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Abstract We investigated deleterious changes that take place in
mesenchymal stem cells (MSC) and its fracture healing compe-
tence in ovariectomy (Ovx)-induced osteopenia. MSC from
bone marrow (BM) of ovary intact (control) and Ovx rats was
isolated. 99mTc-HMPAO (Technitium hexamethylpropylene
amine oxime) labeled MSC was systemically transplanted to
rats and fracture tropism assessed by SPECT/CT. PKH26 la-
beled MSC (PKH26-MSC) was bound in scaffold and applied
to fracture site (drill-hole in femur metaphysis). Osteoinduction
was quantified by calcein binding and microcomputed tomog-
raphy. Estrogen receptor (ER) antagonist, fulvestrant was used
to determine ER dependence of osteo-induction by MSC. BM-
MSC number was strikingly reduced and doubling time

increased in Ovx rats compared to control. SPECT/CT showed
reduced localization of 99mTc-HMPAO labeled MSC to the
fracture site, 3 h post-transplantation in Ovx rats as compared
with controls. Post-transplantation, Ovx MSC labeled with
PKH26 (Ovx PKH26-MSC) localized less to fracture site than
control PKH26-MSC. Transplantation of either control or Ovx
MSC enhanced calcein binding and bone volume at the callus of
control rats over placebo group however Ovx MSC had lower
efficacy than control MSC. Fulvestrant blocked osteoinduction
by control MSC. When scaffold bound MSC was applied to
fracture, osteoinduction by Ovx PKH26-MSC was less than
control PKH26-MSC. In Ovx rats, control MSC/E2 treatment
but not Ovx MSC showed osteoinduction. Regenerated bone
was irregularly deposited in Ovx MSC group. In conclusion,
Ovx is associated with diminished BM-MSC number and its
growth, andOvxMSCdisplays impaired engraftment to fracture
and osteoinduction besides disordered bone regeneration.
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Introduction

Osteoporosis is associated with a higher fracture risk in post-
menopausal women with a diminished capacity of bone to
heal due to estrogen (E2) deficiency [1] which causes signif-
icant morbidity. Osteopenia could also occur in females of
reproductive age having low levels of circulating E2 due to a
disease called hypothalamic amenorrhea (HA) [2]. Ovariectomy
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(Ovx) in females performed at an age younger than the average
age of the natural menopause due to other clinical causes are at
higher risk of fracture due to osteopenia [3]. In the bone marrow
(BM), a decline in the availability of osteogenic prescursor cells
[4] may be associated with impaired fracture healing in E2-
deprived individuals.

Currently, recombinant human bone morphogenetic protein-2
(BMP-2) and BMP-7 are approved for spinal fusion surgery and
treatment of recalcitrant tibial fractures, respectively [5]. Recent-
ly, recombinant platelet-derived growth factor-BB has obtained
U.S. FDA approval for the treatment of accelerated periodontal
regeneration [6]. Development of various forms of grafts, aimed
at enhancing bone regeneration, whether injected or applied in an
open technique could facilitate osteoinduction and lead to oste-
ogenesis [7–9]. However, these approaches are associated with
significant surgical morbidity particularly in individuals with
osteopenia. Presently, there is no therapy available to promote
fracture healing in osteopenic individuals.

Systemic administration of bone marrow-derived mesen-
chymal stem cells (MSC) may represent a novel nonunion
therapy with no surgical morbidity especially in E2-deprived
individuals. Clinical studies have shown that systemic trans-
plantation of MSC is safe and well tolerated [10] and is
effective in the treatment of osteogenesis imperfecta [11].
Recent evidence suggests that MSC are mobilized from pe-
ripheral sites in patients bearing acute fractures and are de-
tectable in the circulation [12], suggesting a physiological role
of MSC mobilization from distant source and recruitment to
the site of fracture. Animal studies have demonstrated that
systemically infused MSC migrate to the site of fracture and
engraft into the site at greater efficiency than locally
transplanted cells [13, 14]. However, not much is known
about MSC behavior per se under osteopenic condition and
their fracture healing characteristics.

Loss of cancellous metaphyseal bones are commonly ob-
served in postmenopausal individuals [15, 16]. Females with a
history of HA have low trabecular bone densities as compared
to age-matched controls, even after recurrence of normal
menstruation [2]. Bone loss in postmenopausal women also
occurs in the diaphyseal bone, although to a lesser extent [17].
The process of periosteal apposition continues to preserve the
mechanical strength of cortical bone [18]. Therefore, long
bones are more susceptible to fractures at the metaphysis
rather than at the diaphysis. In laboratory mammals with
osteopenia, the fracture healing process is delayed and poor
in quality [19, 20]. In women, postmenopausal osteoporosis
negatively influences the fracture healing process, and the
recovery of functional competence is delayed [21, 22]. Re-
duced stromal/osteoprogenitor population in the BM of Ovx
animals has been reported. Available studies also indicate that
E2 deficiency diminishes MSC renewability and osteogenic
differentiation of BM-MSC which could lead to poor bone
regeneration upon systemic transplantation [23, 24].

However, there are no systematic studies assessing the impact
of osteopenia on MSC functions including, the ability to
migrate at the fracture site (homing) and induction of bone
regeneration.

We used Ovx rat model to evaluate therapeutic efficacy of
MSC in long term E2 deprived condition for the present study.
As the prevalence of E2 deprived fractures in the long bones
of humans are located at the metaphysis, we made drill-hole
wound of femur metaphysis to study osseous wound/fracture
healing. We first studied the impact of E2 deprived condition
induced by prolonged Ovx on the number and growth ability
of BM-MSC. Next, we made comparisons between MSC
isolated from ovary intact and Ovx rats on a) migration to
fracture site and b) osteoinduction and the pattern of bone
regeneration in E2-replete rats. Osteoinduction by MSC iso-
lated from ovary intact and Ovx rats were also studied.

Material and Methods

Reagents and Chemicals

Cell culture media, MSC qualified FBS and supplements were
purchased from Invitrogen (Carlsbad, CA). All fine chemicals
including 17β-estradiol (E2), fulvestrant and calcein were
purchase from Sigma-Aldrich (St. Louis, MO).

Animals

All animal experimental procedures were prior approved (In-
stitutional Animal Ethics Committee approval number
(CDRI/IAEC/2012/17) and conducted as per the guide lines
laid by the Committee for the Purpose of Control and Super-
vision of Experiments onAnimals (CPCSEA 34/199). Female
Sprague Dawley (SD) rats (200±20 g) were used throughout
the study. Rats were obtained from the National Laboratory
Animal Centre, CSIR-CDRI and were kept in a 12 h light–
dark cycle, with controlled temperature (22–24 °C) and hu-
midity (50–60 %) and free access to standard rodent food and
water.

Isolation and Expansion of MSC

ForMSC isolation, BMwas harvested and pooled by flushing
the tibias and femurs of healthy and Ovx female rats (n=18 for
each group) and cultured in α-MEM supplemented with 10 %
FBS, glutamax (2 mg/ml) and 1 % penicillin-streptomycin.
After 48 h, adherent cells were expanded. Magnet-associated
cell sorting (MACS) was done at passage 2 as described
before [25]. In brief, we used a kit-based sorting (BD, New
Jersey, USA) in which cells were first tagged with biotinylated
CD90 and CD54 antibodies, then mixed with IMag
streptavidin particles and finally sorted by magnet. CD90+
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and CD54+ cells were cultured. Cells of the passage 3 were
used throughout the present study. For determination of dou-
bling time of MSC isolated form healthy and Ovx rats, 4×104

cells/well were seeded in 6-well plates in triplicate. After 72 h,
cells were harvested, stained with trypan blue and counted by
hemocytometer (Hausser Scientific, Horsham, PA, USA).
Doubling time was calculated by a method described before
[26].

Flow Cytometry

MACS purified cells at passage 3 (P3) were analyzed forMSC
surface antigen by flow cytometry for which cells were first
incubated for 30 min at room temperature (RT) with various
primary antibodies including, FITC-conjugated CD90
(Abcam, MA, USA), purified-CD54 (BD), purified-CD29
(Abcam), purified-CD73 (BD), PE-conjugated CD45
(Abcam) and MHC class II (Abcam). Cells were washed
and CD54, CD29 and CD73 tubes were incubated with sec-
ondary antibody, IgG FITC (Abcam) for 45 min at RT. Cells
were fixed in 4 % paraformaldehyde. Labeled cells were then
analyzed in FACS Calibur (Becton and Dickinson).

MSC Differentiation to Osteoblasts and Adipocytes

MSC (1×104 cells/well) were plated in 6-well plates and
cultured in complete medium. At 90 % confluence, medium
was changed to osteoblast differentiation medium (10nM
dexamethasone, 10 mM β-glygerophosphate and 50 μg/ml
ascorbic acid) and adipocyte differentiation medium (0.5 mM
IBMX, 100 μM indomethacin, 10 μg/ml insulin and 1 μM
dexamethasone) for 21 days with a change of medium every
48 h. Deposition of mineral (nascent calcium) was determined
by staining with Alizarin red-S (40 mM, pH 4.5). The stain
was extracted using 10 % (v/v) acetic acid for 30 min at RT.
Cells were scraped and collected in 1.5 ml tube. After brief
bursts of vortexing, the slurry was overlaid with 500 μl min-
eral oil and heated to 80 °C for 10 min and transferred to ice
for 5 min. The slurry was then centrifuged at 20,000 g for
15 min and supernatant was collected. Then 200 μl of 10 %
(v/v) ammonium hydroxide was added to neutralize the pH.
Optical density (OD) of the extracted dye was recorded at
405 nm [27]. Nodules area was calculated from captured
photomicrographs using image proplus analysis 6.1 software.
Adipogenesis was assessed for the presence of fat droplets
visualized by Oil red-O stain. In brief, the differentiated cells
were fixed in 4 % paraformaldehyde w/v for 20 min. After
washing with PBS, cells were stained with 0.34 % Oil red-O
in 60 % isopropanol for 15 min. Cells were washed with PBS
and dye was extracted with 80 % isopropanol. OD of the
extracted dye was recorded at 520 nm [28]. Data obtained
from both dye extractionmethods are presented as fold change
from control MSC after protein normalization.

Ovx and Drill-Hole Injury of Femur Metaphysis

Rats were bilaterally Ovx and left for 13 weeks to develop E2
deprived osteopenia [29]. A drill-hole injury was created by
inserting a drill bit with a diameter of 0.8 mm in the femur
metaphysis region following our previously described proto-
col with minor modification with respect to drill-hole spot
[30]. On the fourteenth day, rats were killed and bones appro-
priately preserved for histology, histomorphometry and
micro-computed tomography (μCT) following our previously
described methods [31]. Twenty-four hours before killing, all
animals received calcein (20 mg/kg) by intraperitonial route.
On the fourteenth day, the rats were killed by overdose
anesthetization for the collection of femurs. The bones were
kept in 70 % isopropanol and embedded in anacrylic material.
Then, 50 μm sections were made from the bones using
Isomet-SlowSpeedBoneCutter

(Buehler, LakeBluff,IL), followed by imaging using con-
focal microscope (LSM 510 Meta, Carl Zeiss, Inc.,
Thornwood, NY) with appropriate filters. The intensity of
calcein binding was calculated using Carl Zeiss AM 4.2
image-analysis software.

Cell Labeling with 99mTc-HMPAO

To quantify migration ofMSC to the fracture site by dual head
SPECT/CT (Siemens, Erlangen), the cells were labelled with
99mTc-HMPAO a lipophilic WBC radio-labelling linker
(Polatom, Poland) following previously described protocol
and guidelines [32]. For this fractured female rats (cont rats;
n=9) were equally divided in 3 groups viz. i) cont rats +1
million MSC labeled with 99mTc-HMPAO, ii) cont rats +2
million MSC labeled with 99mTc-HMPAO, iii) cont rats +4
million MSC labeled with 99mTc-HMPAO. Labelling efficien-
cy (% radio counts in cell pellet) and viability by tryphan blue
exclusion tests were found to be 35–40 % and 98 % respec-
tively. Before labelling, MSC were washed twice with PBS.
To 1×106 MSC suspended in 1 ml PBS, 99mTc (370–
555 MBq) having physical half-life of 6.02 h and γ energy,
140±10 % KeV was added and incubated for 30 min at R.T.
Unbound radioactivity was washed and labeled MSC were
suspended in 1 ml saline for injection through tail vein. After
3 h, image of in vivo bio-distribution of 99mTc-MSC was
acquired for 5min using dual head SPECT/CT gamma camera
and quantification of bio-distributed radio-labeled MSC at
fracture site was derived. The radioactive count sensitivity of
gamma camera was 201,429 counts/mCi/min (cpm) and the
resolution of imaging was 8.15 mm.

The method for quantification of MSC involved conver-
sion of radioactive counts at fracture site to number of cells.
Region of interests (ROI) was drawn over the whole rat and
the fracture site on a 3 h SPECT-CT image acquired for 5 min
and radioactive counts recorded as cpm/mm2 at 140±10 %
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KeVenergy window of technetium. Three-hour decay correc-
tion was applied to ROI counts. ‘Net injected radioactive
counts’ was obtained by subtracting post injection syringe
counts from the pre-injection syringe counts in a gamma well
counter (Capintec CRC 15 beta). The ‘net injected radioactive
counts’were taken as representing 1-, 2- and 4millionMSC in
different experiments. The proportion of ‘radioactive counts
on fracture site ROI’ compared with ‘net injected radioactive
counts’ was used to derive proportion of MSC localization to
fracture site.

MSC Therapy in Fractured Rats

From BM of Ovx rats and sham operated (ovary intact,
control) rats, MSC was isolated as described above. For
fracture healing studies with control (cont) MSC (MSC iso-
lated from BM of rats with intact ovary) and OvxMSC (MSC
isolated from BM of Ovx rats), drill-hole injury was created in
normal female (cont rats) and randomised in the following
groups according to their treatment; i) Placebo, ii) cont MSC,
iii) Ovx MSC, iv) fulvestrant (30 mg/kg/d; s.c) + cont MSC.
Further fracture healing studies with cont MSC and Ovx
MSC, drill-hole injury was created in Ovx rats and
randomised in the following groups according to their treat-
ment i) Placebo, ii) cont MSC, iii) Ovx MSC, iv) E2 (60 μg/
kg/d: s.c). All above group consisted of 10 rats. Before ad-
ministration of a total number of 1×106 cont MSC or Ovx
MSC per animal via tail vein, a red fluorescent dye PKH26
was used to label MSC using a Cell Linker Kit (Sigma-
Aldrich) by following manufacturer’s protocol. Briefly, 1×
106 cells were harvested by trypsinization, and resuspended in
a diluent buffer containing 2×10−6 M PKH26 staining reagent
was added. The cells were incubated at RT for 5 min and the
reaction was stopped by adding equal volume of 10 % FBS.
Labeled cells were recovered by centrifugation and re-
suspended in normal saline. Labeling efficiency was >95 %
and the cell viability was >97 %, as assessed by fluorescent
microscopy and trypan blue exclusion, respectively.

Micro-Computed Tomography (μCT)

μCT determination of excised bones was analyzed using Sky
Scan 1076 μCT scanner (Aartselaar, Belgium). Bone were
cleaned of soft tissue and scanned using a X-ray source of
70 kV, 100mAwith a pixel size of 18μm. Reconstruction was
carried out using a modified Feldkamp 188 algorithm using
Sky Scan Nrecon software (Sky Scan, Ltd., Belgium). Callus
bone was captured by drawing ellipsoid contour with CT
analyzer software. Microarchitectural parameters including,
bone volume fraction (BV/TV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), trabecular number (Tb.N) and
structure model index (SMI) were quantified as described
before [33, 34]

Loading of MSC with 3D Scaffold at Fractured Site

To study the therapeutic effect of cont MSC and Ovx MSC in
equal number with 3D scaffold at fractured site in female rats
was evaluated. A 3-D nano-hydroxyapatite/gelatin/
carboxymethyl chitin (n-HA/gel/CMC) scaffold constructs
were prepared by solvent casting method combined with
glutaraldehyde vapour crosslinking and freeze drying method
as described before [35, 36]. The scaffolds were removed
from the sterile patches and wetted with blood that oozed
out from the incision during surgery. This allowed the scaffold
to become compliant. The n-HA-gel-CMC scaffold construct
loaded with 2×104 cont MSC or Ovx MSC was then placed
into the fractured site of female rats, that were equally divided
in 3 groups viz. i) Placebo (P) + scaffold (S; n=6), ii) cont
MSC + S (n=12), iii) Ovx MSC + S (n=12). Rat (n=6) of
group ii) and iii) were sacrificed on day 3 for the evaluation of
PKH 26 labeledMSC intensity. On day 14, rats of all 3 groups
(n=6 of each group) were sacrificed, whereas twenty-four
hours before killing, all animals received calcein (20 mg/kg)
by intraperitonial route. μCTand confocal imaging for calcein
intensity was performed in all these groups.

Statistical Analysis

Data are expressed as mean ± S.E.M. The significant differ-
ence was analyzed by student’s t-test or one-way ANOVA
followed by post hoc NewmanKeuls multiple comparison test
of significance using GraphPad Prism 5 software. Qualitative
observations have been represented following assessments
made by two researchers blinded to the experimental designs.

Results

Assessment of Trabecular Osteopenia After Ovx

Sham operated rats (ovaries intact) served as control for intact
trabeculae. Thirteen-week post-Ovx, BMD, BV/TV, Tb.N and
Tb.Th were significantly reduced while Tb.Sp increased com-
pared to control (Table 1). Furthermore, in previous reports,
we showed that the trabecular osteopenia thus induced had
resulted in decreased compressive strength [29, 37]. Together,
from our present and previous data it appeared that 13 weeks
post-Ovx induced significant trabecular osteopenia in rats.

Purification and Characterization of BM-MSC

Bone marrow cells of tibia and femur were subjected to
MACS, cultured and at the second passage MSC was purified
by flow cytometry (passage 3). At this stage, cells exhibited
the expression of MSC markers including CD29 (99.47 %),

312 Stem Cell Rev and Rep (2015) 11:309–321



CD54 (95.46 %), CD73 (99.22 %) and CD90 (99.82 %), but
negative (less than 1 %) for hematopoietic markers CD45 and
MHC class II (Fig. 1), suggesting an overall >99 % purity of
MSC.

BM-MSC Number and Proliferation

In a femur drill-hole fracture model, we have previously
shown that bone deposition at the callus of Ovx (osteopenic)
rats is significantly lower than that in ovary intact rats [33].We
speculated that E2 deficiency could alter the physiology of
BM-MSC. First, we assessed the relative abundance of BM-
MSC between the control and Ovx rats. CD90+ and CD54+
expressingMSC isolated byMACS varied from 0.1 to 0.01%
of the total BM cells in control rats (data not shown). Deter-
mination of relative abundance showed that Ovx rats had
strikingly reduced BM-MSC than the control (p<0.01)
(Table 2).

Comparison of Growth and Differentiation of MSC

We next determined the doubling time of MSC derived from
the control and Ovx groups. Table 2 showed that doubling

time increased by 68–70 % in BM-MSC from Ovx rats than
that from the control (p<0.05). Osteogenic differentiation of
Ovx MSC was lower than control MSC (p<0.001) (Fig. 2a).
By contrast, adipogenic differentiation of Ovx MSC assessed
by oil-red O staining was higher than the control MSC
(p<0.001) (Fig. 2b). Furthermore, control MSC treated with
E2 had robust increase in osteogenic differentiation but E2
had no such effect on Ovx MSC (Fig. 2c).

MSC Migration to the Fractured Site

After confirming substantial osteopenia induction by Ovx and
demonstrating that BM-MSC had reduced growth rate, we
next studied the in vivo dynamic trafficking and homing in
response to femur metaphysis fracture cue by Ovx MSC in
comparison to control MSC. First, we determined the migra-
tion of systemically transplanted control MSC to fractured site
in cont rats. Increasing number of 99mTc-HMPAO labelled
MSC (1-, 2- and 4×106 cells) was transplanted to rats 24 h
after drill-hole was made and SPECT/CTwas performed. An
early and substantial lung trapping after transplantation was
observed in all animals. Three-hour post-transplantation, the
fracture bearing femur detected significant radioactivity

Table 1 Assessment of induction of osteopenia in Ovx rats

BV/TV (%) Tb. N (1/mm) Tb. Sp (mm) Tb. Th (mm) BMD (gmHA/cm3)

Sham 51.6±3.4 3.6±0.26 0.42±0.05 0.15±0.003 1.04±0.07

Ovx 42.2±4.14** 2.1±0.29*** 0.59±0.04** 0.16±0.008 0.689±0.05**

Bone parameters at femur epiphysis are shown in sham and Ovx (13 weeks post-Ovx); data represent mean ± SEM; n=10 rats/group

BV/TV (%) bone volume/trabecular volume, Tb.N trabecular number, Tb.Sp trabecular spacing, Tb. Th trabecular thickness, BMD bone mineral density

**p<0.01, ***p<0.001vs. sham

Fig. 1 Characterization of BM-
MSC by MACS. Flow cytometry
analysis showed the expression of
MSC positive markers such as
CD90, CD29, CD73, CD54 and
less than 1 % negative markers as
CD45 and MHC class II
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(Fig. 3). Percentage of MSC localized to the fracture site was
dose-dependently decreased (Fig. 4a), although the number of
labeled cells at the site that was calculated from the radioac-
tivity counts was similar between different input numbers,
suggesting that saturation was attained with 1×106 cells
(Table 3). In comparison to control MSC, transplantation of
equal number of OvxMSC resulted in the detection of only 1/
4th radioactivity at the fracture site (Fig. 4b).

We used PKH26 (red fluorescent) labeled MSC to monitor
their localization to the fracture site and bone regeneration,
because 99mTc has a half-life of 6 h and gamma camera
sensitivity did not allow radio-detection of cells beyond four

Table 2 BM-MSC number and doubling time

Control Ovx

BM CD90+ and CD54+ cells
after MACS (in millions)

0.06±0.007 0.002±0.001**

Doubling time (hours) 73.64±6.0 123.43±7.6*

Data represented as mean ± SEM, (n=3)

*p<0.05, **p<0.01 vs. control

Fig. 2 Differentiation of BM-MSC to osteoblasts and adipocytes in
response to different stimuli. (a) Representative photomicrograph show-
ing alizarin red-S stain of MSC cultures in osteogenic medium. Dye
extraction followed by optical density (OD) determination showed re-
duced alizarin staining in Ovx MSC compared with control (cont) MSC.
(b ) Representative photomicrograph showing oil red-O stain of BM-
MSC cultures in adipogenic medium. Dye extraction followed by OD

determination showed increased oil red-O staining in Ovx MSC com-
pared with control MSC. (c) E2 (10 nM) stimulated osteogenic differen-
tiation of cont MSC but not Ovx MSC. Left panel, quantification of
alizarin red-S extracted stain and right panel, total nodule area quantified
from the alizarin red-S positive fields. Values are expressed as mean ± SE
(n=3); **p<0.01, ***p<0.001

Fig. 3 Representative image of in vivo bio-distribution of cont 99m Tc-
HMPAO-labeled MSC in an ovary intact adult female rat with fracture at
femur metaphysis acquired 3 h after injection using a dual head SPECT/
CT gamma camera. H: Heart; L: Lung; UB: Urinary Bladder; Red Arrow:
fracture site
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half-lives. This had additionally allowed us to study the pat-
tern of MSC localization at the fracture site. As shown in
Fig. 4c, on day 3, control MSC was clearly visible on one
fringe of the fracture and endosteum close to the fracture rim,
and alongside labeled cells, localization of calcein label sug-
gested active bone formation. Both control and OvxMSC had
flecked pattern of label. Total fluorescent intensity was less at
the fracture site of rats transplanted with Ovx MSC compared
to those transplanted with control MSC (p<0.01) (Fig. 4d).

Osteoinduction by MSC at the Fracture Site and ER
Dependence

Representative confocal imaging of calcein labels at the
fracture site of various groups is shown in Fig. 5a. Total

calcein binding intensity in the callus of rats treated with
control MSC was ~2.0-fold higher (p<0.001) and Ovx
MSC was 1.4-fold higher (p<0.05) than the placebo
group (Fig. 5b). Calcein binding in the control MSC
was higher than the Ovx MSC group (p<0.001). In
comparison to placebo group, the ratio of calcein
labeled-to-unlabeled area in both control MSC and Ovx
MSC was higher than the placebo (placebo vs. control MSC,
p<0.001 and placebo vs. Ovx MSC p<0.05). However, this
ratio was higher in cont MSC over Ovx MSC (p<0.001)
(Fig. 5c), suggesting that osteoinduction activity in the control
MSC group was more extensive throughout the callus as
compared with Ovx MSC. No difference in the calcein bind-
ing parameters was observed when placebo group was com-
pared with control MSC + fluvestrant group (Fig. 5c).

Table 3 Parameters from 99mTc-
HMPAO labeled MSC in rats
with fracture

Data represent the mean ± SEM
(n=3 rats/transplantation)

No. of cells injected Total counts in rats
(cpm/mm2)

Counts at fracture
site (cpm/mm2)

No. of cells at
fracture site

1×106 510,458±92,378 11,210±3075 21,142±2277

2×106 848,455±59,367 7169±1448 16,590±2198

4×106 543,337±73,661 3438±546 25,589 ±3332
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Fig. 4 Diminished migration of OvxMSC to fracture site compared with
control MSC after systemic transplantation. (a) SPECT/CT was
performed 3 h after systemic transplantation of increasing number of
cont 99mTc-HMPAO-MSC to rats bearing fracture at femur metaphysis.
(b) Bar diagram indicating reduced counts at the fracture site when Ovx
MSC was transplanted compared to cont MSC. Signal at the femur
epiphysis drill-hole region of interest (ROI), measured as counts/min
was normalized by subtracting the background signal found in an equal

ROI in the contralateral unfractured femur. (c) Representative photomi-
crographs of PKH26MSC, calcein and merged fluorescence in the phase-
contrast mode at the fracture site 3 days after systemic transplantation of
MSC (magnification 10×). (d) Quantification using Carl Zeiss AM 4.2
image-analysis software showed that the fluorescent intensity in the Ovx
PKH26MSC was less than the control PKH26MSC group. **p<0.01 and
***p<0.001 vs. placebo; $$p<0.01 and $$$p<0.001 and



Representative μCT images of femur metaphysis cross-
section containing fracture of different groups are shown in
Fig. 5d. In comparison to placebo group, bone volume/tissue
volume (BV/TV%) determined from μCT in both control and
Ovx MSC was higher than the placebo (placebo vs. control
MSC, p<0.001 and placebo vs. Ovx MSC p<0.05) (Fig. 5e).
However, this ratio was higher in control MSC over OvxMSC
(p<0.01). To determine the uniformity of bone (Fig 5e). BV/
TV was not different between the placebo and control

MSC + fluvestrant groups (Fig. 5e). To determine the
uniformity of bone regeneration at the fracture, we next
measured BV/TV in the callus by dividing it into four
equal segments (S1-S4). BV/TV values were not different
between four segments in placebo, control MSC and
control MSC + fluvestrant groups, while these were
scattered (significantly different from each other) in the
Ovx MSC group, suggesting that bone formation was not
uniform in the latter group (Fig. 5f).
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Fig. 5 Diminished osteoinduction and bone regeneration at the fracture
by systemically transplanted Ovx MSC compared with cont MSC.
(a) Representative confocal images (10×) of calcein labeling shown in
the callus of drill-hole of various groups after 2 weeks of treatments. (b)
Quantification of the mean intensity of calcein label per pixel in the entire
callus region showing enhanced osteoinduction by cont MSC over other
groups. Fulvestrant administration completely mitigated cont MSC in-
duced osteoinduction. (c) Calcein labeled area in the callus was also
highest in rats transplanted with cont MSC over other treatments. (d-
) Representative μCT images of the callus in various groups. (e) Bone

volume/tissue volume (BV/TV, %) was highest in the fracture site of rats
transplanted with cont MSC compared to other groups. Ovx MSC trans-
plantation also increased BV/TV over the placebo group. Fulvestrant
administration to rats transplanted with cont MSC reduced BV/TV less
than placebo group. (f) BV/TVof entire callus was divided into four equal
areas (segments denoted by S1-S4) and values plotted. All but Ovx MSC
group had equal BV/TV in S1-S4. BV/TV varied between different
segments of Ovx MSC group. All values are expressed as mean ± SEM
(n=6); *p<0.05, ***p<0.001 vs. placebo, ###p<0.001 vs. cont MSC,
$$p<0.01 vs. S2 and @@p<0.01 vs. S3



Systemic Transplantation of MSC to Ovx Rats and the Effect
of E2

We next assessed the effect of transplanting control or Ovx
MSC on osteoinduction in Ovx (osteopenic) rats and as shown
in Fig. 6, control MSC transplantation had increased calcein
binding (p<0.05) (Fig. 6a) and bone volume (BV/TV,
p<0.01) (Fig. 6b) over the placebo group. Calcein binding
intensity and BV/TV were not different between the placebo
and Ovx MSC groups (Fig. 6a and b). E2 administration to
Ovx rats resulted in significant increases in both calcein
binding intensity (p<0.05) and BV/TVover the Ovx + place-
bo group (p<0.01) (Fig. 6a and b).

Local Application of MSC and Osteoinduction

Because fracture tropism of Ovx MSC after systemic trans-
plant was greatly diminished compared to control MSC,
resulting in reduced availability of Ovx MSC at the fracture
site, we asked whether the availability Ovx MSC equal in
number with cont MSC would result in comparable
osteoinduction. We loaded equal number (2×104) of control
PKH26-MSC and Ovx PKH26-MSC in the scaffold. This
number was derived from SPECT/CT calculation of the num-
ber of MSC localized at the wound site after systemic trans-
plantation (refer to Table 3). Loading equal number ofMSC to
the scaffold was further confirmed by confocal microscopy of
scaffold followed by densitometry (Fig. 7a). Control rats
(ovary intact) were applied with empty scaffold, scaffold with
control PKH26-MSC or scaffold with Ovx PKH26-MSC at
the fracture site. As shown in Fig. 7b, on day 14, calcium
binding in control PKH26-MSC and Ovx PKH26-MSC con-
taining scaffold groups was higher than the rats with empty

scaffold at the fracture site (placebo vs. control PKH26-MSC,
p<0.001 and placebo vs. Ovx PKH26-MSC, p<0.05). How-
ever, calcein was higher in control PKH26-MSC than Ovx
PKH26-MSC (p<0.05). As shown in Fig. 7c, BV/TV was
higher in control PKH26-MSC containing scaffold as com-
pared with the rats with empty scaffold at the fracture site
(p<0.001). BV/TV was not different between Ovx PKH26-
MSC and empty scaffold group (Fig. 7c).

Discussion

Here, we studied alterations that take place in MSC in re-
sponse to prolonged E2 deficiency, particularly with respect to
enhancement of fracture healing. Our major findings include,
i) MSC population in the BM of Ovx rats was substantially
diminished and doubling time was ~70 % longer compared to
ovary intact (control) group, ii) fracture tropism of Ovx MSC
was only 25 % of the control MSC, iii) osteoinduction at the
fracture sites of control and Ovx rats were lesser achieved by
Ovx MSC than control MSC, iv) osteoinduction pattern at the
fracture site by Ovx MSC was non-uniform in contrast to
uniform induction by control MSC, v) equal number of
MSC when applied to the fracture site resulted in significantly
lower osteoinduction by Ovx MSC compared to control MSC
and vi) anti-estrogen, fulvestrant administration to control rats
abolished fracture healing ability of control MSC. These
findings define several functional anomalies in BM-MSCs
from rats with osteopenia that could negatively affect fracture
healing.

Age-related decline in the number of MSC in the bone
marrow has been observed in rodents and humans [38, 39].

Fig. 6 Lack of osteoinduction and bone generation by systemically
transplanted Ovx MSC at the fracture site of osteopenic rats. Cont MSC
or Ovx MSC (each 1×106 cells) was systemically transplanted to Ovx
rats. E2 dose was 60 μg/kg/d, s.c. After 14 days of various treatments,
(a) calcein binding intensity at the callus was greater in the cont MSC and

E2 treated groups over the placebo and OvxMSC groups and (b) BV/TV
was increased in the control MSC and E2 treated groups compared to the
placebo and Ovx MSC groups. All values are expressed as mean ± SEM
(n=5); *p<0.05, **p<0.01, ***p<0.001
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There was a marked depletion of MSC in the BM of Ovx rats
that was accompanied by a prolongation of doubling time
(delayed renewal process) compared with the sham group thus
suggesting that in fact the precursor source of stromal cell
population was diminished in the Ovx rats. Further, we found
increase in adipogenesis and diminished osteogenesis in Ovx
MSC in comparison to control MSC. Our findings supported
that of Rodriguez et al. where BM MSC derived from post-
menopausal osteoporotic individuals showed reduced osteo-
genic and increased adipogenic differentiation [40] but dif-
fered from that reported by Ying et al. where a mixed popu-
lation of BM cells showed increase in both osteogenesis and
adipogenesis [41]. Furthermore, our data showed that Ovx
MSC were refractory to E2 treatment with respect to osteo-
genic differentiation as E2 did not stimulate osteogenesis in
these but did so in control MSC. Loss of E2 response in the
Ovx MSC may be a consequence of altered ER co-activator/
repressor balance occurring as a result of long-term E2 defi-
ciency and/or the epigenetic changes that are known to regu-
late E2 signaling in breast cancer cells [42]. Presently, we have
no definitive answer to the cause of insensitivity of Ovx MSC
to E2.

Reduced MSC population in the Ovx rats could be due to
apoptosis as E2 at a pharmacological concentration (10−7 M)
has been shown to exert anti-apoptotic/prosurvival effect on

MSC in vitro [43]. In postmenopausal women, osteoporosis
delays fracture healing and causes reduced bone deposition
[44], and together, the recovery of functional competence of
the fractured bone in osteoporotic women is delayed [22].
Given that MSC triggers fracture healing, a severely reduced
number and proliferative capacity of MSC in addition to
impaired ability to differentiate to osteoblasts could underlie
the attenuated healing ability of fractures in women deficient
in E2. Because, we used rats that were young adults, Ovx
under this setting resembled more with E2 deficiency-induced
osteopenia in young women such as those suffering from HA
or anorexia [2] than post-menopausal women.

Although, E2 is not a recommended treatment for fracture
healing, a recent study showed improvement in fracture
healing based on histological and biomechanical parameters
in Ovx rats treated with E2, thus suggesting a positive role of
the hormone in promoting fracture healing [43]. However, the
reported study used a prophylactic design where E2 treatment
was given to rats soon after Ovx without allowing the time for
osteopenia to develop. Our finding that osteoinduction was
deficient in Ovx rats that were osteopenic further supports the
thesis that E2 could positively impact fracture healing. In
addition, we showed that pharmacological blockade of ER
in ovary intact rats by fulvestrant completely abrogated cont
MSC-induced osteoinduction at the fracture site, suggesting

Fig. 7 Diminished osteoinduction and bone regeneration by local
transplantation of Ovx MSC at the fracture site of ovary intact adult rats
compared with cont MSC. (a) control PKH26MSC or Ovx PKH26MSC (3×
104 cells) were loaded in n-HA/gel/CMC scaffold construct and
photographed (10×) and (b) fluorescent intensity determined which
showed comparable values between the two groups. (c) Representative
photomicrograph of calcein labeled callus after 14 days.

(d) Quantification of the mean intensity of calcein label per pixel in the
entire callus region showing enhanced osteoinduction by cont PKH26MSC
over other groups. (e) Representative μCT images of the callus in various
groups and (f) quantification of BV/TV showed greater bone volume in
cont PKH26MSC group over Ovx PKH26MSC. All values are expressed as
mean ± SEM (n=5); *p<0.05, ***p<0.001 vs. P + S w/o MSC, #p<0.05
vs. Cont MSC+S. P = placebo, S = scaffold, w/o = without

318 Stem Cell Rev and Rep (2015) 11:309–321



that bone regenerative capacity of MSC required functional
ER signaling.

SPECT/CT data using 99mTc-HMPAO labelled cells
showed that fracture tropism of Ovx MSC is 1/4th of control
MSC in ovary intact rats. Estimated migration of control MSC
in our study was 2.0 % whereas luciferase expressing mouse
BM-MSC transplanted to transgenic mice (CMV-R26R or
BMP-2-Lac Z) that bore tibial fracture reported a homing
efficiency of ~1 % [13]. The difference in the percentage of
MSC migration to fracture site between our and the reported
study could stem from the variation in the animals used
(outbred rat by us and inbred transgenic mice in the report)
and the sensitivity of the detection methods (scintigraphy by
us and bioluminescence imaging in the report). However,
from both studies, it appears that the migration of systemically
transplanted MSC to the fracture site is only a very tiny
fraction of the total and the major retention sites of MSC are
lung and the reticulo-endothelial bed. In addition, our data
showed that MSC number at the fracture site did not increase
beyond 2.0 % of injected MSC suggesting that with systemic
transplantation, 2.0 % MSC homing to the fracture site was
maximally achieved with control MSC and 0.4 % with Ovx
MSC.

From the PKH26 labeling experiment, transplanted control
MSC at day 3 was found to be localized as a stripe on the inner
surface of the fracture defect and, juxtaposing MSC, an in-
tense calcein labeling was observed, which appeared to serve
as a focal point for bone regeneration. At day 14, unlike the
uniform calcein labeling observed upon transplantation of
control MSC or in placebo group, Ovx MSC had uneven
labeling pattern. This observation suggested that Ovx MSC
while migrated much less than the control MSC to the fracture
site, in addition had spatially impaired osteoinduction re-
sponse that did not cover the complete fracture area and thus
could lead to unequal and defective bone regeneration. In-
deed, μCT data supported this hypothesis as BV/TVat differ-
ent locations of callus in Ovx MSC group varied significantly
from each other whilst it remained similar in control MSC or
placebo group, suggesting that Ovx MSC produced irregular
as opposed to uniform bone regeneration by control MSC.
The underlying reason for the failure to stimulate even regen-
eration of bone at the fracture site by Ovx MSC needs future
studies. Furthermore, whether such irregularly deposited bone
could impact biomechanical competence remains to be
assessed however direct measurement of resistance to com-
pression failure in the drill-hole fracture model cannot be
undertaken and instead requires indirect measurement by fi-
nite element analysis of μCT data.

Because fracture homing by Ovx MSC was less than the
control MSC, the possibility that diminished osteoinduction
by the former was actually contributed by decreased homing
arose. To answer this question, we applied equal number of
control or Ovx MSC to the fracture site of ovary intact rats

using a scaffold and observed significantly reduced
osteoinduction by Ovx MSC compared to control MSC, thus
suggesting that bone regenerative ability of Ovx MSC was
impaired. These data suggest that Ovx MSC has reduced
ability to migrate to the fractured site as well as bone regen-
eration. E2 is known to regulate expression of various
chemokines and their signaling in normal [45] and ma-
lignant cells [46]. Out of these, monocyte/macrophage
chemoattractant protein-1 (MCP-1) and stromal cell-derived
factor-1 alpha (SDF-1α) have been shown to be modulated by
E2 in MSC [47]. Future studies addressing whether or not E2
modulated MCP-1 and SDF-1α in MSC to regulate fracture
tropism would be important. Osteoinduction by control MSC
was completely abolished by fluvestrant which suggested that
ER signaling in MSC was essential for this effect. Thus,
reduced migration and osteoinduction by Ovx MSC in ovary
intact rats suggested possible alterations in ER signaling ap-
paratus in these cells, which could be addressed in future
studies.

Although in E2-replete rats, the osteoinductive effect of
Ovx MSC was lower than control MSC, it was still greater
than the placebo group. On the other hand, in osteopenic rats,
Ovx MSC did not exhibit osteoinduction while control MSC
did. This result imply that autologous BM-MSC from subjects
with prolonged E2-deficiency as in the case of postmenopaus-
al osteoporotics may not be effective in promoting fracture
healing but that from E2-replete subjects could be.

There are a few caveats in this study. First, we have not
checked the status of ER and the associated signaling machin-
ery in Ovx MSC that could be responsible for reduced E2-
induced osteogenic differentiation. Second, as bone regenera-
tion at the fracture site was stimulated by control MSC in Ovx
rats, it suggested that systemic E2 may not have a role in
osteoinduction by MSC. On the other hand, fulvestrant atten-
uated osteoinduction by control MSC in E2-replete condition.
These two apparently conflicting observations from two dif-
ferent in vivo systems remain unaddressed. Third, we have not
compared the efficacy of MSC-induced bone regeneration
with osteogenic therapy such as PTH [48] and local applica-
tion of rhBMP-2 [49] which is approved by US FDA for
enhanced bone healing. Fourth, we have not extended the
study to cover the remodeling stage in which the healing bone
is restored to its original shape, structure, and mechanical
strength.

In conclusion, we showed that osteopenia induced by
prolonged E2 deficiency severely depletes BM-MSC,
impairs their growth ability, decreases homing ability
to the fracture site, reduces osteoinduction efficacy and
displays anomalous pattern of bone regeneration at the
fractured callus. Our preclinical data also suggests that
MSC from individuals suffering from postmenopausal
osteoporosis may not be effective in improving fracture
healing in an autologous setting.
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