.

REFERENCES

1. Lane, J.M., Riley, E.H., and Wirganowicz, P.Z. Osteoporosis:

diagnosis and treatment. J. Bone Joint Surg. 78A, 618, 1996.

2. Raisz, L.G. Local and systemic factors I the pathogenesis of

osteoporosis. N. Engl. J. Med. 318, 818, 1988.

3. Hollinger, J.O., Winn, S., and Bonadio, J. Options for tissue

engineering to address challenges to the aging skeleton. Tis-

sue Eng. 6, 341, 2000.

4. Jones, G., Nguyen, T., Sambrook, P.N., Kelly, P.J., Gilbert,

C., and Eisman, J.A. Symptomatic fracture incidence in el-

derly men and women: the Dubbo Osteoporosis Epidemiol-

ogy Study (DOES). Osteoporos. Int. 4, 277, 1994.

5. Chrischilles, E., Shirman, T., and Wallace, R. Costs and

health effects of osteoporotic fractures. Bone 15, 377, 1994.

6. Seeman, E., Young, N., Szmukler, G., Tsalamandris, C., and

Hooper, J.L. Risk factors for osteoporosis. Osteoporos. Int. 3,

40, 1993.

7. Rodriguez, J.P., Garat, S., Gajardo, H., Pino, A.M., and Seitz,

G. Abnormal osteogenesis in osteoporotic patients is reflected

by altered mesenchymal stem cells dynamics. J. Cell Bio-

chem. 75, 414, 1999.

8. Nishida, S., Endo, N., Yamagiwa, H., Tanizawa, T., and

Takahashi, H.E. Number of osteoprogenitor cells in human

bone marrow markedly decreases after skeletal maturation.

J. Bone Miner. Metab. 17, 171, 1999.

9. Rodriguez, J.P., Montecinos, L., Rios, S., Reyes, P., and Mar-

tinez, J. Mesenchymal stem cells from osteoporotic patients

produce a type I collagen-deficient extracellular matrix

favoring adipogenic differentiation. J. Cell Biochem. 79, 557,

2000.

10. Verma, S., Rajaratnam, J.H., Denton, J., Hoyland, J.A., and

Byers, R.J. Adipocytic proportion of bone marrow is inversely

related to bone formation in osteoporosis. J. Clin. Pathol. 55,

693, 2002.

11. Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K.,

Douglas, R., Mosca, J.D., Moorman, M.A., Simonetti, D.W.,

Craig, S., and Marshak, D.R. Multilineage potential of adult

human mesenchymal stem cells. Science 284, 143, 1999.

12. Tsuchida,H.,Hashimoto, J., Crawford,E.,Manske, P., andLou,

J. Engineered allogeneic mesenchymal stem cells repair fe-

moral segmental defects in rats. J. Orthop. Res. 21, 44, 2003.

13. Schaefer, D., Martin, I., Jundt, G., Seidel, J., Heberer, M.,

Grodzinsky, A., Bergin, I., Vunjak-Novakovic, G., and Freed,

L.E. Tissue engineered composites for the repair of large

osteochondral defects. Arthritis Rheum. 46, 2524, 2002.

14. Fialkov, J.A., Holy, C.E., Shoichet, M.S., and Davies, J.E. In

vivo bone engineering in a rabbit femur. J. Craniofac. Surg.

14, 324, 2003.

15. Nakamura, K., Kawaguchi, H., Aoyama, I., Hanada, K.,

Hiyama, Y., Awa, T., Tamura, M., and Kurokawa, T. Sti-

mulation of bone formation by intraosseus application of re-

combinant basic fibroblast growth factor in normal and

ovariectomized rabbits. J. Orthop. Res. 15, 307, 1997.

16. Cancedda, R., Dozin, B., Giannoni, P., and Quarto, R. Tissue

engineering and cell therapy of cartilage and bone. Matrix

Biol. 22, 81, 2003.

17. Caplan, A.I., and Bruder, S.P. Mesenchymal stem cells:

building blocks for molecular medicine in the 21st century.

Trends Mol. Med. 7, 259, 2001.

18. Mori, H., Manabe, M., Kurachi, Y., and Nagumo, M. Os-

seointegration of dental implants in rabbit bone with low bone

mineral density. J. Oral Maxillofac. Surg. 55, 351, 1997.

19. An, Y.H., and Fridman, R.J. Animal model in orthopaedic

research. Boca Raton, FL: CRC Press, 1999, p. 279.

20. Haarbo, J., Leth-Espensen, P., Stender, S., and Christiansen, C.

Estrogen monotherapy and combined estrogen-progestogen

replacement therapy attenuate aortic accumulation of choles-

terol in ovariectomized cholesterol-fed rabbits. J. Clin. Invest.

87, 1274, 1991.

21. Haarbo, J. Hormone replacement therapy and cardiovascular

disease: the rabbit model. Br. J. Obstet. Gynecol. 103, 49, 1996.

22. Kragstrup, J., Richards, A., and Fejerskov, O. Effects of

fluoride on cortical bone remodeling in the growing domestic

pig. Bone 10, 421, 1989.

1760 WANG ET AL.



23. Grynpas, M.D., Acito, A., Dimitriu, M., Mertz, B.P., and Very,

J.M. Changes in bone mineralization, architecture and me-

chanical properties due to long-term (1 year) administration of

pamidronate (APD) to adult dogs. Osteoporos. Int. 2, 74, 1992.

24. Beamer, W.G., Donahue, L.R., Rosen, C.J., and Baylink, D.J.

Genetic variability in adult bone density among inbred strains

of mice. Bone 18, 397, 1996.

25. Tsuboyama, T., Takahashi, K., Yamamuro, T., Hosokawa,

M., and Takeda, T. Cross-mating study on bone mass in the

spontaneously osteoporotic mouse (SAM-P/6). Bone Miner.

23, 57, 1993.

26. Wang, L., Shelton,R.M.,Cooper, P.R., Lawson,M., Triffitt, J.T.,

and Barralet, J.E. Evaluation of sodium alginate for bone mar-

row tissue cell tissue engineering. Biomaterials 24, 3475, 2003.

27. Halberstadt, C., Austin, C., Rowley, J., Culberson, C., Loeb-

sack, A., and Wyatt, S. A hydrogel material for plastic and

reconstructive applications injected into the subcutaneous

space of a sheep. Tissue Eng. 8, 309, 2002.

28. Ishikawa, K., Ueyama,Y., Mano, T., Koyama, T., Suzuki, K.,

and Matsumura, T. Self setting barrier membrane for guided

tissue regeneration method: initial evaluation of alginate mem-

brane made with sodium alginate and calcium chloride aqueous

solutions. J. Biomed. Mater. Res. 47, 111, 1999.

29. Rowley, J.A., Madlambayan, G., and Mooney, D.J. Alginate

hydrogels as synthetic extracellular matrix materials. Bio-

materials 20, 45, 1999.

30. Shang, Q., Wang, Z., Liu, W., Shi, Y., Cui, L., and Cao, Y.

Tissue-engineered bone repair of sheep cranial defects with

autologous bone marrow stromal cells. J. Craniofac. Surg. 12,

586, 2001.

31. Justesen, J., Stenderup, K., Ebbesen, E.N., Mosekilde, L.,

Steiniche, T., and Kassem, M. Adipocyte tissue volume in

bone marrow is increased with aging and in patients with

osteoporosis. Biogerontology 2, 165, 2001.

32. Kveiborg, M., Flyvbjerg, A., Rattan, S.I., and Kassem, M.

Changes in the insulin-like growth factor system may con-

tribute to in vitro age-related impaired osteoblast functions.

Exp. Gerontol. 35, 1061, 2000.

33. Stenderup, K., Justesen, J., Clausen, C., and Kassem, M.

Aging is associated with decreased maximal life span and

accelerated senescence of bone marrow stromal cells. Bone

33, 919, 2003.

Address reprint requests to:

James Goh, Ph.D.

Department of Orthopedic Surgery

National University of Singapore

5 Lower Kent Ridge Road

Singapore 119074

E-mail: dosgohj@nus.edu.sg

BMSCs IN STRENGTHENING OSTEOPOROTIC BONE 1761





This article has been cited by:

1. Sophia Chia Ning Chang, Hui-Ying Chung, Ching-Lung Tai, Philips Kuo Ting Chen, Tsung-Min Lin, Long-Bin Jeng. 2010.
Repair of large cranial defects by hBMP-2 expressing bone marrow stromal cells: Comparison between alginate and collagen type
I systems. Journal of Biomedical Materials Research Part A 9999A, NA-NA. [CrossRef]

2. Sun Wook Cho, Hyun Jin Sun, Jae-Yeon Yang, Ju Yeon Jung, Jee Hyun An, Hwa Young Cho, Hyung Jin Choi, Sang Wan Kim,
Seong Yeon Kim, Dohee Kim, Chan Soo Shin. 2009. Transplantation of Mesenchymal Stem Cells Overexpressing RANK-Fc or
CXCR4 Prevents Bone Loss in Ovariectomized Mice. Molecular Therapy 17:11, 1979-1987. [CrossRef]

3. Gina Lisignoli, Katia Codeluppi, Katia Todoerti, Cristina Manferdini, Anna Piacentini, Nicoletta Zini, Francesco Grassi, Luca
Cattini, Roberta Piva, Vittorio Rizzoli, Andrea Facchini, Nicola Giuliani, Antonino Neri. 2009. Gene array profile identifies
collagen type XV as a novel human osteoblast-secreted matrix protein. Journal of Cellular Physiology 220:2, 401-409. [CrossRef]

4. Stefan Grote, Wolfgang Boecker, Wolf Mutschler, Matthias Schieker. 2008. Current Aspects of Fragility Fracture Repair. European
Journal of Trauma and Emergency Surgery 34:6, 535-541. [CrossRef]

5. Z. F. Lu, B. Zandieh Doulabi, P. I. Wuisman, R. A. Bank, M. N. Helder. 2008. Influence of collagen type II and nucleus pulposus
cells on aggregation and differentiation of adipose tissue-derived stem cells. Journal of Cellular and Molecular Medicine 12:6b,
2812-2822. [CrossRef]

6. I Müller, M Vaegler, C Holzwarth, N Tzaribatchev, S M Pfister, B Schütt, P Reize, J Greil, R Handgretinger, M Rudert. 2008.
Secretion of angiogenic proteins by human multipotent mesenchymal stromal cells and their clinical potential in the treatment
of avascular osteonecrosis. Leukemia 22:11, 2054-2061. [CrossRef]

7. Björn H. Schönmeyr, Alex K. Wong, Marc Soares, John Fernandez, Nicholas Clavin, Babak J. Mehrara. 2008. Ionizing Radiation
of Mesenchymal Stem Cells Results in Diminution of the Precursor Pool and Limits Potential for Multilineage Differentiation.
Plastic and Reconstructive Surgery 122:1, 64-76. [CrossRef]

8. Wei Feng, Yunze Cui, Changye Song, Hongsheng Zhan, Xiaoli Wang, Qing Li, Wenhao Cui, Kequan Guo, Masahiko Maki,
Hiroko Hisha, Takahide Mori, Susumu Ikehara. 2007. Prevention of Osteoporosis and Hypogonadism by Allogeneic Ovarian
Transplantation in Conjunction With Intra-Bone Marrow–Bone Marrow Transplantation. Transplantation 84:11, 1459-1466.
[CrossRef]

9. Marcus Jäger, Özer Degistirici, Andreas Knipper, Johannes Fischer, Martin Sager, Rüdiger Krauspe. 2007. Bone Healing and
Migration of Cord Blood–Derived Stem Cells Into a Critical Size Femoral Defect After Xenotransplantation. Journal of Bone and
Mineral Research 22:8, 1224-1233. [CrossRef]

10. Laurence Duplomb, Maylis Dagouassat, Philippe Jourdon, Dominique Heymann. 2007. Concise Review: Embryonic Stem Cells:
A New Tool to Study Osteoblast and Osteoclast Differentiation. Stem Cells 25:3, 544-552. [CrossRef]

11. A Nasef, L Fouillard, A El-Taguri, M Lopez. 2007. Human Bone Marrow-Derived Mesenchymal Stem Cells. Libyan Journal
of Medicine 2:4, 190-201. [CrossRef]

http://dx.doi.org/10.1002/jbm.a.32685
http://dx.doi.org/10.1038/mt.2009.153
http://dx.doi.org/10.1002/jcp.21779
http://dx.doi.org/10.1007/s00068-008-8207-5
http://dx.doi.org/10.1111/j.1582-4934.2008.00278.x
http://dx.doi.org/10.1038/leu.2008.217
http://dx.doi.org/10.1097/PRS.0b013e31817743cd
http://dx.doi.org/10.1097/01.tp.0000288182.75398.74
http://dx.doi.org/10.1359/jbmr.070414
http://dx.doi.org/10.1634/stemcells.2006-0395
http://dx.doi.org/10.4176/070705

