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Stimulatory effect of 17β-estradiol on osteogenic differentiation
potential of rat adipose tissue-derived stem cells 
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Abstract. Adipose tissue-derived stem cells (ADSCs) are considered as a potential cell source for re-
generative medicine and tissue engineering. Although ADSCs have greater proliferation capacity than 
bone marrow stem cells (BMSCs), lower differentiation ability of these cells limits their utility in experi-
mental and clinical studies. The purpose of this study was to investigate whether 17β-estradiol (E2) has 
a stimulatory effect on osteogenic differentiation potential of ADSCs in vitro. ADSCs were isolated from 
visceral adipose tissues of rats and treated with different concentrations of E2 in osteogenic medium 
(OM) for 21 days. The differences in osteogenic differentiation potential of the cultures were assessed
by von Kossa staining, measurement of alkaline phosphatase (ALP) activity and calcium levels. ADSCs 
cultured in OM supplemented with E2 showed greater bone-like nodule formation and mineral deposi-
tion in comparing with the cells grown in OM. In addition, ALP activity and calcium levels also were 
significantly higher in the cultures exposed to E2 than the cells treated only with OM (p < 0.005, n = 5). 
Our results suggest that E2 may stimulate the osteogenic differentiation of ADSCs and therefore, can be
used as an inducing agent to improve the efficiency of these cells in in vitro and in vivo studies. 
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Introduction

Recently, stem cells have been recognized as an attractive 
source for regenerative medicine and tissue engineering. 
Although embryonic stem cells have enormous self-renewal 
capacity and multilineage potential, their use in experimen-
tal and clinical studies are limited due to many ethical and 
political issues. Therefore, adult stem cells from stromal
compartment of mesenchymal tissues have been proposed 
as an alternative source for cell-based therapies (Alhadlaq 
and Mao 2004; Krampera et al. 2006; Caplan 2007). To date, 
stromal cells or often called mesenchymal stem cells have been
isolated from bone marrow, muscles, skin and adipose tissue 
and characterized widely (Krampera et al. 2006; Caplan 2007; 

Peng et al. 2008). Mesenchymal stem cells include three major 
characteristics: the ability to adhere to plastic surfaces to form 
fibroblastic colonies, extensive proliferative capacity and the
ability to differentiate into several cell lineages.

Bone marrow is the main reserve of the stem cells and 
contains two types of stem cell populations: hematopoetic 
stem cells and mesenchymal stem cells. Although mesenchy-
mal stem cells represent a very small portion of the nucleated 
cells in marrow they can be isolated and expanded with high 
efficiency under well-defined culture conditions. Previous
studies have reported that bone marrow stem cells (BMSCs) 
can selectively form osteoblasts, chondrocytes, adipocytes in 
vitro in response to appropriate growth media (De Ugarte 
et al. 2003; Romanov et al. 2005; Peng et al. 2008). Adipose 
tissue is also derived from mesenchyme, and adipose tissue-
derived stem cells (ADSCs) can proliferate extensively and 
give rise to several lineages such as osteoblasts, adipocytes 
and chondrocytes similar to BMSCs (Zuk et al. 2002; De 
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Ugarte et al. 2003; Romanov et al. 2005; Peng et al. 2008). 
Compare with bone marrow, adipose tissue is a practical 
and alternative mesenchymal stem cell source for stem cell 
and regenerative medicine studies due to the simplicity of 
extracting cells in a large volume with minimal morbidity. 
Although differentiation capacity of ADSCs is generally
lower than BMSCs, recent evidences suggest that effective
modulation of ADSCs in vitro may improve their prolifera-
tion and differentiation potential (Zhu et al. 2008).

Bone formation is a complex process including prolif-
eration of osteoprogenitor cells and the differentiation of
pre-osteoblasts into mature osteoblasts which produce and 
mineralize bone matrix during pre- and postnatal life. Several 
hormones and local factors are essential to stimulate osteo-
genic differentiation in vitro and in vivo. Adult stem cells typi-
cally require dexamethasone (Dex), ascorbic acid (AA) and 
β-glycerophosphate (βGP) to differentiate into osteoblasts and
produce a mineralized matrix in vitro. Recent studies mention 
a positive effect of Dex on in vitro bone nodule formation and 
mineralization, whereas βGP is generally used as a source 
of organic phosphate for the formation of hydroxyapatite in 
culture systems (Jaiswal et al. 1997; Huang et al. 2002).

It is well recognized that estrogen has modulatory effects
on cell growth and differentiation via its intracellular recep-
tors and stimulation-related genes (Zhou et al. 2001; Hong et 
al. 2004; Ray et al. 2008). Recent studies have demonstrated 
the presence of estrogen receptors on embryonic stem cells, 
supporting that estrogen may alter the functions of those cells 
(Hong et al. 2004; Han et al. 2006). In a previous study, 17β-
estradiol (E2) has been reported to enhance the expression of 
genes for alkaline phosphatase (ALP) activity, collagen I and 
TGF-β1 by mesenchymal stem cells in osteoporotic mice 
(Zhou et al. 2001). Although data are reported regarding the 
role of estrogens on osteogenic differentiation of BMSCs both
in animals and human, there is limited information about 
the effect of estrogens on osteogenic potential of ADSCs. The
purpose of this study was to investigate whether E2 treat-
ment has a stimulatory effect on osteogenic differentiation
potential of ADSCs isolated from rats. For this reason, we 
exposed rat ADSCs to different concentrations of E2 in the 
culture medium and measured osteogenic capacity of these 
cells with histological and biochemical methods.

Materials and Methods

Isolation of ADSCs 

Eight adult Sprague-Dawley rats weighing approximately 
200–250 g were used in the study. The protocols employed
in the study were approved by the Institutional Animal Eth-
ics Committee of Ege University, Izmir. All chemicals and 
culture media were obtained from Sigma Chemicals. Rats 

were euthanized with an overdose of sodium pentobarbital 
before the experiments. ADSCs were isolated from the visceral 
adipose tissue of the rats. Briefly, a midline incision was made
in the epigastric area of the rat and abdominal cavity and its 
contents were exposed. Visceral adipose tissues around the 
stomach, intestines and bilateral inguinal region were care-
fully dissected away from the body and put in ice-cold sterile 
phosphate-buffered saline solution (PBS) (Huang et al. 2002;
Tholpady et al. 2003). The adipose tissue was rinsed three
times with PBS, finely minced with scissors and then digested
with 0.075% collagenase I with vigorous shaking at 37ºC for 
1 hour. After the collagenase I was neutralized by adding equal
volume of Dulbecco’s Modified Eagle medium (DMEM), the
cells were filtered by using a cell strainer to remove the debris,
rinsed twice with DMEM with 10% fetal bovine serum (FBS) 
and 1% antibiotic/antimycotic and centrifuged at 500 × g for 
5 minutes. Finally, the cells were re-suspended in 1 ml of se-
rum-containing medium and cell count and cell viability were 
determined by trypan blue staining. The nucleated cells (2.5
× 105) were plated in 100 mm dishes in medium consisting 
of DMEM with 10% FBS and 1% antibiotic/antimycotic. The
cells were incubated in an incubator at 37°C with 5% CO2 and 
culture medium was refreshed every 2–3 days. When the large 
fibroblast-like cell colonies developed and reached 80% conflu-
ence, cultures were harvested with 0.25% trypsin/EDTA for 
5–10 min at 37°C and re-plated on 100 mm dish. The resulting
cultures were referred to as first passage cultures. The primary
and passage cultures were examined and photographed us-
ing a phase-contrast microscope. Passage 5 cells were used to 
evaluate both osteogenic and chondogenic potentiality. 

Osteogenic differentiation

ADSCs at passage 5 were seeded on to 24-well plates at 
a density 1 × 104/well in DMEM supplemented with 10% FBS 
and 1% antibiotic/antimycotic. Medium was changed the day 
after seeding and then every 3 days. When the cells reached
70–80% confluency, cultures were treated with osteogenic
medium (OM) consisting of 50 µM AA, 100 nM Dex and 10 
mM βGP for 21 days in vitro (Jaiswal et al. 1997; Tholpady et
al. 2003). In addition, to evaluate the effect of βGP and Dex
on osteogenic capacity of ADSCs, some of the cultures were 
incubated in different doses of Dex (10 and 1000 nM) and
βGP (5 and 50 mM). To examine the effect of E2 on osteo-
genic potential of ADSCs, the cells were exposed to different
concentrations of E2 (10–12, 10–10 and 10–8 M) in OM (50 µM 
AA + 100 nM Dex + 10 mM βGP in DMEM supplemented 
with 10% FBS and 1% antibiotic/antimycotic). Control group 
was treated with only control medium containing DMEM 
supplemented with 10% FBS and 1% antibiotic/antimycotic. 
The cells were cultured for 21 days and osteoblastic activity
in the cultures was assessed by von Kossa staining, calcium 
and ALP activity measurement. 
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Chondrogenic differentiation

To evaluate the multipotency of ADSCs, cells were also 
induced with chondrogenic medium using pellet culture 
system. For the preparation of each pellet, passage 5 cells were 
trypsinized, counted and resuspended in a chondrogenic basal 
media consisting of high glucose-DMEM supplemented by 
10 ng/ml transforming growth factor-ß1, 100 nM Dex, 6.25 
μg/ml insulin transferin, selenium + premix (ITS), 50 μg/ml 
ascorbate-2-phosphate, 40 μg/ml proline, 100 μg/ml pyruvate 
and 1% antibiotic/antimycotic. Briefly, aliquots of 1 × 106 cells 
were spun down at 800 × g in 15 ml conical tubes and cultured 
at 37ºC, 5% CO2 for 21 days by changing the medium every 
2–3 days. Finally, the pellets were collected and proteoglycan 
production in the extracellular matrix was visualized by tolui-
dine blue staining (Shirasawa et al. 2006).

von Kossa staining

The secretion of calcified extracellular matrix was evaluated
with von Kossa staining (Huang et al. 2002). The cells were
rinsed with deionized water and fixed with 10% formalin
solution for 30 minutes. After rinsing three times with deion-
ized water, wells were incubated in 5% silver nitrate solution 
(w/v) for 1 h in the dark, rinsed with deionized water and 
exposed to UV light for 30 minutes. After adding 5% sodium
thiosulfate for the neutralization of residual silver nitrate, 
cells were rinsed with deionized water and dried for light 
microscopic examination. von Kossa positive deposits were 
visualized as dark brown or black precipitates.

Total calcium assay

Cell layers were rinsed with PBS and extracted with 1 ml 
of 0.5 N HCl for 1 h with continuous shaking at room tem-
perature. After centrifugation at 1000 × g for 5 min, calcium 
levels in the supernatants were determined spectrophoto-
metrically using o-cresolphthalein complexon method (Jäger 
et al. 2005). In this method, calcium forms a purple-colored 
complex with o-cresolphthalein complexon in alkaline AMP 
buffer. The intensity of the color was measured at 540 nm
and compared with a standard solution. 

ALP activity assay

The ALP activity was determined spectrophotometrically
by measuring the release of p-nitrophenol from p-nitroph-
enyl phosphate as substrate (Jaiswal et al. 1997). Briefly, the
cells were rinsed with distilled water and incubated with 
the substrate prepared in substrate buffer (50 mM glycine,
1 mM MgCl2, pH 10.5) for 15 minutes. After the reaction
was stopped with 1 M NaOH, the absorbance of the samples 
were read at 405 nm and compared with a p-nitrophenol 

standard solution. Enzyme activity was expressed as nmol 
of p-nitrophenol/µg protein.

Total protein assay

Total protein concentration in the cell lysates was determined 
according to Bradford’s method using bovine serum albumin 
as standard (Bradford 1976).

Statistical analysis

All quantitative data were analyzed by using non-parametric 
(Mann-Whitney U) test. Student’s t-test was used to evaluate 
the differences between the groups. Data are presented as mean
values ± standard error of the mean (SEM). A two tailed p-value 
smaller than 0.05 was considered statistically significant.

Results

Morphological evaluation of the cultures

In the present study, rat ADSCs were used to assess the effects
of estrogen on osteogenic differentiation. The morphology of
the cells was evaluated daily during the primary and passage 
cultures. The initially adherent cells grew into spindle-shaped
cells and colonies became visible around the 3rd day of the 
cultures. Primary cultures were passaged when large colonies 
developed and reached 80% confluence (Fig. 1). The fibroblast-
like morphology became more homogenous and confluent by
days 7–8 of the passage cultures. While the cultures in control 

Figure 1. Morphology of rat ADSCs cultured in monolayer. The
cells exhibited fibroblast-like shape. Original magnification ×40.
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medium proliferate uniformly and demonstrate fibroblast-like
morphology, ADSCs placed in OM (containing 50 µM AA + 100 

nM Dex + 10 mM βGP) lost their characteristic shapes and be-
came mostly polygonal or cuboidal. Typically, OM-induced cells 
began to form cell aggregates and bone-like nodules by day 8 of 
the cultures. Mineralization of the nodules was observed during 
the second week of the cultures (Fig. 2A) while control cultures 
never formed nodule and mineralization. To evaluate the chon-
drogenic potential of ADSCs, pellet cultures were prepared from 
Passage 5 cells and cultured in chondrogenic medium for 21 
days. Histological evaluation of pellet cultures demonstrated 
proteoglycan synthesis in the matrix (Fig. 2B).

Effect of βGP and Dex on osteogenic differentiation

The osteogenic potential of ADSCs was also studied by meas-
uring ALP activity and calcium levels in cell lysates. Table 1 
compares the effect of OM and different doses of βGP and Dex

on ALP activity and calcium content in the cultures. Statistical 
analysis of the data demonstrated significant differences be-
tween the groups for both ALP activity and calcium deposition 
measured in the cultures (ANOVA, p < 0.0005). The incubation
of ADSCs with OM for 21 days caused a significant increase
in ALP activity and calcium levels compared with the control 
group (p < 0.0005). In order to evaluate the effect of βGP on
osteogenic differentiation of ADSCs, cultures were incubated
with different concentrations of βGP in OM containing 50
µM AA and 100 nM Dex. The ALP activity and calcium levels
were significantly higher in 5 mM and 50 mM βGP added to
cultures compare with the control group (p < 0.05 and p < 0.005, 
respectively) (Table 1). A similar response was produced by the 
exposure to different doses of Dex. In comparison with controls,
both 10 nM and 1000 nM Dex enhanced the ALP activity in 
the cultures (p < 0.05 and p < 0.0005, respectively), but no dif-
ference was observed between OM (which contains 100 nM 
Dex) and 1000 nM Dex treated cells (Table 1).

Figure 2. Osteogenic and chondrogenic differentiation of ADSCs. A. Cells placed in OM lost their characteristic shape and began to 
form cell aggregates. The mineralization of the bone-like nodules was observed as black deposits with von Kossa staining. B. Chondro-
genic potential of ADSCs. Histological analysis of pellets by toluidine blue staining demonstrated proteoglycan synthesis in the matrix. 
Original magnification ×40.

Table 1. Effect of different concentrations of βGP and Dex on osteogenic differentiation of ADSCs in vitro

ALP activity
(p-nitrophenol nmol/ µg protein)

Ca2+ levels
(µg/ml)

Control (basal medium)
OM (10 mM βGP + 100 nM Dex) 

 27.18 ± 5.88
 100.99 ± 8.13a,c,e

 63.5 ± 5.1
 93.2 ± 2.0a,c

βGP 5 mM
50 mM

 60.96 ± 9.18b

 112.06 ± 6.76a,d
 76.1 ± 3.9b

 98.4 ± 1.4a,c

Dex 10 nM
1000 nM

 68.19 ± 4.54b

 129.04 ± 20.07a,e
 83.5 ± 3.5b

 96.9 ± 2.6a,e

βGP and Dex showed dose dependent effect on ALP activity and calcium deposition. Values represent the mean ± SEM, n = 5. 
a p < 0.0005 and b p < 0.05 vs. control; c p < 0.05 and d p < 0.005 vs. 5mM βGP; e p < 0.05 vs. 10 nM Dex.
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Effect of 17β-estradiol on osteogenic potential of ADSCs

In order to test the effect of E2 on osteogenic potential of 
ADSCs in vitro, the cells were grown in OM supplemented 
with different doses of E2 (10–12, 10–10 and 10–8 M) for 
21 days. The effect of E2 on the formation of bone-like 
nodules and mineralization of the matrix was assessed 
by von Kossa staining of the cultures. The treatment of 
ADSCs with OM for 21 days caused typically mineral-
ized nodules stained as black precipitates. In addition, 
the cultures grown in OM supplemented with 10–8 M E2 
formed mineralized nodules widely diffused on the cul-
ture plate (Fig. 3).

All cultures treated with different doses of E2 demon-
strated higher ALP activity than control cells (p < 0.0005). 
The stimulating effect of E2 on ALP activity was dose-de-
pendent whereas the highest ALP activity was detected in 
the cultures with E2 supplement at concentration of 10–8 M. 
Moreover, a significant difference was observed between the
OM (without E2) and OM with E2 concentrations of 10–10 
and 10–8 M indicating a further stimulatory effect of E2 on 
osteogenesis in vitro (p < 0.005, Fig. 4). 

Similarly, ADSCs grown in OM supplemented with differ-
ent doses of E2 displayed higher levels of calcium compare 
with control cells (p < 0.0005), but no difference was detected
between the OM (without E2) and OM with E2 concentra-
tions of 10–12 and 10–10 M. However, the treatment of the 
cells with 10–8 M E2 caused a significant increase in calcium
content compare with OM group (p < 0.005, Fig. 5). 

Discussion

The present study revealed that E2 may have a stimulatory 
effect on osteoblastic differentiation of ADSCs isolated

from rats. Supplementation of E2 significantly enhanced
ALP activity, calcium levels and mineral deposition in the 
cultures.

As indicated in earlier studies, steroid hormones strongly 
contribute in bone metabolism and have modulatory effects
in many cell types including BMSCs. Stem cells require gluco-
corticoids in the culture medium for osteogenic, chondrogenic 
and adipogenic differentiation (Jaiswal et al. 1997; Zuk et al.
2002; Alhadlaq et al. 2004; Ray et al. 2008). Glucocorticoids, 
including Dex, promote osteogenic differentiation and in-
duce the formation of bone-like nodules in embryonic and 
adult stem cells cultures. Although Dex is a potent inducer 
of osteogenic differentiation, it also posseses a dose-related
inhibitory effect on proliferation of bone marrow cells in vitro 

Figure 3. The effect of E2 on osteogenic differentiation of ADSCs. A. Control cells exhibited fibroblast-like morphology and proliferated
uniformly until the day 21 of the cultures. B. OM-treated cultures. Nodule formation and mineralization were clearly visualized at the 
end of the 3rd week. C. Treatment of the cultures with E2 (10–8 M) caused extensive mineralization and nodule formation compared to 
cells grown in OM. Bars indicate 500 µm.

Figure 4. ALP activities in ADSCs cultures. ALP activity was signifi-
cantly higher in all the groups than in the control. The addition of
E2 (both 10–10 M and 10–8 M) into OM significantly increased the
enzyme activity compared to OM-treated group. Values represent 
the mean ± SEM, n = 5. * p < 0.0005 vs. control and # p < 0.05 vs. 
OM-treated group. 
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(Walsh et al. 2001). In an effort to identify the optimal culture
conditions for osteogenic differentiation, we cultured these
cells in OM with three different doses of Dex (10 nM, 100 nM
and 1 μM) for 21 days. Consistent with the previous studies, 
we observed a dose-dependent effect of Dex on ALP activi-
ties and calcium levels compared with control. The highest
ALP activity and calcium level were measured in the cultures 
treated with 1000 nM Dex, however, this dose typically re-
sulted in detachment of the cells from the surface of the plate 
during the culture period. We also investigated the effect of
of βGP on osteogenic potential of ADSCs by adding different
doses (5, 10 and 50 mM) of βGP into OM. Although there 
was a significant increase in ALP activity and calcium levels
with all doses of βGP compared with control, no difference
was observed between the cultures exposed to 10 and 50 mM 
βGP. In the present study, both histological and biochemical 
results clearly demonstrated that the addition of osteogenic 
supplements including 100 nM Dex, 10 mM βGP and 50 µM 
AA is sufficient for a rapid osteogenesis in ADSCs cultures.

Estrogens possess an important role in the regulation 
of osteogenesis both in human and animals. Experimental 
studies have demonstrated that E2 not only inhibits bone 
resorption but also stimulates bone formation (Chow et. 
1992). E2 exerts its physiological effects on target tissues via 
intracellular estrogen receptors ER-α and ER-β, which are 
discovered on many cell types. Bodine et al. (1998) reported 
increased levels of estrogen receptor during osteoblast dif-
ferentiation in primary cultures of rat calvarial osteoblasts. 
More recently, it has been suggested that E2 may also effec-
tively enhance the differentiation capacity of both embryonic
stem cells and BMSCs into ostoeblasts in vitro (Qu et al. 1998; 
Hong et al. 2006; Tielens et al. 2008). 

In osteogenesis studies using osteoblast or stem cell cul-
tures, ALP measurement is considered as an early marker of 
osteogenic differentiation whereas calcium deposition in the
cultures usually reflect the endpoint of osteogenesis in vitro. 
Enhanced ALP expression in response to E2 by osteoblasts 
and stem cells was demonstrated in some recent studies (Qu 
et al. 1998; Holzer et al. 2002; Tielens et al. 2008; Hoemann et 
al. 2009). Furthermore, E2 probably acts not only to control 
the ALP activity of cells expressing the enzyme, but also the 
proliferation rate of ALP-expressing cells in the marrow 
stromal cell population (Holzer et al. 2002). In contrast, no 
stimulatory effect on ALP expression and proliferation of
human marrow stromal cells was described by other inves-
tigators (Kim and Cheng 1994). 

In the present study, we cultured rat ADSCs in OM sup-
plemented with different doses of E2 to investigate whether 
E2 has a stimulatory effect on osteogenic differentiation po-
tential. Our results showed a dose-dependent enhancement 
in ALP activities in the cultures treated with E2, whereas the 
calcium level was significantly elevated only at concentration
of 10–8 M E2 compared with the cells treated with only OM. 
Furthermore, as confirmed by histological evaluation of the
cultures with von Kossa staining, E2-supplemented cultures 
demonstrated more extensive nodule formation and calcium 
deposition compare with the cells treated with OM. 

Consistent with our findings, Hong et al. (2007) have
reported that estrogen may have a modulatory role on 
the osteogenic and adipogenic differentiation of human
ADSCs isolated from a healthy female donor. Similarly, 
they observed an increase in ALP activities, calcium levels 
and matrix calcification in the cultures treated with E2 at 
concentrations of 10–9 and 10–8 M. In a recent paper, the 
same researchers indicated that E2 and Dex interactively 
stimulate the proliferation and osteogenic differentiation
of human BMSCs isolated from both male and female 
donors, but optimal concentration of E2 may differ with
the gender (Hong et al. 2009). In another study, Aksu et 
al. (2008) have reported the effects of some variables such
as gender, fat depot and optimal duration on osteogenic 
potential of human ADSCs. According to their findings,
whereas male ADSCs isolated from superficial adipose
layer have greater osteogenic capacity than deep layer 
cells, no significant difference was observed between the
cultures isolated from female donors. In contrast to our 
and previous results, Ng et al. (2009) found that both 
donor reproductive status (pregnancy, premenopause 
and postmenopause) and in vitro E2 treatment have no 
significant effect on proliferation rate of human ADSCs.
Overall, these conflicting findings may reflect the fact that
proliferation rate and differentiation potential of stem cells
including ADSCs can be influenced by several factors, such
as donor age, gender, cell isolation and culture techniques, 
tissue sources. Stem cells themselves may also produce 

Figure 5. The amount of calcium deposition in cell lysates of
ADSCs cultures. All groups showed higher levels of calcium than 
in the control. The highest calcium level was found in the OM
supplemented with E2 (10–8 M) group. Values represent the mean 
± SEM, n = 5. * p < 0.0005 vs. control; # p < 0.05 vs. OM and OM 
with E2 (both 10–12 M and 10–10 M) treated groups.
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autocrine and paracrine factors during proliferation and 
differentiation depending on different culture conditions.
In addition, regulatory effects of E2 on cell proliferation 
and osteoblastic differentiation could be mediated by not
only its specific receptors but also some osteogenic growth
factors, including BMP-6 and TGF-β1 (Qu et al. 1998; 
Plant and Tobias 2002).

In summary, our present results suggest that in vitro osteo-
genic potential of ADSCs can be influenced by E2 treatment 
in a dose-dependent manner. However, further in vitro and 
in vivo studies are required to improve the effectiveness of
ADSCs in tissue engineering and regenerative medicine.
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