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Abstract

Ovarian failure is commonly caused by aging, autoimmune disease, menopause and cancer
therapy.  We used an ischemic model in the ovary to test the hypothesis that stem cells are helpful for
ovarian regeneration after injury.  Three treatment regimes were employed: sham-operated control,
ligation plus PBS, and ligation plus immortalized human bone marrow stromal cells (stem cells) groups.
After ligation-induced ischemia, stem cells or PBS were injected into rat ovaries.  Then, pregnant mare
serum gonadotropin was given intra-peritoneally to initiate folliculogenesis.  The animals were then
sacrificed.  The ovary gland was weighed, and ovarian folliculogenesis, stem cell differentiation and
vascular neogenesis were evaluated.  In order to study improvement of folliculogenesis after ovarian
ischemia, steroidogenic acute regulatory protein (StAR), p44/p42 MAPK (T-ERK1/2), and phospho-p44/
p42 MAPK (P-ERK1/2) expression were specifically evaluated.  Results indicated that ovarian size was
smaller and that the rate of folliculogenesis was lower in ovarian ischemic-reperfusion animals, but both
recovered after stem cell treatment.  The stem cells migrated into the ovary and differentiated into theca
cells, granulosa cells, corona radiata cells and vascular endothelial cells.  In addition, von Willebrand
factor (vWF) expression was increased; 17β-estradiol (E2), progesterone (P4), P-ERK1/2 and StAR
protein expression was recovered by stem cells treatment in the ischemic ovaries.  The serum LH was
significantly increased in ovaries of ischemia-reperfusion animals, but the stem cell treatment restored
the effects.  These results suggest that stem cells might be helpful for ovarian regeneration after injuries
by promoting vascular neogenesis and steroidogenesis through the MAPK pathway.

Key Words: stem cell, ischemia, ERK, ovary, rat

Introduction

Stem cell transplantation has recently attracted
a great deal of attention as a means of restoring
damage done to the central nervous system (CNS),
sensory systems, the cardiac-circulation system, the
reproductive system and other systems (16, 17).
Recently, Hakuba et al. demonstrated that neural

stem cells can engraft into the organ of Corti after
ischemic damage and prevent an injury-induced shift
in the auditory brainstem response threshold and the
progressive inner hair cell damage induced by transient
ischemia (12).  Therefore, ischemia reperfusion injury
can be prevented by stem cell transplantation.

Preliminary efficacy data indicate that stem cells
have the potential to enhance myocardial perfusion
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and/or contractile performance in patients with acute
myocardial infarction, advanced coronary artery
disease and chronic heart failure (40).  Kagawa et al.
showed morphological evidence of in vitro maturation
of oocytes recovered from xenotransplanted antral
follicles (15).  Moreover, it has been suggested that
bone marrow could serve as a potential source of
germ cells that can sustain oocyte production in adult
mice (14).  Therefore, we used immortalized human
bone marrow stromal cells (HuBM01) to study this
ability in ovarian failure recovery.  HuBM01 cells
are immortalized mesenchymal stem cells created by
retrovirus-mediated gene (human telomerase reverse
transcriptase) transfer (27).  Because these cells origi-
nated from bone marrow stroma-derived cells, which
can differentiate into several types of mesenchymal
tissues, we tracked these cells and studied the mech-
anism of how to recover ovarian function in rats with
ovarian failure.

Ovarian failure can be caused by aging, autoim-
mune disease, premature ovarian failure, menopause,
deletions of the Xq chromosome, cancer therapy and
chemotherapy (1, 4, 10, 22, 26, 33, 36).  Several
investigators have demonstrated that gonadotropin-
releasing hormone (GnRH)-agonist analogs inhibit
chemotherapy-induced ovarian follicular depletion
in rats and Rhesus monkeys (2).  It has also been
shown that administration of the GnRH antagonist,
cetrorelix, significantly decreases the extent of ovarian
damage induced by the chemotherapeutic agent
cyclophosphamide in mice (22).  In addition, ovarian
transplantation has been successful in resuming the
menstrual cycle, and serum gonadotropin levels
returned to the normal range between monozygotic
twins discordant for premature ovarian failure (32).
Moreover, appropriate treatment with hormonal re-
placement therapy minimizes ovarian destruction by
anti-ovarian antibodies, preserves ovarian hormonal
functions, and saves healthy ovarian tissue necessary
for future fertility (25).  However, the effect of mesen-
chymal stem cell therapy on ovarian failure has not
been clear.  Therefore, HuBM01 cells were used to
treat ovarian failure in the rat.

The ischemic-reperfusion ovary model in rats
is an established model that has been used to eval-
uate the therapies designed to treat the disturbance
in reproductive hormones caused by inducing pri-
mordial follicle development and initiating folli-
culogenesis.  Uguralp et al. showed that providing
pentoxifylline (PTX) and vitamin E together seems to
be more effective in reducing ischemic-reperfusion
injury in ovarian tissue compared to administrat-
ing either PTX or vitamin E alone (38).  Adminis-
tration of caffeic acid (3,4-dihydroxycinnamic acid)
phenethyl ester (CAPE) or melatonin has beneficial
effects, preventing ischemia-reperfusion injury of

the ovaries; polymorphonuclear neutrophil infiltra-
tion and vascular dilatation were obvious in the
ischemia-reperfusion-damaged ovaries, and these
changes were also partially reversed by CAPE or
melatonin in rats (7, 37).  Moreover, tissue damage
brought on by ischemia during nonvascularized
ovary transplant may bring about an inhibin deficit
in the ovarian stroma, which might explain the in-
creased levels of follicle-stimulating hormone (FSH)
(5).  In summary, there are no good treatments to
cure ovarian failure induced by ischemia-reperfusion
injury, and we have consequently attempted to use
immortalized human bone marrow stromal cells to
cure ovarian failure in rats.

Hormonal changes have been seen in ovarian
failure patients.  Ovulatory cycles in women with
premature ovarian failure are characterized by a
persistent elevation in FSH, lower levels of inhibin B
and A, and higher estradiol levels compared with
levels in normal cycling women (39).  In addition,
ovarian steroids were depleted in ovariectomized
(OVX) rats.  Then, three weeks later, steroid depletion
increased basal levels of luteinizing hormone (LH)
indicating the loss of a negative feedback mechanism
in the regulation of LH in OVX rats (29).  Because the
serum hormones induced by ovarian failure may ele-
vate in FSH and LH, deplete in ovarian steroids, and
lower levels of inhibin, we measured the levels of
serum LH, 17β-estradiol (E2) and progesterone (P4)
to evaluate the recovery of ovarian function.

In steroidogenic tissues, steroidogenic acute
regulatory protein (StAR) could be rapidly and highly
upregulated by steroidogenic stimuli, became associ-
ated with mitochondria, and transported cholesterol
into inner mitochondrial membrane (34).  In ovarian
tissues, the minor product of StAR presented at ap-
proximate 37 kDa and the major product of StAR
migrated at 30 kDa (8).  The conversion of choles-
terol to pregnenolone is the rate-limiting step in the
final formation of progesterone and this step is
regulated by the mitochondrial enzyme P450scc (23,
24, 28).  StAR and P450scc are normally regulated
by extracellular trophic signals via the intracellular
mitogen-activated protein kinase (MAPK) cascade in
steroidogenic tissues although many of the obser-
vations reported to date appear to be contradictory.
We also analyzed expression of StAR, P450scc and
MAPK to understand the related mechanisms.

The aim of this study was to use the ischemic
ovarian model to test the hypothesis that stem cells
are helpful for ovary regeneration after injury.  Three
treatment regimes were employed in this study
including sham (control), ligation plus PBS and
ligation plus HuBM01 groups.  Then we tracked the
HuBM01 cells and measured the folliculogenesis
of the ovary, LH, E2 and P4 serum levels.  Because
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the rate-limiting step in steroid hormone synthesis
requires StAR to facilitate the shuttle of cholesterol
through the intermembrane space (31), we measured
the StAR protein levels to indicate the ability of stem
cells to facilitate the recovery of ovarian injury.
Apoptosis relative messenger, p44/42 MAP kinase
(ERK) (18), vascular neogenesis relative protein and
von Willebrand factor (vWF) were also measured.

Materials and Methods

Cell Culture

Immortalized HuBM01 cells were a kind gift
from Dr. Toguchida (27) and were maintained in
DMEM (Gibco, Grand Island, NY, USA) with 10%
fetal bovine serum (FBS; Hyclone, Road Logan, UT,
USA) at 37°C in a humidified atmosphere of 5%
CO2/95% air plus antibiotics (penicillin and strepto-
mycin).  The cells were incubated with 1 µg/ml
Hoechst 33342 (H33342, the A-T-rich DNA binding
dye) for 20 min at room temperature before injecting
into the ovaries.

Animals and Treatment

All of the experiments described in this study
conformed to the guide for the care and use of labo-
ratory animals published by the National Research
Council (Publications No. 0-309-05377-3 1996) and
was approved by the Mackay Memorial Hospital
Animal Care and Use Committee.  Twenty-one day
old immature female Sprague-Dawley (SD) rats were
purchased from the animal center of the National
Yang-Ming University.  They were housed under a
standardized light-dark cycle at the room temperature
of 22 ± 1°C and a humidity of 60 ± 10% with food and
water ad libitum.  The bilateral ovaries were ligated
for 30 minutes, and control rats were sham-operated;
after 30 minutes, all rats were reperfused under pento-
barbital (25 mg/kg BW) anesthesia.  After reperfu-
sion, stem cells (HuBM01, 1×106 cells/10 µl/ovary)
or phosphate buffered saline (PBS, 10 µl/ovary)
were injected into the bilateral ovaries of the rats.
The next day, rats were injected intra-peritoneally
with pregnant mare serum gonadotropin (PMSG,
15 IU/rat), or PBS, to initiate folliculogenesis.  Two
days later, the rats were sacrificed and blood samples
were collected for measurement of serum LH levels
by enzyme immunoassay (EIA).  Serum E2 and P4

were also measured by enzyme-linked immunosorbent
assay (ELISA).  The ovaries were excised, trimmed
of free fat and connective tissues, weighed and then
frozen in liquid nitrogen.  In addition, ovarian folli-
culogenesis was evaluated by histology.  The number
of follicles was counted.  In order to evaluate dif-

ferentiation of the HuBM01 cells in the ovaries, the
human-specific X chromosome of the HuBM01 cells
was detected by a fluorescence in situ hybridization
(FISH) assay.

LH EIA

The concentration of serum LH was measured
by a rat luteinizing hormone (LH) enzyme immu-
noassay system purchased from Amersham Bio-
sciences (Piscataway, NJ, USA).  Inhibition curves
of the rat serum paralleled those of the LH stan-
dards.  The antisera showed negligible or no cross-
reactivity with rat FSH and rat adrenocorticotropic
hormone (ACTH).  The sensitivity of the EIA kit was
0.1 ng/ml.  The coefficients of variability were 7.6%
(n = 80) for intraassay and 6.5~19.1% (n = 12) for
interassay.

E2 ELISA

The concentration of serum E2 was measured by
a E2 ELISA system purchased from IBL-Hamburg
GmbH (Hamburg, Germany).  Inhibition curves of
the rat serum paralleled those of the E2 standards.
In this kit, the sensitivity was 9.7 pg/ml; the cross-
reactivities were 0.05% with estriol, 0.2% with estron,
and no cross-reactivity with estriol, androstenedione,
androsterone, corticosterone, epiandrosterone, 16-
epiestriol, estradiol-3-sulfate, estradiol-3-glu-
coronide, 17 α-estradiol, estriol-16-glucoronide,
estrone-3-sulfate, dehydroepiandrosterone, 11-
deoxycortisol, 21-deoxycortisol, dihydrotestosterone,
dihydroepiandrosterone, 20-dihydroprogesterone,
11-hydroxyprogesterone, 17 α-hydroxyprogesterone,
17 α-pregnenolone, 17 α-progesterone, pregnanediol,
pregnanetriol, pregnenolone, progesterone and test-
osterone.  The coefficients of variability were 2.7~
6.8% (n = 20) for intraassay and 6.7~9.3% (n = 20)
for interassay.

P4 ELISA

The concentration of serum P4 was measured by
a progesterone ELISA system purchased from IBL-
Hamburg GmbH (Hamburg, Germany).  Inhibition
curves of the rat serum paralleled those of the P4

standards.  In this kit, the sensitivity was 0.045 ng/ml;
the cross-reactivities were 1.1% with 11-desoxycorti-
costerone, 0.35% with pregnenolone, 0.3% with 17
α-OH progesterone, 0.2% with corticosterone, 0.1%
with 11-desoxycortisol and less than 0.1% with estriol,
E2, testosterone, DHEA-S, cortisol, and cortisone.
The coefficients of variability were 5.4~6.9%
(n = 20) for intraassay and 4.3~9.9% (n = 20) for
interassay.
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Western Blot Analyses

Ovary tissue was homogenized and tissue lysate
was prepared in lysis buffer (150 mmol/l NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris,
pH 7.5, 1 µM sodium orthovanadate, 2 mM sodium
pyrophosphate, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.7 µg/ml leupeptin); the protein con-
tent of the lysate was then determined using the
Coomassie blue protein assay.  Thirty µg of protein
was loaded and run on a 10% sodium dodecyl sulfate-
polyacrylamide gel by electrophoresis (SDS-PAGE),
transferred to polyvinylidene difluoride membranes
in a semidry apparatus and immunoblotted with spe-
cific antibodies.  Antibodies used in our studies
included polyclonal rabbit anti-StAR from Santa
Cruz Biotechnology (Santa Cruz, CA, USA), anti-
phospho Akt, anti-phospho Jun-amino-terminal kinase
(phospho-JNK), anti-p44/p42 MAP kinase (total-
ERK1/2, T-ERK1/2), and anti-phospho-p44/p42 MAP
kinase (phospho-ERK1/2, P-ERK1/2) from Cell
Signaling Technology, Inc. (Danvers, MA, USA).

Also used was a mouse monoclonal mouse
anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody from Biogenesis Ltd (Biogenesis
Ltd., Kingston, NH, USA).  Immunoreactive proteins
were detected by chemiluminescence (Western Blot
Chemiluminescence Reagent Plus, PerkinElmer Life
and Analytical Sciences, Inc., Boston, MA, USA) and
the integrated ODs (IOD) of bands compared by a
Chemi Doc system with Quantity One quantification
software (Bio-Rad Laboratories, Inc., Hercules, CA,
USA).  Presented results represent three or more ex-
periments.  Results of immunoblots are presented as
the means ± SEM of the IOD of each band normalized
to GAPDH.

Tissue Processing, Histology, and Immunofluorescence
Microscopy

The ovaries were frozen fresh in optimal cutting
temperature compound (OCT; Lab-Tek Product,
Naperville, IL, USA), and 6 µm thick sections were
cut in a cryostat set (Shandon Cryotome SME, Thermo
Electron Corporation, Waltham, MA, USA) at -15°C.
For histologly, the ovarian sections were stained with
hematoxylin and eosin and then observed by light
microscopy.

For immunostaining, the sections were blocked
with PBS-10% BSA for 20 min at room temperature,
and then incubated with the first antibody against
vWF (anti-vWF Ab, Sigma St. Louis, MO, USA)
diluted 1:200 in PBS-0.2% BSA for 1 h at room
temperature.  After three 5-min washes in PBS, the
sections were exposed to a secondary antibody against
rabbit IgG-rhodamine (Jackson, Bar Harbor, MA,

USA) diluted 1:100 in PBS-0.2% BSA buffer for 1 h
at room temperature.  After additional washes, the
sections were covered with coverslips and subjected
to direct fluorescence imaging using a Zeiss fluo-
rescence microscope with 10X or 40X objective.
Samples were excited at 575 nm and analyzed at an
emission of 600 nm.  The nuclei of stem cells were
pre-stained with H33342 which excites at 346 nm and
emits at 460 nm.  Four independent trials (n = 4) of
immunofluorescent detection of vWF expression
were quantified by AxioVision V.4.0.0.1 (Carl Zeiss
Vision GmbH, München-Hallbergmoos, Germany).
Results are shown as the percent of the control group.

FISH

Ovaries were fixed in 4% phosphate-buffered
formalin, dehydrated and embedded in paraffin
according to routine methods.  The blocks were cut in
a microtome (Leica Microsystems AB, Sollentuna,
Sweden) with a section thickness of approximately 3
µm.  To deparaffinize, tissues were treated 3 times
with xylene for 10 min at room temperature and twice
with 100% ethanol for 5 min at room tempera-
ture, and the slides were dried on a 45-50°C slide
warmer.  The slides were then treated with a paraffin
pretreatment reagent kit (Cat. No: 32-801200 Vysis,
Downers Grove, IL, USA) to make the tissues more
sensitive for FISH analysis.  The slides were probed
with human specific chromosome probes (CEP X
SpectrumOrange, Cat. No. 32-130023, Vysis), covered
with cover slips and sealed with rubber cement.  The
slides and probes were simultaneously denatured in
HyBrite (Abbott-Vysis) at 73°C and hybridized at
37°C for 18 h.  Post-hybridization washes were per-
formed in 2xSCC/0.3% Igepal CA-630 (Sigma) at
72°C for 2 min.  The slides were air-dried in the dark
in an upright position.  Slides were counterstained
with DAPI II (4', 6-diamidino-2-phenylindole, Cat.
No: 32-804831, Vysis) for easier detection of cellular
nuclei.  The slides were mounted and subjected to
direct fluorescence imaging using a Zeiss fluores-
cence microscope with a 40X objective.  The human
specific chromosome were excited at 559 nm and
analyzed at an emission of 588 nm.  Nuclei of were
excited at 367 nm and analyzed at an emission of 452
nm.

Statistical Analysis

Statistical analysis was performed using SPSS
v.10.0.7 (SPSS Inc., Chicago, IL, USA).  Data are
presented as means ± SEM.  Treatment means were
tested for homogeneity with analyses of variance, and
the difference between specific means was tested for
significance using either Duncan’s multiple range t-
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tests.  A difference between two means was con-
sidered significant when the P value was less than
0.05.

Results

Histological Evaluation of Folliculogenesis

Both ovaries (Fig. 1a) and ovarian follicles
(Fig. 1b) were enlarged in the sham and ligation plus
HuBM01 groups after PMSG treatment but not in the
ligation plus PBS group.  Ovary weight was signifi-
cantly decreased after ligation plus PBS, but ovary
weight was recovered in the ligation plus HuBM01
group (Fig. 1c).  The number of antral and total folli-
cles was significantly decreased after ovary ligation
plus PBS, but the number of antral and total follicles
was recovered in the ligation plus HuBM01 group
(Fig. 1d).

HuBM01 Cell Differentiation in the Ovary

The HuBM01 cells migrated into the ovary and
became theca cells (Fig. 2b, left panel), endothelial
cells (Fig. 2b, right panel), granulosa cells (Fig. 2d)
and corona radiata cells (Fig. 2c).  Fig. 2a shows that
there were no HuBM01 cells in the ovaries of the
ligation plus PBS group.

Activation of vWF in the Ovary by HuBM01

The HuBM01 cells (Fig. 3c) increased vWF
expression in the ovary compared with the sham-
operated (Fig. 3a) or ligation plus PBS (Fig. 3b)
groups (Fig. 3d, P < 0.01).  The HuBM01 cells in-
jected into the ovary and had become vascular
endothelial cells (Fig. 3c).

Serum LH, E2, and P4 Evaluation

The levels of serum LH were significantly
increased to 167% in the ovary ligation plus PBS
group, but treatment with HuBM01 restored levels of
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Fig. 1. Histological evaluation of folliculogenesis.  After ischemia, immortalized human bone marrow stromal cells (HuBM01,
stem cells), or PBS, was injected locally into rat ovaries.  Pregnant mare serum gonadotropin (PMSG) was then given to ini-
tiate folliculogenesis, and PBS was injected in the control (sham) group.  Two days later, the whole ovary gland was weighed
(a, b), and ovarian folliculogenesis was evaluated by histology (c, d).  Significance in differences was determined by ANOVA
(**P < 0.01 with respect to the sham group).  Each bar is the means ± SEM.
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serum LH (Fig. 4, bottom) as compared to the sham-
operated group.  The levels of serum E2 and P4 were
significantly decreased to 4% and 26% in the ovary
ligation plus PBS group, but treatment with HuBM01
restored the levels of serum E2 and P4 (Fig. 4, middle
and top panels) to 84% and 68% as compared to the
sham-operated group.

Evaluation of StAR Protein, and P450scc

Cytochrome P450 side-chain cleavage enzyme
(P450scc) and StAR were expressed in folliculo-
genesis.  From the Western blot assay, the expression
of P450scc was significantly decreased in the ovary
ligation plus PBS group with PMSG or PBS treatment,
but the ligation plus HuBM01 group restored the ex-
pression of P450scc (Fig. 5, upper panel) as compared
to the sham group.  After PMSG treatment, the expres-
sion of P450scc was significantly decreased to 51%

in the ovary ligation plus PBS group.  The expression
of StAR protein was significantly decreased in the
ovary ligation plus PBS group with PMSG or PBS
treatment, but the ligation plus HuBM01 group re-
stored the expression of StAR protein (Fig. 5, lower
panel) as compared to the sham group.  After PMSG
treatment, the expression of StAR protein was sig-
nificantly decreased to 50% in the ovary ligation plus
PBS group.

Evaluation of Phospho-Akt, Phospho-JNK, and the
Ratio of Phospho-ERK1/2 to Total-ERK1/2

To explore whether the MAPK/ERK/JNK path-
way is activated in HuBM01 treatment in ovarian
ischemia animals, we investigated the active forms,
phosphorylation type of ERK1/2 and JNK, which
are activated by MEK and MKK, respectively.  We
performed Western blotting and found that the level
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Fig. 2. Differentiation of HuBM01 cells in the ovary.  Fluorescence in situ hybridization was employed to detect human specific X
chromosomes and to evaluate the differentiation of stem cells (HuBM01) in the ovary.  The arrow indicates the X chromosome
(red dot) of a stem cell in an ovarian tissue slice.  (a) There were no stem cells in the PBS control group (without HuBM01 cell).
(b) Stem cells were found in the layer of theca cells (left) and endothelial cells (right).  (c) Stem cells were found in the layer
of corona radiata cells.  (d) Stem cells were found in the layer of granulosa cells.
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of phospho-ERK/phospho-JNK was decreased in the
ovary ligation plus PBS group, but upregulated after
HuBM01 treatment.  However, there was no significant
change in the expression of phospho-Akt in the sham-
operated, ovary ligation plus PBS group, and ovary
ligation plus HuBM01 groups.  Total ERK remained
at the same level in each groups (Fig. 6).  The ratio
of phospho-ERK1/2 to total-ERK1/2 was significantly
decreased in the ovaries in the ligation plus PBS
group with PMSG treatment, but treating with
HuBM01 restored these effects as compared to the
sham group.

Discussion

In the present study, we found that stem cells
recovered both folliculogenesis in the ovary and
ovarian hormone regulation.  In addition, the stem
cells entered the ovary tissue and then differentiated

into granulosa and endothelial cells.  Moreover, the
recovery mechanism of ovarian function included
the regulation of ERK phosphorylation by the stem
cells.

Therapeutic treatments of ovarian failure include
GnRH agonist or antagonist treatment, ovarian
transplantation and hormonal replacement therapy
(2, 22, 25, 32), but mesenchymal stem cell therapy
has remained controversial.  Mesenchymal stem cells
are adult stem cells and can differentiate into many
cells derived from three embryonic layers.  Endoderm
can give rises to epithelial cells in body tissues and
organs (19).  We used stem cells to treat the ovarian
failure and found that ovary weight, the numbers
of antral and total follicles, serum E2, serum P4 and
StAR protein expression levels were all increased
and that serum LH was decreased to a normal range.
Besides, the stem cells were found in the layers of
theca cells, corona radiata and granulosa cells.  As a
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result, the function of ovarian folliculogenesis was
recovered by the stem cells.  Because StAR protein is
the rate-limiting step in E2 and P4 synthesis (31), it
was used as an index of the secreted function of E2
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immortalized human bone marrow stromal cells
(HuBM01, stem cells), or PBS, was injected locally
into each ovary of the rats.  Pregnant mare serum gona-
dotropin (PMSG) was then given to initiate folliculo-
genesis, and PBS was injected in the control (sham)
group.  Two days later, the rats were sacrificed and
blood samples were collected to measure LH, E

2
, and

P
4
 levels in the serum by EIA or ELISA.  Significance

in differences was determined by ANOVA (*P < 0.05,
**P < 0.01 with respect to the sham group).  Each bar
is the means ± SEM.

Fig. 5. Evaluation of StAR and P450scc proteins.  After ischemia,
HuBM01 cells or PBS were injected locally into rat
ovaries.  Then PMSG was given to initiate folliculo-
genesis, and PBS was injected in the sham group.  Two
days later, the rats were sacrificed, and ovarian tissues
were extracted for measurement of StAR and P450scc
proteins by Western blot.  StAR and P450scc protein
values are expressed relative to β-actin protein levels and
as percent change of the control group.  Significance in
differences was determined by ANOVA (*P < 0.05, with
respect to the sham group).  Each bar is the means ± SEM.

and P4 in ovary.  Serum LH was also used as an index
of the secreted function of ovarian hormones: steroid
depletion increased basal levels of LH indicating a
loss of negative feedback in the regulation of LH in
OVX rats (29).

There have been some reports that mesenchymal
stem cells can differentiate into endothelial cells and
that bone marrow can act as a potential source of germ
cells sustaining oocyte production in adult mice (14,
21).  Von Willebrand factor is an endothelial cell-
specific antigen (21); therefore, the vWF-stained area
denotes the endothelial cell layer of the blood vessel.
In Figs. 2 and 3, we used FISH and immunofluores-
cence assays to identify the location of the stem cells.
We found that the stem cells existed in the endothelial
cell layer, internal theca cells, granulosa and corona
radiate cells.  As a result, the stem cells may differ-
entiate into endothelial cells, theca cells, granulosa
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cells or corona radiate cells, but the specific markers
themselves differentiating theca cells, granulosa cells
or corona radiate cells from stem cells need further
studies.  When the stem cells differentiated into en-
dothelial cells, this may indicate that ovarian blood
vessels had been regenerated.  The regeneration of
ovarian blood vessels may recover the folliculogenesis
of the ovaries and ovarian hormone regulation.  Human
studies have demonstrated that ovarian blood flow
throughout the menstrual cycle is regulated by folli-
cular development, which in turn is determined by
gonadotrophic stimulation (20, 35).  Intraovarian blood
flow increases throughout follicular development and
peaks during the luteal phase (20).  In the ovary that
contains the dominant follicle, follicular and ovarian
stromal peak systolic blood flow velocities rise sig-
nificantly during the menstrual cycle, and changes
in blood flow velocity correlate significantly with
changes in FSH, LH and P4 concentrations (35).

There are many observations suggesting that
the MAPK cascade is involved in steroidogenesis
although the results appear to be contradictory.  The
gonadotrophic hormones, LH and FSH, are reported
to activate ERK1/2 and enhance steroid production in
ovarian cells (6, 9) but ERK activation has also been

associated with the inhibition of agonist-induced
steroidogenesis in granulosa-derived cell lines (30).
The present result suggested that ligation reduced
maturation of follicles may be due to decreased ERK
phosphorylation and StAR expression and, thus,
decreased production of progesterone and estradiol.
Furthermore, some reports have indicated that the
ERK signaling pathway is related to cell death and
apoptosis.  For example, in human prostate cancer
PC-3 cells, the ERK and JNK signaling pathways
regulate activator protein 1 and cell death elicited by
three isothiocyanates (41).  The Chinese herb, Antrodia
camphorate, induced ERK and JNK MAPK phospho-
rylation, and probably evoked the apoptosis of human
oral cancer cells (13).  Intrinsic MAPK signaling
pathways, which are active in transformed cells, can
differentially regulate cellular response to p53 acti-
vation suggesting that the Ras/MEK pathway may be
a specific determinant in the decision to undergo p53-
dependent apoptosis or G1 arrest (3).  In this study,
PMSG-stimulated phosphorylation of ERK and JNK
was abolished in the ligation plus PBS group compared
with the ligation plus HuBM01 groups indicating that
the HuBM01 cells might prevent apoptosis associated
with ovarian failure.

Fig. 6. Evaluation of phospho-Akt, phospho-JNK and the ratio of phospho-ERK1/2 to total-ERK1/2.  After ischemia, HuBM01 cells,
or PBS, were injected locally into the rat ovaries.  PMSG was then given to initiate folliculogenesis, and PBS was injected
in the sham group.  Two days later, the rats were sacrificed, and ovarian tissues were extracted for measurements of phospho-
Akt, phospho-JNK, phospho-ERK1/2 and total-ERK1/2 by Western blot.  Phospho-Akt and phospho-JNK values are expressed
relative to GAPDH protein levels and as percent change of the control group.  ERK protein values are expressed as the ratio
of phospho-ERK1/2 to total-ERK1/2 and as percent change of the control group.  Significance in differences was determined
by ANOVA (*P < 0.05 with respect to the sham group; +P < 0.05 with respect to the PMSG group).  Each bar is the means ±
SEM.
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Researchers have demonstrated that the ovarian
function of rats exposed to cyclophosphamide (CTX)
was improved after transplantation of bone marrow
stem cells (11).  The mesenchymal stem cells were
found in the interstitial tissues of rat ovaries, and also
reduced apoptosis of granulosa cells in vivo (11).  Lee
et al. also reported that bone marrow transplantation
rescued long-term fertility in CTX-treated female
mice and made donor-derived oocytes to generate in
the ovaries of recipients, but donor-derived oocytes
were only observed in immature follicles up to the
preantral stage of development (17).  Those results
were similar to ours, all demonstrating that bone
marrow stem cells recovered the ovarian function
from ovarian failure.

In summary, the mechanisms of stem cell
recovery of ovarian function in ovarian failure caused
by ischemia include vascular neogenesis, ovarian cell
replacement and steroid production.  Mesenchymal
stem cells are a novel therapy to treat ovarian failure
by ischemia.  They could recover folliculogenesis and
hormone release function of the ovary even though
we did not find that stem cells differentiated into
egg cells.
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