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Effect of Estrogen on Differentiation and 
Senescence in Endothelial Progenitor Cells 

Derived from Bone Marrow in 
Spontaneously Hypertensive Rats

Toshio IMANISHI, Katsunobu KOBAYASHI, Takuzo HANO, and Ichiro NISHIO

The functional impairment associated with atherogenic factors, including hypertension, constitutes a limi-

tation to the ability of endothelial progenitor cells (EPCs) to repair. In addition, estrogens have been shown

to play a role in reendothelialization after vascular injury. We investigated the effects of estrogens on dif-

ferentiation and senescence of EPCs derived from bone marrow (BM-EPCs) in spontaneously hypertensive

rats (SHR/Izm). Bone marrow (BM) cells were obtained from the tibias and femurs of age-matched, male

SHR/Izm and Wistar-Kyoto rats (WKY/Izm). The number of differentiated, adherent BM-EPCs derived from

SHR/Izm was significantly smaller than the number derived from WKY/Izm. 17� -Estradiol (E 2 ) significantly

increased the number of adherent BM-EPCs from SHR/Izm, and this effect was significantly attenuated by

pharmacological phosphatidylinositol 3-kinase (PI3-K) blockers. Immunoblotting analysis revealed that E

 

2

 

treatment led to phosphorylation of Akt. Senescence, as assessed by acidic � -galactosidase staining,

occurred at a significantly greater rate in the BM-EPCs from SHR/Izm than in those from WKY/Izm, but E

 

2

 

treatment dramatically delayed the senescence of BM-EPCs from SHR/Izm. A polymerase chain reaction

(PCR)-ELISA based assay revealed that telomerase activity in BM-EPCs from SHR/Izm was significantly

lower than in those from WKY/Izm, but that E

 

2

 

 treatment significantly augmented it. Both MTS and colony

forming unit assay revealed that E

 

2

 

 treatment significantly augmented the functional activity in BM-endothe-

lial cell (EC)-like cells from SHR/Izm compared to that in control BM-EC-like cells (no treatment). In conclu-

sion, the differentiation of BM-EPCs derived from SHR/Izm was significantly decreased compared with that

of BM-EPCs from WKY/Izm. In addition, the rate of senescence was significantly greater in the BM-EPCs

from SHR/Izm than in those from WKY/Izm. Estrogen was shown to augment differentiation and delay the

onset of senescence in BM-EPCs from SHR/Izm. (
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Introduction

 

The integrity and functional activity of the endothelial mono-
layer play a crucial role in the prevention of hypertension and

atherosclerosis. Recent insights suggest that the injured endo-
thelial monolayer is regenerated by circulating bone marrow-
derived endothelial progenitor cells (BM-EPCs), which
accelerates reendothelialization and limits atherosclerotic
lesion formation (

 

1

 

−

 

4

 

). This beneficial property of BM-EPCs
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makes them attractive for cell therapy targeting the regenera-
tion of ischemic tissue. Since BM-EPCs may contribute to
postnatal neovascularization, further understanding of the
regulation of endothelial progenitor cells (EPCs) kinetics may
provide new insights into the pathogenesis of vasculogenesis.
On the other hand, various risk factors for coronary artery dis-
ease (CAD), such as diabetes, hyperlipidemia, hypertension,
and smoking, affect the number and functional activity of
EPCs in healthy volunteers (

 

5

 

) and in patients with CAD (

 

6

 

).
By multivariate analysis of various risk factors, hypertension
has been identified as a major independent predictor for
impaired EPCs migration (

 

6

 

).
BM-EPCs are not pluripotent, self-renewing stem cells, but

rather lineage-committed progenitors, and are thus subject to
a Hayflick life span 

 

via

 

 replicative senescence (

 

7

 

). Therefore,
an important question with respect to potential cell therapeu-
tic approaches is whether the endogenous BM-EPCs pool can
be revitalized 

 

in vivo

 

 with pharmacological agents, cytokines,
or even gene therapy. Interestingly, Murasawa 

 

et al

 

. (

 

8

 

) have
demonstrated that constitutive human telomerase reverse
transcriptase (hTERT) expression in cultured EPCs enhances
their mitogenic and migratory activity, delays senescence,
and augments neovascularization in a murine model of hind-
limb ischemia. Moreover, recent studies have shown that
estrogen accelerates reendothelialization and attenuates
medial thickening after carotid artery injury in part by aug-
menting mobilization and proliferation of BM-EPCs and their
incorporation into the recovered endothelium at the site of
injury (  9  ,  10  ). Therefore, in the present study, first, we inves-
tigated the influences of hypertension on differentiation and
senescence of BM-EPCs in spontaneously hypertensive rats
(SHR/Izm). Secondly, keeping estrogen-induced reendothe-
lialization after balloon injury in mind, we examined the
effects of estrogen on hypertension-induced differentiation
and senescence of BM-EPCs in SHR/Izm.

 

Methods

 

The Ethics Committee for Animal Experiments at the
Wakayama Medical University approved the experimental
protocol used in this study. The experiment was performed
according to the Guidelines for Animal Experimentation at
the Wakayama Medical University.

 

SHR/Izm

 

Male SHR/Izm aged 5 weeks (

 

n

 

=6) or 12 weeks (

 

n

 

=6) and
equal numbers of age-matched male Wistar Kyoto rats
(WKY/Izm) were obtained from the Disease Model Coopera-
tive Research Association (Kyoto, Japan) and housed under a
12-h light/dark cycle for 1 week. Systolic blood pressure
(SBP) was measured by tail-cuff plethysmography according
to the procedure described by Bunag (

 

11

 

).

 

Isolation of Mononuclear Cells and Cell Culture

 

Bone marrow (BM) cells were obtained from the tibias and
femurs of 5- or 12-week-old male SHR/Izm and age-matched
male WKY/Izm. BM-derived mononuclear cells (BM-
MNCs) were isolated by density gradient centrifugation with
Histopaque 1083 (Sigma Chemical Co., St. Louis, USA).
After purification with 3 washing steps, 10

 

×

 

10

 

6

 

 BM-MNCs
were plated on vitronectin-coated 6-well plates. Cells were
cultured in endothelial basal medium-2 (EBM-2; Clonetics,
Walkersville, USA) with supplements (3 

 

μ

 

g/ml bovine brain
extract, 30 

 

μ

 

g/ml gentamycin, 50 

 

μ

 

g/ml amphotericin B, 10

 

μ

 

g/ml human epidermal growth factor, and 5% fetal bovine
serum [FBS]). The 6-well plates were replated at day 4.

 

Western Blotting

 

The general protocol for Western blotting was performed as
previously described (

 

12

 

). Briefly, the proteins from BM-
MNCs (day 3) were size-separated using 10% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis and electro-
transferred to a PVDF membrane (Millipore, Bedford, USA).
Membranes were blocked by incubation in Tris-buffered
saline (10 mmol/l Tris, pH 7.5, 100 mmol/l NaCl) containing
0.1% (v/v) Tween 20 and 5% (v/v) non-fat dry milk for 2 h,
followed by a 2 h incubation at room temperature with rabbit
polyclonal anti-phospho-Akt-Ser

 

473

 

 or anti-Akt antibodies
(Cell Signaling Technology, Inc., Beverly, USA). The filters
were washed extensively in Tris-buffered saline containing
0.1% (v/v) Tween 20, before incubation for 1 h with a second-
ary anti-rabbit antibody conjugated to horseradish peroxi-
dase. Membranes were then washed and developed using
enhanced chemiluminescence substrate (ECL; Amersham
Pharmacia Biotech, CA, USA). The profile of each band was
plotted using NIH Image software, and the densitometric
intensity corresponding to each band was measured as an
intensity value.

 

Senescence-Associated � -Galactosidase (SA-� -
Gal) Activity Assay

 

SA-

 

β

 

-Gal activity was measured as previously described
(

 

13

 

). Briefly, BM-EPCs were washed in PBS, fixed for 3 min
(room temperature) in 2% paraformaldehyde, washed, and
incubated for 24 h at 37

 

°

 

C (no CO

 

2

 

) with fresh SA-

 

β

 

-Gal
stain solution (1 mg/ml 5-bromo-4-chloro-3-indyl 

 

β

 

-

 

D

 

-galac-
topylanoside (X-Gal), 5 mmol/l potassium ferrocyanide, 5
mmol/l potassium fericyanide, 150 mmol/l NaCl, 2 mmol/l
MgCl

 

2

 

, 0.01% sodium deoxycholate, and 0.02% Nonidet-40).
BM-EPCs were counterstained with 4

 

′

 

,6-diamino-phenylin-
dole (DAPI) (0.2 

 

μ

 

g/ml in 10 mmol/l Tris-HCl, pH 7.0, 10
mmol/l EDTA, 100 mmol/l NaCl) for 10 min to count the
total cell number.
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Telomeric Repeat Amplification Protocol (TRAP)
Assay

 

For quantitative analyses of telomerase activity, TRAP assay,
in which the telomerase reaction product is amplified by poly-
merase chain reaction (PCR), was performed using a 

 

Telo
TAGGG PCR ELISAPLUS kit (Roche Molecular Biochemicals,
Mannheim, Germany) according to the manufacturer’s proto-
col as previously described (14, 15).

Proliferative Activity Assay

Mitogenic activity was assayed using a colorimetric 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenol)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay (CellTiter 96 AQ;
Promega, Madison, USA). BM-endothelial cell (EC)-like
cells were harvested 14 days after culture and re-seeded with
a 96-well plate (1 × 104 cells) in 0.1 ml of EBM-2 medium
supplemented with 0.5% bovine serum albumin (BSA) in the
presence of human recombinant VEGF (100 ng/ml; R & D
Systems, Minneapolis, USA) overnight. After 24 h in culture,
MTS/phenazine methosulfate (PMS) solution was added to
each well for 3 h, at which time the light absorbance at 490
nm was detected using an ELISA plate reader (Bionetics Lab-
oratory, Kensington, USA). In addition, a colony assay was
performed to evaluate the proliferative activity. After 4 days
of culture, adherent cells were gently detached by EDTA.
Cells (1 × 105) were seeded in methylcellulose plates (Meth-
ocult GF H4434; Cell Systems, Kirkland, USA) treated with
or without 17β-estradiol (E2; 100 nmol/l) in the presence of
100 ng/ml human recombinant VEGF. Plates were studied
under phase contrast microscopy and colonies were counted
after 10 days of incubation.

Statistical Analysis

Data were expressed as the mean±SEM based on at least five
independent experiments. Statistical analysis was performed
by 1-way ANOVA (LSD test) for multiple testing.
Probability values were considered significant at p<0.05.

Results

Effects of Hypertension on Differentiation and
Senescence of EPCs in SHR/Izm

In terms of body weight, blood pressure, and heart rate, there
were no significant differences between 5-week-old SHR/Izm
and WKY/Izm (Table 1). In the 12-week-old animals, how-
ever, there was a significant difference in blood pressure
between SHR/Izm and WKY/Izm (Table 1). BM-EPCs were
characterized as adherent cells that were double-positive for
both lectin and DiLDL uptake. There were no significant dif-
ferences in the number of differentiated, adherent BM-EPCs
between 5-week-old SHR/Izm and WKY/Izm (Fig. 1A).
However, the number of differentiated, adherent BM-EPCs
derived from 12-week-old SHR/Izm was significantly lower
than that from 12-week-old WKY/Izm (Fig. 1B). The rate of
senescence, as assessed by acidic β-Gal staining, was signifi-
cantly higher in the BM-EPCs of 12-week-old SHR/Izm than
in those of age-matched WKY/Izm (Fig. 2A). Finally, a PCR-
ELISA based assay revealed that telomerase activity in BM-
EPCs was significantly lower in 12-week-old SHR/Izm than
age-matched WKY/Izm (Fig. 2B).

Estrogen Accelerates EPC Differentiation in SHR/
Izm

When isolated BM-MNCs derived from SHR/Izm as well as
WKY/Izm were incubated with E2 (100 nmol/l) in the pres-
ence of VEGF (100 ng/ml), the number of differentiated,
adherent EPCs were increased compared with that in controls
(no treatment) (Fig. 3A, B). Dimmeler et al. (16) have dem-
onstrated that statins require Akt to augment the number of
EPCs, suggesting that Akt plays an essential role in regulating
haematopoietic progenitor cell differentiation. Therefore, we
examined whether the augmentation of the differentiation of
BM-EPCs induced by E2 depends on the phosphatidylinositol
3-kinase (PI3-K)/Akt pathway. E2-induced EPC differentia-
tion was significantly inhibited by the PI3-K blockers (either
wortmannin [10 nmol/l] or LY294002 [10 μmol/l]) (Fig. 3B).
In addition, we evaluated the differentiation of BM-MNCs in
the presence of lower doses of VEGF (20 ng/ml), because

Table 1. Body Weight, Systolic Blood Pressure, and Heart Rate in WKY and SHR

5 week 12 week

WKY(n=6) SHR(n=6) p value WKY(n=6) SHR(n=6) p value

BW 105±2 110±4 n.s. 313±4 301±4 n.s.
SBP (mmHg) 109±6 110±10 n.s. 108±4 182±10 *
HR (/min) 486±24 476±41 n.s. 438±9 456±5 n.s.

Data shown are mean±SEM. *Significantly different compared to WKY/Izm, p<0.01. WKY, Wistar Kyoto rats; SHR, spontaneously
hypertensive rats; BW, body weight; SBP, systolic blood pressure; HR, heart rate.
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BM-MNCs may easily differentiate into endothelial lineage
cells in the presence of high doses of VEGF without estrogen.
The results were similar to those obtained using high doses of
VEGF (100 ng/ml). That is, the number of differentiated,
adherent BM-EPCs derived from SHR/Izm was significantly
lower than that from WKY/Izm (19.9±3.6 vs. 53.5±  4.2,
respectively). Next, we investigated the effects of E2 on Akt
activation. Isolated BM-MNCs were stimulated with E2 (100
nmol/l) for 1 h and immunoblots were performed with a phos-
phospecific Akt antibody directed at the Ser473 phosphoryla-
tion site. As shown in Fig. 4, E2 augmented the

phosphorylation of Akt in BM-MNCs derived from WKY/
Izm as well as in those derived from SHR/Izm.

Estrogen Prevents EPC Senescence in SHR/Izm

Coincubation with E2 significantly inhibited the increase in
SA-β-Gal-positive cells in both SHR/Izm and WKY/Izm
(Fig. 5A, B). Cellular senescence is critically influenced by
telomerase, which elongates telomeres, thereby counteracting
the telomere length reduction induced by cell division. There-
fore, we measured telomerase activity by a TeloTAGGG

Fig. 1. Effects of hypertension on BM-EPC differentiation. The differentiation of BM-EPCs was assessed by double-positive
cells for DiLDL uptake and lectin binding. Quantification of BM-EPC differentiation was evaluated in 5- (A) and 12-week-old
(B) WKY/Izm and SHR/Izm. Data are expressed as the means±SEM (n=6 in each group). *p<0.01 compared with WKY/Izm.

Fig. 2. Effects of hypertension on BM-EPC senescence and telomerase activity. A: The senescence of BM-EPCs was assessed
by senescence-associated β-galactosidase (SA-β-Gal) activity. Quantification of SA-β-Gal-positive cells was evaluated in 12-
week-old WKY/Izm and SHR/Izm. Data are expressed as the means±SEM (n=6). *p<0.01 compared with WKY/Izm. B: Freshly
isolated mononuclear cells were cultivated in endothelial basal medium-2 (EBM-2) supplemented with EBM-2 simple aliquots.
The six-well plates were replated at day 4. After an additional 3 days of cultivation, telomerase activity was measured by PCR-
ELISA based assay. Data are expressed as the means±SEM (n=6 in each group). *p<0.01 compared with WKY/Izm.
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Telomerase PCR ELISA. As demonstrated in Fig. 6, E2 sig-
nificantly increased telomerase activity in SHR/Izm as well as
WKY/Izm.

Estrogen Increases the Proliferative Activity of
EPCs in SHR/Izm

Having demonstrated that E2 delayed the onset of senescence,
we next examined whether this effect translates into an

Fig. 3. E2 augments BM-EPC differentiation. A: The BM-MNCs at day 3 were treated with or without E2 (100 nmol/l) in the
presence of VEGF (100 ng/ml) for 24 h. Representative photomicrographs show double-positive cells for DiLDL uptake and lec-
tin binding in BM-EPCs treated without (left) or with (right) E2. B: Treatment of BM-MNCs with E2 significantly augmented the
differentiation of BM-EPCs. Data are expressed as the mean±SEM (n=6). *p<0.01 compared with control (no treatment);
#p<0.01 compared with E2 (100 nmol/l).
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increase in proliferation and clonal expansion. A MTS assay
demonstrated that the mitogenic potential in BM-EC-like
cells treated with E2 exceeded that in untreated (control) BM-
EC-like cells in SHR/Izm as well as WKY/Izm (Fig. 7A). To
investigate the clonal expansion potential of the cultivated
BM-EC-like cells, we further performed an outgrowth assay.
For this purpose, BM-EPCs were cultivated for 4 days in the
presence or absence of E2. Then, cells were detached, and
1 × 105 BM-EC-like cells were seeded in methylcellulose
plates. As shown in Fig. 7B, the number of colonies was sig-
nificantly higher in BM-EC-like cells that had been pretreated
with E2 in SHR/Izm as well as WKY/Izm.

Discussion

The functional regeneration of ischemic tissue by improved
neovascularization and possibly tissue repair is critically
dependent on the mobilization and integration of EPCs into
the ischemic tissue. Moreover, infusions of EPCs expanded
ex vivo can limit scar extension in the ischemic myocardium
(17) and improve the recovery of contractility, and thus may
be useful as a novel therapeutic approach (18). However, it is
conceivable that unfavorable clinical situations might be
associated with dysfunctional BM-EPCs, defective vasculo-
genesis, and thus, impaired neovascularization. Indeed, Tep-
per et al. (19) reported that the proliferation and tube
formation of EPCs were impaired in patients with type 2 dia-

betes compared with normal subjects. Therefore, an impor-
tant question with respect to potential cell therapeutic
approaches is whether BM-EPCs can be revitalized in vitro.
Ikeda et al. (20) have demonstrated that human VEGF gene
transfer is effective at enhancing the endothelialization of
EPCs. Furthermore, the transplantation of cord blood MNCs
expressing VEGF may be feasible as an angiogenic cell and
gene therapy for the treatment of ischemic tissue. In the
present study, we have shown that the differentiation of BM-
EPCs derived from SHR/Izm at 12 weeks of age was signifi-
cantly lower than that of BM-EPCs from age-matched WKY/
Izm. Interestingly, in 5-week-old SHR/Izm and WKY/Izm,
there were no significant differences in either differentiation
or blood pressure. These results indicate that hypertension or
hypertension-related factors might affect the differentiation
of BM-MNCs into BM-EPCs. In addition, the senescence rate
of BM-EPCs from SHR/Izm was significantly increased com-
pared to that of BM-EPCs from WKY/Izm. More impor-
tantly, we have shown for the first time that estrogens can
augment the differentiation of BM-EPCs and delay the onset
of BM-EPC senescence in both SHR/Izm and WKY/Izm. The
results from this study thus suggest that estrogens might have
utility for therapeutic postnatal vasculogenesis of ischemic
tissue, potentially including populations with hypertension.

We have shown previously that oxidized low-density lipo-
protein (LDL) reduces the number of adherent EPCs in the
presence of VEGF through the dephosphorylation of Akt

Fig. 4. Effect of E2 on Akt phosphorylation on Ser473. Mononuclear cells (MNCs) at day 3 were stimulated for 1 h with E2 (100
nmol/l), and phosphorylation of Akt was determined with a phosphospecific Akt antibody. A representative blot from six indepen-
dent experiments is shown (upper). Bar graphs show phospho-Akt/normalized Akt (lower). Data are expressed as a ratio of the
test value to the value for unstimulated cells (set at 100 %). *p<0.01 compared with control (no treatment).
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(21). Akt is a serine threonine protein kinase that is activated
by a number of growth factors and cytokines in a PI3-K-
dependent manner. In the present study, we have demon-
strated that E2 augments the differentiation of BM-EPCs
derived from WKY/Izm as well as SHR/Izm. Interestingly, E2

treatment led to the augmentation of the differentiation of

BM-EPCs derived from SHR/Izm as well as WKY/Izm to
almost the same degree. These results may be explained by
the effects of E2 on Akt, because we have demonstrated that
E2 treatment led to the phosphorylation of Akt in BM-EPCs
derived from SHR/Izm as well as WKY/Izm to almost the
same degree. In the present study, the cellular and molecular

Fig. 5. E2 inhibits BM-EPC senescence. A: Representative photomicrographs show senescence-associated β-galactosidase (SA-
β-Gal)-positive cells (blue) in BM-EPCs treated without (left) or with (right) E2 in SHR/Izm and WKY/Izm. B: Quantification of
SA-β-Gal-positive cells was performed in SHR/Izm and WKY/Izm. The number of blue cells was counted manually from a total of
200 cells. Data are expressed as the mean±SEM (n=6). *p<0.01 compared with the control (no treatment).
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events involved in E2-induced Akt activation remain to be
determined. In this context, however, it is interesting to note
that E2 has been shown to activate Akt signaling in mature
ECs via nonnuclear estrogen receptor α (22), suggesting one
possible mechanism for the modulation of BM-EPCs.

The mechanisms by which E2 delays the onset of BM-EPCs
senescence remain to be determined. Telomerase is a cellular
reverse transcriptase which catalyzes the synthesis and exten-
sion of telomeric DNA (23, 24). Telomerase activity is consti-

tutively expressed in germline cells and in the majority of
malignant tissue cells and is repressed in most human normal
somatic cells (25, 26). Strikingly, however, telomerase activ-
ity is expressed in a highly regulated manner in certain
somatic cell populations, such as lymphocytes and hemato-
poietic stem cells (27−29). Studies on telomerase regulation
in normal somatic cells have focused on expression of the two
essential components of telomerase, telomerase RNA tem-
plate (hTER) (30) and hTERT (31). There is a good correla-

Fig. 6. Effect of E2 on telomerase activity. Freshly isolated mononuclear cells were cultivated in endothelial basal medium-2
(EBM-2) supplemented with single aliquots of EGM-2MV. The six-well plates were replated at day 4. After an additional 3 days
of cultivation, E2 was added for 24 h and telomerase activity was measured. Data are expressed as the mean±SEM (n=6).
*p<0.01 compared with the control (no treatment).

Fig. 7. Effects of E2 on the proliferative activity of BM-EC-like cells. A: BM-EC-like cells treated with or without E2 (100 nmol/
l) were harvested 14 days after culture. The mitogenic activity was detected as described in the Methods. Data are expressed as
the mean±SEM (n=6). *p<0.01 compared with E2 (100 nmol/l) treatment. B: At day 4, BM-EC-like cells were seeded in meth-
ylcellulose plates, and colonies were counted after an additional 10 days of cultivation. Data are expressed as the mean±SEM
(n=6). *p<0.01 compared with E2 (100 nmol/l) treatment.
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tion between the expression of hTERT mRNA and the
presence of telomerase activity in extracts from tissue culture
cells and normal and cancer tissues (32), whereas hTER is
expressed constitutively in both cancer and normal cells, irre-
spective of the status of telomerase expression (30). Interest-
ingly, Murasawa et al. (8) have revealed that overexpression
of hTERT by adenovirus-mediated gene delivery could result
in the delay of senescence and the recovery/enhancement of
the regenerative properties of EPCs. In this context, we have
recently shown that E2 dose-dependently increased hTERT
mRNA in a PI3-K/Akt dependent manner (33). Keeping these
findings in mind, we speculated that estrogen delays the onset
of senescence through telomerase activation. However, fur-
ther studies will be needed to confirm our hypothesis.

In conclusion, the results of the present study demonstrated
that E2 delays the onset of the senescence of BM-EPCs in
both SHR/Izm and WKY/Izm, which may be related to telom-
erase activation. Importantly, the inhibition of BM-EPC
senescence by estrogen in vitro may improve the functional
activity of BM-EPCs for potential cell therapy.
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