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Bone marrow mesenchymal stem cells (MSCs) are considered a potential cell source for stem cell-based
bone tissue engineering. However, noticeable limitations of insufficient supply and reduction of differ-
entiation potential impact the feasibility of their clinical application. This study investigated the in vitro
function of steroids and gender differences on the proliferation and differentiation of rat MSCs. Bone
marrow MSCs of age-matched rats were exposed to proliferation and osteogenic differentiation media
supplements with various concentrations of 17�-estradiol (E2) and dexamethasone. Cell proliferation was
measured by MTS assay; osteogenic markers and steroid-associated growth factors and receptors were
evaluated by ELISA and real-time PCR. The results revealed that supplements of E2 and dexamethasone
increase MSC proliferation in a biphasic manner. The optimal dose and interaction of steroids required to
improve MSC proliferation effectively varied depending on the gender of donors. Supplementation of E2
effectively improves osteogenic differentiation markers including ALP, osteocalcin and calcium levels for

MSCs isolated from both male and female donors. The mRNA of TGF-�1 and BMP-7 are also up-regulated.
However, effective doses to maximally improve osteogenic potentials and growth factors for MSCs are
different between male and female donors. The relationship between steroid receptors, osteogenic mark-
ers and cytokines are also varied by genders. The outcomes of the present study strongly indicate that
steroids potentially function as an effective modulator to improve the capacity of MSCs in bone regener-
ation. It provides crucial information for improving and optimizing MSCs for future clinical application

of bone regeneration.

. Introduction

Adult stem cell-based bone tissue engineering has now emerged
s a promising alternative approach for clinical treatment of skele-
on defects caused by trauma, tumor dissection and congenital
eficiency [1]. Bone marrow mesenchymal stem cells (MSCs) are
onsidered a potential cell source for this approach due to its capac-
ty for self-renewal and multiple differentiations [2]. However, the
umber of bone marrow MSCs that can be feasibly isolated is very
mall and insufficient for clinical application of bone regeneration
3]. Various patho-physiological factors including age, osteoporo-

is and arthritis have been demonstrated to further reduce the
ell number and their capacities of proliferation and differentia-
ion [4–6]. It was reported recently that the MSC number in bone

arrow of aged donors is significantly lower than that of young
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donors. The senescent percentage of MSCs and their duplication
time are significantly higher from aged donors [7]. Although in the-
ory the MSC number can be expanded by in vitro cell culture, the
manipulation causes remarkable reduction of proliferation and dif-
ferentiation potential owing to cell senescence [8]. Thus, effective
improvement of MSC proliferation and osteogenic differentiation is
necessary for clinical application of MSC-based bone regeneration.

Steroid hormones actively participate in bone metabolism and
have multifunctional regulation in many types of cells including
bone marrow MSCs. For instance, glucocorticoid plays a key role
in multiple differentiations of MSCs and up-regulates osteogenic,
chondrogenic and adipogenic differentiation potential. In osteo-
porotic studies, estrogen was found not only to prevent bone
resorption but also to increase bone formation by recruiting pro-
genitor cells of osteoblasts [9]. A recent study demonstrated that
supplementation of 17�-estradiol (E2) effectively stimulates pro-

liferative capacity of MSCs in humans and mice [7,10]. E2 also
possesses a strong ability to improve the differentiation potential
of MSCs including osteogenic and adipogenic differentiation [11].
In addition, estrogen has been discovered recently to inhibit and
delay MSC senescence by up-regulation of telomerase activity [12].

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:liu-hong@uiowa.edu
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hese results strongly indicate that steroid hormones can serve as
ffective stimulators to facilitate MSC capacity, which will benefit
one tissue engineering.

E2 and dexamethasone interact and regulate cell function via
strogen and glucocorticoid receptors [13,14]. The receptors have
een found to distribute differently based on gender in cardiac,
rain and fat tissues [15–17]. These differences probably con-
ribute to the sex dimorphism of steroid functions in these tissues.
lthough estrogen and glucocorticoid regulate MSC proliferation
nd differentiation, their function and different effects on MSCs
erived from different genders of donors are little reported. This
ew information will be important in the effect to optimize MSCs
sing steroid regulation for bone tissue engineering. In the present
tudy, we investigated the function of E2 and dexamethasone on
roliferation and osteogenic differentiation of rat bone marrow
SCs. The difference of the steroid function and steroid receptors

f MSCs from male and female donors is discussed.

. Materials and methods

.1. Isolation of rat bone marrow MSCs

Three-month-old, male and female F-344 rats (Charles River
ab., Wilmington, MA) were purchased and euthanized by CO2
nhalation. Bone marrow plugs from tibias and femurs were flushed
ut with steroid-free medium consisting of a phenol red-free Dul-
ecco’s Modified Eagle’s Medium (DMEM) (Invitrogen, Madison,
I), 10% charcoal-stripped fetal bovine serum (Gemini Bio-product,
est Sacramento, CA) and 1% antibiotic-antimycotic (Sigma, St.

ouis, MO). Cells were plated at 5 × 107 cells/100-mm Petri dish and
ncubated with steroid-free medium at 37 ◦C in 5% CO2. On day 3,
he MSCs were isolated by removing unattached cells via medium
xchange. The multiple differentiation capacities of isolated cells
ncluding adipogenesis, chondrogenesis and osteogenesis were
ested in a separated study. The MSCs were incubated up to 80%
onfluence and then sub-cultured at a density of 106/100-mm dish
s passage-1.

.2. MSC proliferation with E2 and dexamethasone supplements

Passage-1 MSCs of male and female rats were used to investi-
ate the function of E2 and dexamethasone on MSC proliferation.
000 passage-1 MSCs were placed into each well of 96-well
lates and exposed to steroid-free medium supplemented with
ifferent concentrations (10−6 to 10−12 M) of E2 and dexametha-
one (Sigma, St. Louis, MO). On day 6, the cell proliferation was
uantified using a MTS colorimetric assay according to manufac-
urer’s instructions (CellTiter, Promega Corporation, Madison, WI).

TS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
-(4-sulfophenyl)-2H-tetrazolium) produces a water-soluble for-
azan product in the presence of phenazine methosulfate (PMS).

hese reductions take place only when mitochondrial reductase
nzymes are active, and therefore conversion is often used as a mea-
ure of viable cells. The absorbance at 490 nm was measured by a
icroplate reader (Bio-Rad laboratories, Hercules, CA).

.3. Osteogenic differentiation of MSCs with steroid treatments

Steroid regulation of osteogenic potential of rat MSCs seeded
n monolayers and 3-dimension was investigated. Passage-1 male
nd female rat MSCs were seeded at a density of 105/100-mm

ish. Upon 70% confluence, the medium was exchanged with
steogenic differentiation medium supplemented with different
oncentrations of E2 (10−6 to 10−12 M). The osteogenic differen-
iation medium consists of LG-DMEM medium supplemented with
00 nM dexamethasone, 10 mM �-glycerophosphate, and 0.05 mM
Molecular Biology 114 (2009) 180–185 181

ascorbic acid-2-phosphate. At day 7, cells were collected and ana-
lyzed for osteogenic differentiation markers and steroid-associated
growth factors and receptors using quantitative real-time PCR.
To investigate the osteogenic potentials of MSCs seeded in 3-
dimensional scaffolds, we created tissue-engineered constructs
by seeding passage-1 MSCs on gelatin sponges as described in
our previous studies [18]. The sterile gelatin sponge (Gelfoam@,
Pharmacia & Upjohn, Kalamazoo, MI) was trimmed into a cube
(4 mm × 4 mm × 4 mm) and pre-wetted with DMEM medium. The
constructs were prepared by immersing the sponges into a tube
containing a prepared MSC suspension of 5 × 106 cell/ml under a
slight vacuum created by a 20 ml syringe. Then the mixture of
sponges and cell suspension were incubated at 37 ◦C for 2 h. The
next day, the constructs were exposed to the osteogenic differen-
tiation medium supplemented with different concentrations of E2
(10−6 to 10−12 M). After two and four weeks of differentiation, con-
structs of each experimental group were collected. The constructs
were immersed in 0.2 ml of 1% Triton-X100 and homogenized with
sonication. The DNA concentration of cell lysate was measured flu-
orometrically using Hoechst dye 33258 (Bio-Rad, Hercules, CA).
Spectrophotometry with colorimetric kits were used to measure
alkaline phosphatase (ALP) (CLINIQA, San Marcos, CA), protein and
calcium content (Fisher scientific, Pittsburgh, PA). Rat osteocalcin
(OCN) was measured with an ELISA kit according to manu-
facturer’s instructions (Immunodiagnostic Systems Inc., Fountain
Hills, AZ).

2.4. Quantification of MSC gene expressions during
differentiation with E2 supplements

Real-time PCR was used to quantify gene expressions of
steroid receptors, osteogenic markers and cytokines. Total RNA was
extracted from the MSCs using TRIzol reagent (Invitrogen, Carls-
bad, CA) and purified using QIAquick PCR Purification Kit (QIAGEN,
Valencia, CA) Reverse transcription were carried out after treat-
ment with DNAse I (Sigma–Aldrich, St. Louis, MO) using the 1st
Strand cDNA Synthesis Kit with random hexamer primers reverse
transcription (Invitrogen, Madison, WI). Quantitative real-time PCR
was performed using SYBR green PCR Master Mix (Applied Biosys-
tems, Foster City, CA). Real-time PCR amplification was performed
on the iCycler iQ detection system, and the data were collected and
analyzed using iCycler iQ version 3.0 software (Bio-Rad). Osteogenic
differentiation markers (ALP and OCN), osteogenic growth factors
(TGF-�1 and BMP-7), and steroid receptors ER� and ER�, andro-
gen receptor (AR) and glucocorticoid receptor (GR) were measured
and all primes were made commercially (SABiosciences, Frederick,
MD).

2.5. Statistical analysis

All data are expressed as the mean ± standard deviation. The
data were analyzed by one-way ANOVA to compare treatment and
control groups at each time point. The correlations of gene expres-
sion among osteogenic potential, steroid-associated growth factors
and receptors were analyzed by SSPS. p values less than 0.05 were
considered as significant.

3. Results

3.1. MSC proliferation with steroid hormone supplements
Supplement of E2 and dexamethasone significantly increase cell
proliferation of male and female rat MSCs. However, effective doses
and combinations of E2 and dexamethasone are varied according
to the gender of donors. MTS assay revealed that MSC prolifer-
ation of female rats significantly increases after supplements of
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Fig. 1. The effect of E2 and dexamethasone on the proliferation of male (A) and female (B) rat MSCs. N = 5, *p < 0.05, **p < 0.01.

male (B) rats one week after osteogenic differentiation with E2 supplements.
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Fig. 2. Quantitative mRNA of OCN and ALP of MSCs from male (A) and fe

2 at concentrations of 10−10 and 10−12 M and dexamethasone of
0−10 M. However, no significant effect was observed in combin-
ng treatment with E2 and dexamethasone (Fig. 1A). For the male
at MSCs, 10−10 M of dexamethasone significantly increases MSC
roliferation while a higher concentration (10−6 M) inhibits the
roliferation. No statistical increase of cell proliferation is observed
fter E2 supplements. However, combinational supplements of E2
10−10 and 10−12 M) and dexamethasone (10−10 M) significantly
mprove cell proliferation (Fig. 1B).

.2. Osteogenic potential of MSCs with steroid treatments

E2 supplements effectively improve the osteogenic potential of
ale and female rat MSCs. After one week of osteogenic differenti-

tion with E2 supplement, mRNA of ALP and OCN are up-regulated
n both male and female rat MSCs (Fig. 2). A peak expression of OCN
ccurs at 10−8 M of E2 at both male and female rat MSCs while the
eak of ALP occur at different concentration of E2. The concentra-
ion of E2 at male rat MSCs (10−8 M) is higher than that in female

SCs (10−12 M). A similar feature was also found in osteogenic
otential of MSCs seeded in gelatin sponges. The concentration of
2 of peak ALP activity after 2 weeks in male rat MSCs (10−6 M)
s higher than that in females (10−10 M) (Fig. 3A). After 4 weeks
f differentiation, E2 supplement significantly improves the cal-
ium content and OCN of both male and female rat MSCs (Fig. 3B
nd C). However, the effective E2 concentration required to sig-
ificantly increase OCN for male (10−12 M) is lower than that for

emales (Fig. 3C).
The osteogenic growth factors of BMP-7 and TGF-�1 are up-

egulated with E2 supplement during differentiation. The maximal
p-regulation of BMP-7 and TGF-� for males’ MSCs are 6.7 ± 3.72
nd 2.05 ± 1.06 folds, and for females are 1.36 ± 0.06 and 1.5 ± 0.36
old. The E2 concentrations for maximal up-regulation are differ-
nt in male and female rat MSCs (Fig. 4). A higher E2 concentration

or stimulating a peak of BMP-7 mRNA is required for female rat

SC (10−6 M) than that required for males’ (10−10 M). In con-
rast, E2 concentration (10−12 M) for maximum up-regulation
f TGF-�1 for female rat MSCs is lower than that for males
10−8 M).

Fig. 3. Osteogenic differentiation of MSCs seeded on gelatin sponges. (A) ALP activity
of MSCs 2 weeks after differentiation; (B and C) Calcium contents (B) and OCN (C)
of MSCs 4 weeks after differentiation with E2 supplements. N = 5; *p < 0.05.
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Fig. 4. Quantitative mRNA of BMP-7 and TGF-�1 of MSCs from male (A) and female (B) rats one week after osteogenic differentiation with E2 supplements.

Fig. 5. Quantitative mRNA of steroid receptors of MSCs one week after osteogenic differentiation with E2 supplements.

Table 1
Correlations of osteogenic markers, steroid receptors and osteogenic cytokines of MSCs one week after osteogenic differentiation with E2
supplements.

*p < 0.05.
**p < 0.01.
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.3. MSC steroid receptors during differentiation with E2
upplement

E2 supplementation up-regulates ER�, ER�, GR and AR of MSCs
uring osteogenic differentiation. However, the regulation varied
epending on the gender of MSC donors (Fig. 5). For male rat
SCs, all steroid receptors are up-regulated by the entire range

f E2 supplements used with the peak occurring with 10−8 M
ose. The maximum improvement of ER�, ER�, GR and AR are
.4 ± 3.89, 5.65 ± 3.07, 1.86 ± 1.01 and 4.88 ± 4.59 folds, respec-
ively. For female rat MSCs, the maximal up-regulation of ER�
1.82 ± 0.1 folds) and AR (1.69 ± 0.82 folds) after E2 supplement
re at a concentration of 10−6 M while GR (1.57 ± 0.56 folds) at the
0−12 M of E2. No significant up-regulation of ER� expression is
bserved after E2 supplement.

We further correlated steroid receptors, osteogenic markers and
rowth factors. In both male and female rat MSCs after E2 sup-
lement during osteogenic differentiation, steroid receptors ER�,
R�, GR, and AR highly correlate to BMP-7. ER� correlates ER�,
R, and AR; while ER� correlates to AR (Table 1). TGF-� correlates

o osteogenic markers of ALP. However, a gender difference was
ound in the correlations between steroid receptors and osteogenic

arkers. GR correlates to ER� and AR in male rat MSCs while ER�
orrelates to OCN in females.

. Discussion

The obstacle limiting bone marrow MSCs as a promising cell
ource for bone tissue engineering is limited cell supply and
educed differentiation potential. Effective improvement of MSC
roliferation and differentiation play a critical role in determining
he successful clinical application of MSC-based bone regenera-
ion. Steroids have recently been demonstrated to increase the
roliferation and differentiation of MSCs, and delay the senes-
ence. The present study revealed that E2 and dexamethasone
nteractively increase MSC proliferation and osteogenic differen-
iation. Supplementation of E2 significantly improves synthesis of
steogenic growth factors during osteogenic differentiation. These
ata strongly suggest that steroids potentially function as an effec-
ive modulator to improve MSC capacity of bone regeneration.
urthermore, this study demonstrated for the first time the gender
ifference of steroid regulation of bone marrow MSCs. The opti-
al doses and interaction of steroids to improve proliferation and

steogenic potential of MSCs effectively varied depending on the
ender of the MSC donors. The relationships between steroid recep-
ors, osteogenic markers and cytokines are also gender-dependent.
hese results provide crucial information for the future improve-
ent and optimization of MSC capacity for successful bone regen-

ration; although, the mechanism needs to be further investigated.
Gender differences of stem cells have been noted recently in the

dult stem cell research literature [19–23]. Deasy et al. found that
uscle derived stem cells (MDSCs) isolated from a female mouse

ave a greater skeletal muscle regeneration efficiency than MDSCs
solated from a male mouse [20]. The MDSCs isolated from a male

ouse have stronger osteogenic potential and bone regeneration
han MDSCs isolated from a female mouse [21]. Human adipose-
erived stem cells isolated from males were also found to be more
steogenic than those isolated from females [22]. Although the
echanism was little discussed, one of the possible factors is the

ender difference of steroid receptors that play critical roles in stem
ell proliferation and differentiation. It has been demonstrated that

Rs have regional and gender differences in human preadipocytes

15]. GR and ERs have been also found to have gender differences in
he distribution and regulation in the cardiac muscles and brain
16,17]. Effects of the sex steroid receptors to regulate skeletal

etabolism have been demonstrated to be varied by sex [23]. In the
Molecular Biology 114 (2009) 180–185

present study, estradiol and dexamethasone exhibit strong mito-
genic effects on MSCs. The effect of steroids is biphasic and the
steroids lose the function or even inhibit cell proliferation at a high
concentration. Estrogen was found to have more mitogenic func-
tions on female rat MSCs while combinations of estrogen and dex-
amethasone have more mitogenic function on male rat MSCs. Estro-
gen and dexamethasone at low concentrations has a synergetic
effect on male rat MSC proliferation. Similarly, supplementation of
estradiol effectively improves osteogenic differentiation of MSCs in
the presence of dexamethasone; however, the dose to up-regulate
osteogenic markers maximally is gender different. A lower concen-
tration of E2 up-regulates a peak ALP activity, an early marker of
osteogenic differentiation in female MSCs than that in males. How-
ever, the peak amount of OCN, a mature osteoblastic marker occurs
at a lower concentration of E2 in male MSCs as compared to that of
female MSCs. The E2 concentrations to produce peak OCN amounts
in both males and females are consistent with that of BMP-7 expres-
sion. The latter is highly correlated to steroid receptors in male and
female rat MSCs. Thus, we believe that the gender difference of
MSCs during osteogenic differentiation with E2 supplementation
is probably caused by the variation of steroid receptors. Relation-
ships between multiple steroid receptors in the present study also
showed the differences between male and female MSCs. This also
indicates that the differences in steroid receptors may be the cause
of sex dimorphism in osteogenic differentiation.

Steroid hormones interact in cell and tissue metabolism. Glu-
cocorticoid and estrogen have been demonstrated to act on their
receptors interactively and regulate bone marrow cells. Estradiol
has been reported to increase ER� during osteogenic differentiation
but not ER� in female mouse MSCs. In the present study we found
that E2 supplements not only up-regulate ER� but also GR and AR
of MSCs of both male and female donors. E2 also up-regulate ER�
of MSCs of male donors while less function on female MSCs. The
variations of ER� highly correlates with ER�, GR and AR levels in
both male and female MSCs. ER� correlates with GR and AR in male
MSCs and does not correlate with GR in female MSCs. This indicates
that ER� may play a different role in osteogenic differentiation of
male and female MSCs treated with E2 supplements.

Estrogen has been reported to increase osteogenic differ-
entiation of bone marrow cells via up-regulation of numbers
of osteogenic growth factors, including BMP-2, -6 and TGF-�1
[24–26]. The present study demonstrated that E2 supplementa-
tion effectively up-regulates TGF-�1 in both male and female MSCs.
Up-regulated TGF-�1 correlates highly with the ALP of MSCs. Fur-
thermore, it has been explored for the first time that E2 effectively
up-regulate BMP-7 during osteogenic differentiation of MSCs. BMP-
7 has been extensively considered as an osteogenic protein for bone
regeneration [27]. The function of BMP-7 including bone forma-
tion and cancer cell proliferation is estrogen-dependent [28,29]. In
the present study, mRNA of BMP-7 was up-regulated by E2 sup-
plement and highly correlates to the steroids receptors in both
male and female rat MSCs during osteogenic differentiation. This
indicates that one of the mechanisms of E2 to increase osteogenic
differentiation is possibly via up-regulation of BMP-7.

Although currently used osteogenic markers including ALP and
OCN certainly reflect the osteogenic potential of MSCs, they are
not reliable predictors of the bone forming capacity of MSCs. Thus,
quantitative measurement of bone formation of MSCs in vitro and in
vivo is needed to confirm further the function of steroid regulations
of MSCs. The gender differences observed regarding MSC ability
to proliferation and differentiation and the acting mechanism also

need to be further investigated on human bone marrow MSCs. This
study preliminarily revealed the correlations between osteogenic-
and steroid receptor-associated gene expressions during osteogenic
differentiation. However, future studies using gene knock-out tech-
nique and antagonists are necessary to further demonstrate the
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