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Human bone marrow mesenchymal stromal cells (MSCs) with self-renewal and multiple differentiation po-
tentials are considered a possible cell source for tissue engineering and regenerative medicine. However, the
limited amount of MSCs in bone marrow and the loss of differentiation capacity following in vitro expansion
restrict their practical application. Effective improvement of MSC proliferation is necessary for the clinical
application of MSC-based tissue engineering. The effects of estrogen supplements on proliferation and charac-
terizations of human MSCs were investigated at the present study. Supplements of 17-b estradiol (E2) signifi-
cantly increase the proliferation of human MSCs in vitro. The dose range of E2 to significantly increase MSC
proliferation differs in the gender of MSC donor. E2 supplementation in cell proliferation maintains charac-
terizations of MSCs, including cell surface markers, and osteogenic and adipogenic differentiation capacities.
These data indicate that estrogen treatment can play an important role in improving human MSCs’ expansion in
vitro, which will effectively facilitate MSCs’ function in the practical application of tissue engineering and
regeneration.

Introduction

Autologous adult stem cell-based tissue engineering
and regenerative medicine has been considered a

promising substitute for current clinical treatments that re-
store tissue and organ deficiencies [1–3]. Successful tissue
regeneration requires a sufficient cell population with high
differentiation potential. Self-renewal and multipotent bone
marrow mesenchymal stromal cells or mesenchymal stem
cells (MSCs) have been identified as a potential cell source for
this approach [2,4–7]. However, feasibly isolated cell number
of MSCs is limited. Many factors reduce MSC population,
proliferation rate, and differentiation potential, including the
advanced age and degenerative diseases of donors [8,9]. The
bone-forming capacity of MSC-based tissue-engineered con-
structs declined with the age of donors [10–11]. Although it
was considered as an effective means to increase cell popu-
lation, current in vitro cell expansion system was found to
reduce MSC proliferation and differentiation capacity. It has
been demonstrated that in vitro proliferation of MSCs de-
creases telomerase, shortens telomere length, and accelerates
MSC senescence [9,12]. Decreased telomerase impairs the
multiple differentiation potential of MSCs, and senescent

MSCs are always associated with low differentiation potential
[8]. To generate a sufficiently large population of MSCs with
the differentiation capacity for successful tissue regeneration,
the improvement of MSC proliferation and inhibition of se-
nescence is necessary.

Estrogen has multifunctional roles that influence growth,
differentiation, and metabolism in many tissues. Estrogen
exerts regulatory functions via estrogen receptor (ER)-a and
ER-b, which exist on multiple types of cells, including MSCs
[13–18]. Recent studies demonstrate that 17-b estradiol (E2)
can effectively improve bone marrow stromal cell prolifera-
tion in mice and rats. Estrogen has been confirmed to enhance
differentiation potentials of human MSCs, whereas their ef-
fects on proliferation of human MSCs are controversial [19–
22]. In addition, estrogen has a proven potential to upregulate
the telomerase activity of endothelial progenitor, myometrial
cells, and MSCs, and to prevent the shortening of the telomere
of hepatic cells and MSCs via ER-a [23–28], which suggests
that estrogen might have the potential to inhibit the senescence
of MSCs. We investigated the effect of E2 supplementation on
proliferation of MSCs in both steroid-free and conventional
cell culture media. Also, we estimated the characterizations of
MSC after in vitro cell expansion with E2 supplementation.
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Materials and Methods

Human MSC preparation

Fresh human bone marrow donated by 12 healthy donors
(6 males and 6 females, average age¼ 27.4� 6.1) were
purchased (Allcells, Emeryville, CA). Mononuclear cells
were isolated using density gradient centrifugation (Histo-
paque-1.077; Sigma, St. Louis, MO). Then, cells were cul-
tured with Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Carlsbad, CA), 10% fetal bovine serum (FBS;
Atlanta Biologicals, Lawrenceville, GA), and 1% antibiotic–
antimycotic (Sigma). On day 5, nonadherent cells were re-
moved after medium exchange. The cells were continued
to culture and were collected when cells reach 70%–80%
confluence.

In vitro proliferation of MSCs with E2 supplement

Passage-1 MSCs were used to test for proliferation effect of
E2 supplementation. To test E2’s effect on proliferation of
human MSCs in steroid-free conditions, cells were cultured
with a steroid-free medium 24 h before the test. The steroid-
free medium consisted of phenol red-free DMEM (Invitro-
gen), 10% charcoal-stripped FBS (Gemini Bio-product, West
Sacramento CA), and 1% antibiotic–antimycotic (Sigma). To
investigate E2’s effect on MSCs’ proliferation at the con-
ventional cell culture medium, MSCs were cultured with
DMEM, 10% FBS, and 1% antibiotic–antimycotic. To inves-
tigate the effect of E2 supplements on cell proliferation, 1,000
MSCs were placed into each well of 96-well plates and cul-
tured by either conventional medium or steroid-free medium
supplemented with E2 (Sigma). The E2 concentrations ran-
ged from 10�6 to 10�12 M. The MSC proliferation without E2
supplement was controlled. The cell proliferation was mea-
sured using an MTS-based colorimetric method according to
the manufacturer’s manual (CellTiter 96�; Promega, Madi-
son, WI). The cell proliferations with E2 supplements were
normalized to the controls.

Characterization of MSCs after proliferation
with E2 supplement

To investigate the characterization of MSCs after prolif-
eration with E2 supplementation, the MSCs were purified by
cell sorting using antihuman antibodies positive to CD105,
CD166, CD29, and CD44 and negative to CD14, CD34, and
CD45. MSCs were cultured by the conventional me-
dium supplemented with E2 at 10�8M. Corresponding MSCs
without E2 supplementation were used as controls. Upon
reaching 80%–90% confluence, the isolated MSCs were
trypsinized and divided in a ratio of 1:6 to subculture. The
capacity of MSC proliferation was assessed after 3 and 8
passages. We also analyzed differentiation capacities of os-
teogenesis and adipogenesis, cell surface markers, ER, and
telomerase activity of MSCs after proliferation with E2 sup-
plement.

Measurement of differentiation capacities of MSCs

For investigating the osteogenic differentiation potentials
of MSCs, the cells proliferated with E2 supplements were
placed in 12-well plates at a density of 2–2.5�104 cells per

well. The cells were exposed to the osteogenic differentiation
medium consisted of the basic medium supplemented with
100 nM dexamethasone, 10 mM b-glycerophosphate, and
0.05 mM ascorbic acid-2-phosphate. After 1 week the osteo-
genic differentiated MSCs were collected by washing twice
with phosphate-buffered saline (PBS) and lysing with 1%
Triton-X100 solution. The mixture was subsequently ho-
mogenized by sonication. The amount of DNA, alkaline
phosphatase (ALP), calcium concentration, and protein was
measured as described previously [20,21]. For testing adi-
pogenic differentiation potential, the cells were seeded into
12-well plates at a density of 4–5�104 per well, and then
exposed to adipogenic differentiation medium consisted of
basic medium supplemented with 500 nM of dexamethasone,
10 mM of insulin, and 0.5 mM of isobutyl-methylxanthine.
After 2 weeks of culture, cells were fixed and stained with
Oil-Red-O staining. The Oil-Red-O-stained lipid accumula-
tion was eluted using isopropanol and quantitatively as-
sayed by absorbance values at 510 nm according to our
previous studies [20,21].

Analysis of cell surface markers, ERs,
and telomerase activity

MSCs after proliferation with E2 supplement were col-
lected and washed twice with PBS containing 0.5% bovine
serum albumin and 2 mM ethylenediaminetetraacetic acid.
After centrifugation the cells were stained with fluorescein
isothiocyanate-conjugated antihuman CD105 and CD166 for
30 min (Abcam, Inc., Cambridge, MA). Then, the cells were
suspended in 300 ml PBS containing 0.5% bovine serum al-
bumin and 2 mM ethylenediaminetetraacetic acid for flow
cytometry assay (Coulter EPICS Elite ESP flow cytometer;
Beckman-Coulter, Inc., Hialeah, FL). Fluorescence intensities
for the whole cell population and fluorescent-positive cell
numbers were analyzed. To investigate ERs of MSCs after
proliferation with E2 supplement, RNA of cells were iso-
lated using the Aqua Pure RNA Isolation Kit (Bio-Rad,
Hercules, CA) as recommended by the manufacturer’s
manual. Real-time polymerase chain reaction (PCR) ampli-
fication was performed on the iCycler iQ detection system,
and the data were be collected and analyzed using iCycler
iQ version 3.0 software (Bio-Rad Laboratories Inc). The
Syber Green real-time PCR primers and probe for human
glyceraldehyde 3-phophate dehydrogenase, ER-a, and -b
were purchased (SuperArray, Frederick, MD). The telo-
merase activity of MSCs was measured by a quantitative
telomerase detection kit (US Biomax, Inc. Rockville, MD) as
recommended by the manufacturer’s manual. The thresh-
olds of E2-treated MSCs were normalized to that of the
controls.

Statistics

All quantitative data were expressed as means� standard
deviation. The proliferation and differentiation of each group
with different treatments were compared to the controls
using paired Students’ t-test with the use of commercially
available statistical software (SPSS, Inc., Chicago, IL). One-
way ANOVA was used to analyze the differences among
treatment of E2 with different concentration. P values <0.05
are considered significant.
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Results

E2 significantly enhances human MSC
proliferation in vitro

Figure 1 summarizes the effects of E2 supplementation on
proliferation of human MSCs at the steroid-free culture me-
dium. E2 at the concentrations of 10�8 and 10�10 M signi-
ficantly increase cell proliferation after 4 and 6 days of
treatment (Fig. 1A, n¼ 12, P< 0.01), whereas the E2 at con-
centrations of 10�6 and 10�12 M show no statistical signifi-
cance compared to the control after 6 days. No statistical
difference between the groups with E2 was observed. A
wider range of E2 concentrations was observed to signifi-
cantly increase cell proliferation in male MSCs (10�8–
10�12M) than that in female MSCs (10�8–10�10 M) (Fig. 1B, C;
n¼ 6). However, there is no significant difference of im-
provement among the treatment groups. E2 supplements
also significantly increased MSC proliferation in the con-
ventional cell expansion medium at the concentrations of
10�6–10�10 M (Fig. 2, n¼ 12). However, no statistical differ-
ence was observed among the groups with different con-
centrations of E2.

MSCs maintain proliferation rate after expansion
with E2 supplement

After 3 passages of MSC proliferation with E2 supple-
mentation, MSCs exhibit proliferation capacity similar to
control MSCs cultured with conventional DMEM. Supple-
mentation with E2 effectively enhances the growth rate of
both E2-proliferated and control MSCs (Fig. 3A), indicating
that MSCs possess the same responsiveness to E2, whether or
not they are modulated by E2 before treatment. After 8
passages of proliferation, MSCs of the control group decrease
proliferation and lose their responsiveness to E2. However,
MSCs proliferated with E2 maintain significantly higher
growth rates (Fig. 3B).

MSCs expanded by E2 supplementation
possess osteogenic and adipogenic capacity

MSCs expanded with E2 supplementation possess strong
osteogenic potential. After 1 week of exposure to the osteo-
genic medium, MSCs condensed and formed high-cell-
density nodules positively stained by ALP and von Kossa
(Fig. 4A, B). Quantitatively, ALP and calcium content of these
osteogenic differentiated human MSCs were significantly in-
creased after exposure to the osteogenic medium (Fig. 4C, D).

MSCs cultured with E2 supplement also exhibit a strong
adipogenic potential. After 2 weeks of exposure to the adi-
pogenic medium, E2-modulated MSCs morphologically re-
sembled adipocytes by exhibiting a rounded appearance.
This result was similar to that of control MSCs cultured with
the basic medium. A positive reaction of Oil-Red-O staining,
specifically demonstrating accumulation of lipid droplets,
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FIG. 1. Human MSCs’ prolif-
eration at the steroid-free me-
dium with E2 supplement at
different concentrations. (A) The
percentages of cell proliferation
of human MSCs after the treat-
ment of E2 for 4 and 6 days
(n¼ 12). (B, C) The percentages
of cell proliferation of human
MSCs from male (B, n¼ 6) and
female (C, n¼ 6) donors after 4
and 6 days of E2 supplements
with various concentrations.
*P< 0.05, **P< 0.01. MSC, mes-
enchymal stromal cell; E2, 17-b
estradiol.
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FIG. 2. The percentages of cell proliferation of human
MSCs after 6 days of E2 supplements in the conventional
medium (n¼ 12). *P< 0.05, **P< 0.01.
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was observed (Fig. 5A, B). Quantitatively, lipid accumulation
is significantly increased for adipogenic differentiation of
human MSCs proliferated with the E2-supplemented me-
dium (Fig. 5C).

Surface markers, ERs, and telomerase
activity of E2-proliferated MSCs

CD105 and CD166 as MSC surface markers were used to
detect the variation of MSCs after estrogen modulation. The
cells retain and express their cell surface markers of CD105
and CD166. Figure 5 shows the results of flow cytometry
using antihuman CD105 and CD166 antibodies. No marked
difference of CD105 and CD166 antigens were observed for
E2-proliferated MSCs as compared to the controls (Fig. 6A).
Real-time PCR revealed that ER-a expression in MSCs with
E2 supplementation is 1.9� 0.15 folds higher than that of
control cells, whereas ER-b has no upregulation (Fig. 6B).
The real-time PCR threshold to detect telomerase is lower
than that of the controls, indicting a higher telomerase
activity of MSCs proliferated with E2 supplementation
(Fig. 6C).

Discussion

Although previous studies have demonstrated the effects
of estrogen on increasing proliferation of MSCs and osteo-
blasts in rats, its effects on human MSCs were controversial
[19,22]. Holzer et al. reported that estrogen has more growth
inhibition on human MSCs although E2 moderately im-
proves the proliferation of human MSCs at concentrations of
10�9–10�8 M [19]. On the contrary, after studying human
MSCs from male donors, DiSilvio et al. concluded that E2
increases proliferation of human MSCs [22]. As estrogen may
function differently on MSCs depending on the gender of
donors [29–31] and endogenous estrogen may influence the
outcome of estrogen supplementation; thus, these studies
are not convincible to determine the effects of estrogen on
human MSC proliferation. At the present study, we investi-
gated effects of E2 on the proliferation of human MSCs from
both male and female donors after a wide range of doses of
E2 (10�12–10�6 M) were tested in both steroid-free and con-
ventional cell culture media. We verified that E2 increases
proliferation of human MSCs in both steroid-free and con-
ventional media. Further, with E2 treatment, MSCs maintain

FIG. 3. The proliferation ca-
pacity in vitro of human MSCs
after expansion with E2 sup-
plements (A) The proliferation
rates of MSCs 3 passages after
culture with E2 supplement.
The proliferation is measured
4 days after exposure to the
conventional medium supple-
mented with or without 10�8

M E2. (B) The proliferation
rates of MSCs 8 passages after culture with E2 supplement. The growth rate is measured 4 days after exposure to the
conventional medium supplemented with or without 10�8 M E2. *P< 0.05. DMEM, Dulbecco’s modified Eagle’s medium.
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FIG. 4. Osteogenic potentials of hu-
man bone marrow MSCs proliferated
with E2 supplement. Microphotographs
of E2-treated human bone marrow
MSCs 1 week after exposure to the
basic (A) and osteogenic (B) medium
(ALP and von Kossa staining; scale
bar¼ 50 mm). Note that ALP-positive
areas are stained dark gray and min-
eral deposit areas are stained black.
Quantitative ALP (C) and calcium
content (D) of E2-treated MSCs 1
week after exposure to osteogenic
differentiation and control media.
**P< 0.01 versus controls. Control,
basic medium; OS, osteogenic stimu-
lation medium; ALP, alkaline phos-
phatase.
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their characterizations, including cell surface markers of
CD105 and CD166, and multiple differentiation potentials.
Consisting with a previous study, E2 supplements increase
telomerase activity of human MSCs during proliferation via
the regulation of ER-a, but not ER-b [28]. These results
demonstrated that 17-b estradiol can serve as a regulator to
improve MSC proliferation in vitro. This will effectively im-
prove MSC amount and differentiation capacity required for
stem cell-based tissue engineering.

Our previous study reported that the optimal doses of
estrogen and its interaction with glucocorticoid to regulate
MSC proliferation differ based on the gender of rats [30]. In
the present study we also found that the dose range of E2 to
significantly increase the proliferation of human MSCs for
male donors (10�8–10�12 M) is wider than that for females
(10�8–10�10 M). Although the mechanisms of the gender
difference of estrogen regulation are not clear, one of prob-
able explanations is the different characterizations of ERs in
bone marrow cells of male and female donors. For example,
an in vivo study using a knockout mouse model demonstrated
that gender differences exist in ER-a and androgen receptor at
regulation of skeletal metabolism [31]. The regulatory roles of
ERs in bone remodeling also exhibit a gender difference [32].
Although the concentrations and binding affinity of ERs are
unknown in MSCs, these characteristics of ERs exhibit sex
differences on bone and brain tissues [33,34]. In addition, ERs
have been demonstrated to interact with other steroid hor-
mone receptor, such as glucocorticoid receptors (GRs). GR
plays multiple roles in MSC proliferation and differentiation
and has synergistic or opposite interaction with ER activity on
bone formation [30,35]. ER and GR alter transcription through
the activator protein-1 (AP-1) response element, but estrogens
and glucocorticoids have opposing effects at this response el-
ement [36–38]. As the distribution of GRs vary on genders
[39], the gender difference of estrogen regulation may be
caused indirectly by GR interaction. Therefore, a future study
to investigate the mechanism of gender difference of estrogen
effect and understand the characteristics of ERs is needed to
maximize estrogen effects on MSCs of donors with different
pathophysiological conditions.

Cha et al. demonstrated recently that ER-a mediates the
effects of estradiol on improvement of telomerase activity in
human MSCs [28]. As antisenescence effectively maintains
proliferation and differentiation capacities of MSCs, E2
supplements theoretically will prevent the loss of MSC dif-
ferentiation potentials and maintain high proliferation ca-
pacity of MSCs in current in vitro cell expansion system. At
the present study, we discovered that MSCs with E2 treat-
ment exhibit higher proliferation capacity and maintain the
characterizations of MSC differentiations and cell surface
markers. However, an evaluation in the future is needed to
investigate differentiations of MSCs improved by E2 sup-
plements in the cell expansion and its associated mechanism.
Nevertheless, the current study demonstrated the function of
estradiol on improvement of MSC proliferation. The E2
treatment in MSC proliferation maintains strong differenti-
ation potentials of MSCs. With E2 treatment, it will effec-
tively overcome the limitations of MSCs and make MSCs to

FIG. 5. Adipogenic potentials
of human bone marrow MSCs
proliferated with E2 supple-
ment. Microphotographs of E2-
treated human bone marrow
MSCs 2 weeks after exposure

to the basic (A) and adipogenic differentiation (B) medium (Oil-Red-O staining; scale bar¼ 50mm). (C) Quantitative lipid
accumulations of E2-treated MSCs 2 weeks after exposure to differentiation media. **P< 0.01 versus controls. AS, adipogenic
stimulation medium.

FIG. 6. Characterizations of MSCs after E2 supplementa-
tion. (A) Histograms representing fluorescent intensity of cell
surface markers of CD105 and CD166 of human MSCs
treated with E2 supplementation. (B) ER-a expression of
MSCs treated with E2 supplementation. (C) The telomerase
activity of MSCs treated with E2 supplementation. ER, es-
trogen receptor.
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become the ideal cell source for the clinical application of
tissue engineering.
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