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Osteoporotic effects observed after osteoporosis induction in the rat by combining ovariectomy (OVX) either with a defined
calcium-deficient diet (OVX +Diet) or by administration of a glucocorticoid (dexamethasone) (OVX + Steroid) mimic the skeletal
effects observed in humans affected by osteoporosis. In the present investigation rat MSCs have been characterized in vitro after
osteoporosis has been induced for twelve weeks in rats by means of OVX +Diet (𝑛 = 5) and OVX + Steroid (𝑛 = 5). Sham-operated
animals (𝑛 = 5) served as controls.MSCswere harvested fromhumerus and iliac crest andwere cultured in standardmedium and in
osteogenic differentiation medium for studying the proliferation, migration, and differentiation capacity of the cells. Expression of
CD90, CD105, runx2, osteocalcin (OC), and bone sialoprotein (BSP) was performed by using qrtPCR. Calcium deposits developed
in the course of osteogenic differentiation weremeasured by using Pentra 400 Axon Lab. Taken together, the present results showed
that osteoporosis induction leads to MSC in a state of senescence: proliferation and migration rates of the cells were diminished
pointing to self-renewal deficiency and impairedmotility of ratMSC in contrast to controls. However, the osteogenic differentiation
capacity was increased after osteoporosis induction with OVX + Diet and OVX + Steroid.

1. Introduction

By definition of the Consensus Development Conference
osteoporosis is a disease characterized by low bone mass
and microarchitectural deterioration of bone tissue leading
to enhanced bone fragility and a consequent increase in
fracture risk (European foundation for osteoporosis 1991).
As this disease is restricted to humans [1], there is a great
need for animal models in order to validate new therapeutic
approaches such as drugs or prosthetic devices.

The most commonly used animal model for osteoporosis
is so far the ovariectomized rat [1–3]. In a previous study we
have shown that enhanced osteoporotic effects (𝑡 scores below

−2,5, reduced bonemineral density and bonemineral content
measured by means of Dual Energy X-ray Absorptiometry,
DEXA) could be seen in rats by combining ovariectomy
with calcium, phosphorus, vitamin c, and vitamin D2/D3
deficiency over a period of 12 weeks [4]. However, little infor-
mation is available about mesenchymal stem cells (MSCs)
residing in the bone marrow of the “osteoporotic” rats.

MSCs aremultipotential precursor cells that can differen-
tiate into various cell types such as osteoblasts, chondrocytes,
and adipocytes [5]. Due to this differentiation potential
combined with their nonimmunogenic characteristics,MSCs
are promising therapeutic tools in regenerative medicine



2 ISRN Stem Cells

and tissue engineering [6–9] and thus also for therapeutic
strategies in osteoporotic patients.

Despite the frequent use of the rat as the appropriate
animal model in osteoporosis research, little is known about
osteoporosis-related changes of MSC in the rat. In this study,
we therefore focused on characterization of rat MSC three
months after osteoporosis had been induced experimentally
[4]. Investigations in vitro have been done in order to
evaluate putative cellular changes of rat MSC regarding
their proliferation, migration, and differentiation capacity.
Moreover, investigations were performed in order to evaluate
if cellular changes actually correspond to cellular alterations
described forMSCof osteoporotic patients [10–12]. Induction
of osteoporosis in rats divided into two experimental groups
was performed by ovariectomy in combinationwith a defined
calcium-deficient diet and by ovariectomy in combination
with steroid. A Sham-operated group was established as a
control.

2. Materials and Methods

2.1. Experimental Animals. The study protocol was approved
by an independent institutional review board prior to surgery
and was performed as described previously [4]. In brief,
female Sprague Dawley rats (𝑛 = 15) were divided into two
experimental groups and were ovariectomized at an age of 8
weeks. Animals of group 1 (OVX + Diet) (𝑛 = 5) were fed for
12 weeks with a calcium-deficient diet (calcium, phosphorus,
vitamin c, and vitamin D2/D3 deficiency). In animals of
group 2 (OVX + Steroid) (𝑛 = 5) osteoporosis induction was
performed by the administration of a glucocorticoid (dexam-
ethasone). A sham-operated group (Sham) was established
as an internal control (𝑛 = 5) (group 3). Twelve weeks
after the surgery the animals were sacrificed by CO

2
asphyx-

iation. Bone marrow for the isolation of MSC was taken
from humerus and iliac crest. These bones were explanted
and stored in cold phosphate buffered saline (PBS; Gibco
life technologies, Germany) with heparin (5U/mL) (Braun,
Germany) and 1% penicillin/streptomycin (P/S; AppliChem,
Germany) for the transport to the cell culture lab.

2.2. Isolation of Mesenchymal Stem Cells and Primary Culture.
The adherent soft tissue was thoroughly debrided of the
bones. Then epiphyses were cut off, and the bone marrow
was flushed out of the bone with alpha minimum essential
medium (alpha MEM; Gibco life technologies, Germany)
and a 21 gauche needle (Braun, Germany). The resulting
cell suspension was filtered through a 70𝜇m filter (BD
Falcon, Belgium), then centrifuged at 250 g for 5 minutes and
washed twice with PBS buffer. Subsequently, the cell pellet
was resuspended in 500𝜇L Red Cell Lysis Bbuffer (Sigma,
Germany), incubated seven minutes at room temperature,
and washed twice with PBS buffer with two centrifugation
steps at 250 g for fiveminutes. Finally, the cell pellet was resus-
pended in alpha MEM containing 20% fetal bovine serum
(FBS Gold, PAA, Austria) and 1% penicillin/streptomycin
(P/S; AppliChem, Germany), and the cells were seeded in

6-well culture dishes (Greiner bio-one, Germany) and were
incubated at 37∘C and 5% CO

2
.

Culture medium was changed every three days, after
washing with PBS prior to the change. When the cells
achieved 80% confluence, they were subcultured. They were
lifted from the dishes by treatment with 1mL accutase (PAA,
Germany) for 5 minutes at 37∘C. Nucleated cell counts were
determined with a hemacytometer and seeded at a density
of 1 × 106 per 75 cm2 in a culture flask (Greiner bio-one,
Germany).

When the cells achieved confluence, they were released
from the flasks with accutase, resuspended in freezing
medium (alpha MEM, 10% FBS Gold, 7% dimethyl sulfox-
ide (DMSO; AppliChem, Germany)), and stored in liquid
nitrogen. For the experiments the cells were thawed and
subcultured. In all experiments the cells were used in the third
passage.

2.3. Osteogenic Differentiation. For osteogenic differentia-
tion cells were seeded in 6-well and 24-well culture dishes
(Greiner bio-one, Germany) at a density of 1 × 105 per
cm2. When the cells achieved 80% confluence, osteogenic
differentiation was induced with Dulbecco’s Modified Eagle
Medium low glucose (DMEM; Gibco life technologies, Ger-
many) containing 10% FBS Gold, 2.2mM CaCl

2
(Sigma-

Aldrich, Germany), 100 nM dexamethason (Sigma-Aldrich,
Germany), 0.3mM ascorbic acid (Sigma-Aldrich, Germany),
10mM 𝛽-glycerol phosphate (Sigma-Aldrich, Germany), and
1% P/S. The final concentration of CaCl

2
amounts to 4mM

since DMEM itself has a CaCl
2
concentration of 1.8mM.

This composition of the osteogenic differentiation
medium was determined best for the rat bone-marrow-
derived mesenchymal stem cells in preliminary tests.

Osteogenic stimulation was carried out over 2 weeks.
Then the cells were stained for matrix mineralization by
using the von Kossa stain. The cells were fixed with 4%
formalin in aqua bidest, washed carefully with distilled water,
and then stained with 5% silver nitrate solution for 30
minutes. Then they were washed again twice and treated
with natrium carbonate formaldehyde solution for 5minutes.
After washing with water the cells were treated with Farmers
Reducer, consisting of 20mL 10% natrium thiosulfate and
1mL 10% formalin. Cell nuclei were stained bynuclear fast red
(Merck,Germany). After staining, the cells were embedded in
Kaiser’s glycerol gelatine (Merck, Germany).

In addition, the cells were harvested for RNA by using
peqGOLD TriFast Reagent (Peqlab, Germany).

Calcium deposits in the 24-well culture plates (Greiner
bio-one, Germany) were measured by Pentra 400 Axon Lab
(ABX Diagnostics, France) in the central laboratory of the
clinic for small animals (ECVCP Training Laboratory by the
ECVCP Committee for Laboratory Standards) of the Justus-
Liebig-University in Giessen after dissolving the cultures
in 7% acetic acid. We always measured double cultures.
For error correction, we established two different negative
controls, namely, DMEM containing 10% FBS Gold and 1%
P/Swith (NC1) orwithout (NC2) 2.2mMCaCl

2
.The ultimate
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CaCl
2
content was calculated by subtraction of the CaCl

2

content of NC1 from the CaCl
2
content of the osteogenic

differentiated cultures.

2.4. Adipogenic Differentiation. For adipogenic differen-
tiation cells were seeded at a density of 1 × 105 cells/cm2
in 24-well culture dishes. Adipogenic differentiation was
induced when the cells achieved 80% confluence with
DMEM low glucose containing 10% FBS, 1% P/S, 1 𝜇M
dexamethason, 5 𝜇g/mL ITS (Sigma-Aldrich, Germany),
0.2mM indomethacin (Sigma-Aldrich, Germany), and
0.5mM IBMX (Sigma-Aldrich, Germany) and conducted
over 2 weeks. Then the cells were stained by Oil Red O
staining to visualize the fat vacuoles. In brief, the cells were
fixed with 4% PFA, washed three times with aqua bidest,
and after that incubated with a newly filtered Oil Red O
staining solution for 15 minutes protected from light. After
washing with aqua bidest the cells were counterstained with
hematoxylin for 15 seconds, then washed with tap water
and aqua bidest. After staining, the cells were embedded in
Kaiser’s glycerol gelatine.

2.5. MTT Assay. To study the proliferation capacity of the
cells the MTT assay was carried out. Cells were seeded at a
density of 15 × 103 cells/cm2 in 24-well culture dishes.

Immediately after seeding, 24 hours and 48 hours after
seeding, the medium was replaced by medium containing
0.5mg/mL MTT reagent (Sigma, Germany), and then the
cells were incubated again for 4 hours. After removal of the
MTT medium, the cells were incubated with 200𝜇L DMSO
for 10 minutes to dissolve the reduced formazan crystals.
The relative number of cells was determined by measuring
the optical density of blue formazan crystals, resulting of the
reduction of MTT dye in live cells, at 570 nm with TECAN
Sunrise absorbance reader. For each time point we measured
triplicate cultures.

To compensate possible variations of the initial cell
number and for statistical analysis, the proliferation factor
was calculated according to this formula:

proliferation factor (MTT) =
𝑦 (48 h)
𝑦 (0 h)
. (1)

2.6.MigrationAssay. In order to study themigration capacity
of the cells we used the ibidi culture insert (ibidi, Germany).
The cells were seeded at a density of 35 × 103 cells in each
well of the insert. After 24 hours the cells were appropriately
attached, and the culture insert was carefully removed from
the culture dish with sterile tweezers. The consequent cell-
free gap is about 500 𝜇m wide.

The assay was carried out using the Axio Observer.Z1
microscope based life-cell imaging system by Zeiss (Ger-
many) at 37∘C and 5% CO

2
. Pictures were taken every 10

minutes over at least 36 hours.
The microphotographs were analyzed using the Adobe

Photoshop cs5 software, looking at the cell uncovered area in
% over the same time period.

2.7. RNA Extraction and RT-PCR. RNA was extracted from
cultured cells using peqGOLD TriFast Reagent and isolated
according to the manufacturer’s protocol (peqlab, Germany).
cDNA was synthesized of mRNA with a concentration
of 200 ng/𝜇L, after DNA digestion with DNAseI (Roche,
Germany), with Gene Amp Gold Core Kit recording to the
manufacturer’s protocols (Invitrogen, Germany).

2.8. Quantitative Real-Time PCR. Quantitative real-time
PCR (qRT-PCR) was performed with QuantiFast SYBR
Green PCR Kit recording to the manufacturer’s protocol
(Quiagen, Germany). All primers were Quantitect Primers
purchased from Quiagen for bone sialoprotein (BSP) (Cat.
no: QT02333296), osteocalcin (OC) (Cat. no: QT01084573),
Runt-related transcription factor 2 (runx2) (Cat. no:
QT01620647), endoglin (CD105) (Cat. no: QT01689989),
cluster of differentiation 90 (CD90) (Cat. no: QT00195825),
and a housekeeping gene, glyceraldehyde 3-phophate
dehydrogenase (GAPDH) (Cat. no: QT00199633). The
primers were designed and tested by the manufacturer. The
PCR reactions were carried out in triplicates.

qRT-PCR was carried out with the following protocol:
5 minutes 95∘C, 10 seconds 95∘C, and 30 seconds 60∘C;
39 cycles. Melt curve: 60∘C to 95∘C, increment 0.5∘C for 5
seconds. Data was analyzed using the CFXmanager software
2.0 (Bio-Rad, Germany).

2.9. Statistics. Statistical analysis was performed using a two
and one factor analysis of variance. 𝑃 ≤ 0.05 was taken as
significant.

3. Results

3.1. Cell Culture. Cultivating the cells in the primary culture
we first observed that the cells of the ovariectomized rats
(group 1: OVX + Diet, group 2: OVX + Steroid) tended
to have slower growth characteristics and had a slightly
different morphology compared to the cells of the control
group (group 3: Sham). They were more broad and flattened,
whereas the cultures of the control group were composed
of cells with spindle-shaped morphology (Figure 1). The
cells of all groups (group 1–3) were adherent to plastic in
standard culture conditions. Stem cell characteristics were
further analyzed and confirmed by the usual tests like the
expression of specific surface markers and by the analysis of
pluripotency.

3.2. Osteogenic Differentiation

Matrix Mineralization: Von Kossa Staining and Calcium
Measurement. Looking at the differentiation capacity of the
cells of all experimental groups, the cells of ovariectomized
rats (group 1: OVX + Diet and group 2: OVX + Steroid)
showed a higher matrix mineralization in contrast to control
cells. We examined matrix mineralization by means of von
Kossa staining and calcium measurement (Figures 2 and 3).
The levels of calciummeasured in the negative controls (NC1
mean: 0,113mmol/L, NC2 mean: 0mmol/L) were next to
zero, and the differences between osteogenic differentiated
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(a) (b)

Figure 1: Cell morphology. The microphotographs are representative of the different cell morphologies of MSC taken from the Sham group
(a) and of ovariectomized rats as shown here for the OVX + Diet group (b). The MSCs of the Sham group (a) are smaller and have a rather
spindle-shaped cell morphology, whereas cells of the OVX + Diet group (b) mainly consisted of a more broad and flattened cell type.

(a) (b) (c)

(d) (e) (f)

Figure 2: Osteogenic differentiation: von Kossa staining. Von Kossa staining revealed that cells of ovariectomized rats ((b) OVX + Diet, (c)
OVX + Steroid) showed more matrix mineralization compared to the control group ((a) Sham), whereas no staining for mineralized matrix
could be seen in cells treated with the control medium (NC2) ((d) Sham, (e) OVX + Diet, and (f) OVX + Steroid).

cells and the corresponding negative controls were highly
significant (𝑃 ≤ 0,0001).

3.3. Adipogenic Differentiation. Cells of animals of group
1 (OVX + Diet) and of group 3 (Sham) showed marked
adipogenic differentiation capacity as was demonstrated by
numerous lipid vacuoles within the cytoplasm visualized by
the Oil Red O staining. Cells of OVX + Steroid animals had
a rather weak adipogenic differentiation potential due to the
small amount of lipid vacuoles (Figure 4).

3.4. Quantitative Real-Time PCR. The cells of animals of all
the three groups expressed the stem cell markers CD105 and
CD90 (Data not shown) [5].

qRT-PCR analyses showed that the mRNA expressions of
bone sialoprotein (BSP), osteocalcin (OC), and Runt-related
transcription factor 2 (runx2) were upregulated due to the
exposure of the cells to the osteogenic induction medium
compared to the negative control (NC2) (Figure 5). These
differences between the mRNA expression of osteogenic
differentiated cells and of the negative controls were highly
significant (𝑃 ≤ 0,0001). Highest mRNA expression of BSP,
OC and runx2 could be seen in samples ofOVX+Diet (group
1) animals. The lowest expression of BSP and OC is shown
by OVX + Steroid, while cells of the Sham-operated animals
(group 3) showed the lowest expression of runx2 (Figure 5).

The mRNA expression of runx2 of undifferentiated cells,
respectively, in the negative controls was the highest in cells
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Figure 3: Calciummeasurement of osteogenic differentiation. Calciummeasurement of calcium deposits of the cultures matches the results
of the von Kossa staining. Cells of OVX + Diet showed the highest CaCl

2
levels, followed by OVX + Steroid and Sham. Cells cultivated in the

control medium showed CaCl
2
levels next to zero. OD: osteogenic differentiated cells; NC: negative control.
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Figure 4: Adipogenic differentiation: Oil Red O staining. Oil Red O staining shows that the cells were able to differentiate towards the
adipogenic lineage. Cells of the control group (Sham = (a)) and cells of animals of the OVX + Diet (b) group showed an obvious adipogenic
differentiation. Cells of OVX + Steroid (c) animals had a rather weak adipogenic differentiation potential. Cells cultivated in the control
medium showed no fat vacuoles stained by Oil Red O ((d) = Sham, (e) = OVX + Diet, and (f) = OVX + Steroid).

of OVX + Diet (group 1) animals and the lowest in cells of
animals of the Sham group (group 3).

The differences between the groups looking at the expres-
sion of runx2 of the undifferentiated cells were significant
(𝑃 = 0,0058).

3.5. Cell Migration. In order to compare the MSCs regarding
their ability to migrate we conducted migration assays using
cells of five animals from each group. The analysis of the
microphotographs revealed that cells of ovariectomized rats

of both experimental groups (OVX + Diet and OVX +
Steroid) need a longer time period to close the cell free gap
compared to the control group (Sham). In detail, the cells of
animals of group 1 (OVX+Diet) showed the lowestmigration
capacity. Sometimes the cells were not able to close the cell-
uncovered area in a time frame of 48 hours (Figures 6 and
7).

3.6. Cell Proliferation. The MTT assay showed that until 24
hours the cells of the three different groups had nearly the
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Figure 5: Quantitative real-time PCR of osteogenic differentiation
markers BSP, OC, and runx2.The figure shows the expression levels
of bone sialoprotein (BSP), osteocalcin (OC), and Runt-related
transcription factor 2 (runx2) of cells of all groups (Sham; OVX +
Diet; OVX + Steroid), comparing the expression levels of the cells
grown in the osteogenic differentiation medium (OD) or in the
control medium (NC).

same proliferation capacity, but after 48 hours a lower cell
proliferation of the cells of the ovariectomized rats became
visible. According to the results of cell migration the cells of
group 1 (OVX + Diet) showed the lowest cell proliferation
capacity compared to group 3 (Sham) (Figure 8).

4. Discussion

This study has characterized mesenchymal stem cells from
two rat osteoporosis models. The present investigations
have shown that induction of osteoporosis by means of
ovariectomy in combination with a calcium-deficient diet or
application of a steroid resulted in lower proliferation rates
and migration capacity of bone-marrow-derived MSC of the
rat, while the osteogenic differentiation potential of the cells
increased.

The stem cells within the cultures have been identified
due to their capacity to differentiate into the osteogenic and
adipogenic lineages, their antigenic profile concerning the
expression of the stem cell markers CD105 and CD90 (data
not shown), and additionally their plastic adherence [5].

As presently observed cultures of MSCs contain two
different types of adherent cells, spindle-formed, rapidly
dividing cells, and slower dividing broad and flattened cells
[13]. The broad and flattened cell type is described as
the phenotype of cells which are in a state of replicative
senescence [14] and was mainly observed in cultures derived
from ovariectomized rats (OVX + Diet/Steroid), while cells
from animals of the sham operated control group were
predominantly spindle shaped. Accordingly, young and aged
rats also revealed age related changes ofmorphology and self-
renewal capacity of bone-marrow-derived MSC [15].

The predominance of cells in a state of replicative senes-
cence [14] in cultures derived fromovariectomized rats (OVX
+ Diet/Steroid) is in line with our observations regarding

both, the low proliferation and the low migration capacity of
these cells.

These findings might indicate that the induction of
osteoporosis in the rat results in accelerated aging of the
MSCs of the bone marrow. Aging of an organism might be
the result of stem cell aging leading to reduced capacity of
regeneration [9]. An impairment of the migration capacity of
MSC observed 12 weeks after induction of osteoporosismight
be interpreted as a disability of the cells to migrate to the site
of bone loss.

The low proliferation capacity of the cells might correlate
with a reduced self-renewal capacity and might lead to a
gradual depletion of MSC resources in the bone marrow
with time. Accordingly, Sca-1−/− mice develop an age-
dependent osteoporosis because of mesenchymal progen-
itor self-renewal deficiency [16]. Moreover, human MSCs
obtained from osteoporotic patients [10] reveal lower prolif-
eration rates than control cells.

The statistical analysis of the results of the MTT assay
did not reveal significant differences between the groups of
rats due to interindividual variations within the experimental
groups. Nevertheless dealing with interindividual variations
is a common and well-known difficulty working with mes-
enchymal stem cells [17, 18].

Looking at the osteogenic differentiation potential of the
MSCs it became obvious that cells of the ovariectomized
animals (group 1: OVX + Diet and group 2: OVX + Steroid)
had an even greater osteogenic differentiation potential than
the cells of group 3 (Sham). Particularly cells of group
1 (OVX + Diet) showed the highest expression levels of
osteocalcin, BSP, and runx2. These findings are not in line
with the enhanced osteoporotic effects observed in OVX +
Diet rats by means of DEXA [4]. Possibly, the upregulation
of the osteogenic markers might represent a compensatory
mechanism at the cellular level, and the amount of the
markers seizes with time.

Looking at the undifferentiated cells, the differences of
the runx2 expression were significant (𝑃 = 0,0058). These
results may represent the status of the cells of the OVX +Diet
animals in vivo, being in a direction towards the osteogenic
lineage to compensate the proceeding bone loss.

The significant differences between the different cell
treatments, namely, osteogenic differentiation versus the neg-
ative controls, expose the established method of osteogenic
differentiation and confirm our results.

HumanMSCs derived from bonemarrow of osteoporotic
donors either maintain [11] or diminish [10] their differ-
entiation capacity. These contradictory results might be a
result of donor variability including individual differences
concerning the osteoporotic status of the patients/donors.
Accordingly, investigations on human MSC isolated from
bone marrow of osteoporotic patients have demonstrated
marked differences of cell behaviour: while Justesen et al.
(2002) described a cellular differentiation capacity of MSC
derived from osteoporotic patients which was similar to age-
matched controls [11], other authors showed that the prolif-
eration capacity and the osteogenic differentiation potential
ofMSCs obtained fromosteoporotic postmenopausalwomen
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Figure 6: Images of cell migration. Images show the time course of the migration comparing the cells of the different groups. The pictures
show the lower migration capacity of the MSC from ovariectomized rats (OVX + Diet (images (g)–(i)) and OVX + Steroid (images (d)–(f)))
in contrast to group 3 (Sham (images (a)–(c))). (a) Sham, 0 hours; (b) Sham, 12 hours; (c) Sham, 24 hours; (d) OVX + Steroid, 0 hours; (e)
OVX + Steroid, 12 hours; (f) OVX + Steroid, 24 hours; (g) OVX + Diet, 0 hours; (h) OVX + Diet, 12 hours; (i) OVX + Diet, 24 hours.
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tion of the cells from the ovariectomized rats (OVX+Diet andOVX
+ Steroid) compared to group 3 (Sham).

were decreased in contrast to controls [10]. Additionally, it has
been observed that cells derived from osteoporotic donors
produce an extracellular matrix deficient in type 1 collagen
resulting in an inability to sustain proper mineralization [12].

In conclusion the presented data point out a predom-
inance of stem cells derived from the osteoporotic models
to be in a state of senescence irrespective of the osteoporo-
sis inducers administered, which became obvious by the
decreased proliferation and self-renewing capacity as well
as by the impaired migration rates. However, surprisingly
the differentiation capacity into the osteogenic lineage was
increased in both experimental groups (OVX + Diet and
OVX + Steroid).

Based upon the present results it could be shown that
investigations on rat MSC derived from realistic osteoporosis
models give interesting insights into osteoporosis-related
changes of stem cells and provide a suitable model to
understand the underlying mechanisms of multifactorial
osteoporosis in humans.
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