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. Chemotherapy with
cyclophosphamide (CTX) damages
ovaries.

. Transplantation of bone
marrow stromal cells (BMSCs), as
a type of mesenchymal stem cells,
repairs damaged ovaries following
chemotherapy.

. Granulocyte colony-stimulating
factor (G-CSF), as a growth factor, has
beneficial effects on damaged ovaries.

. G-CSF may have the potential
to regenerate ovaries damaged by
chemotherapy with CTX.

. Coadministration of BMSCs and
the G-CSF may be more effective
than either of them alone on ovaries
damaged by chemotherapy with CTX.
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Abstract

Background: Bone marrow stromal cells (BMSCs), as a
type of mesenchymal stem cells, and the granulocyte colony-
stimulating factor (G-CSF), as a type of growth factor, may
recover damaged ovaries. The aim of the present study was to
investigate the effects of the coadministration of BMSCs and
the G-CSF on damaged ovaries after creating a chemotherapy
model with cyclophosphamide (CTX) in rats.

Methods: The present study was performed in Semnan, Iran,
in the late 2016 and the early 2017. BMSCs were cultured and
were confirmed using the CD markers of stromal cells. Forty
female Wistar rats were randomly divided into 4 groups. The
rats were injected intraperitoneally with CTX for 14 days to
induce chemotherapy and ovarian destruction. Then, the BMSCs
were injected into bilateral ovaries and the G-CSF was injected
intraperitoneally, individually and together. Four weeks later, the
number of ovarian follicles using H&E staining, the number of
apoptotic granulosa cells using the TUNEL assay, the number of
produced oocytes from the ovaries, and the levels of serum E, and
FSH using an ELISA reader were assessed. Statistical analysis
was done using one-way ANOVA with SPSS, version 16.0.
Results: The results showed that the effects of the
coadministration of 2x10® BMSCs and 70 pg/kg of the G-CSF
were significantly more favorable than those in the control
group (P<0.001), the BMSC group (P=0.016), and the G-CSF
group (P<0.001) on the recovery of damaged ovaries.
Conclusion: The efficacy of the coadministration of BMSCs and
the G-CSF in the recovery of ovaries damaged by chemotherapy
was high by comparison with the administration of either of
them separately.
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Introduction

Ovarian dysfunction is common in premenopausal women
receiving chemotherapy, and approximately 30% of women aged
less than 35 years and 50% of women aged between 35 and
40 years tend to experience menstrual function cessation after
chemotherapy, leading to premature ovarian failure (POF) or
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menopause.” POF is described as secondary
infertility with elevated gonadotropin levels before
age 40, with an estimated incidence rate of 1%.2
The use of chemotherapy increases the cure rate
in young cancer patients, but some side effects
such as ovarian failure and infertility may occur.
POF due to chemotherapy causes cytotoxic
effects, which will damage granulosa cells (GCs)
and will, thus, possibly lead to folliculogenesis
disruption.® Cyclophosphamide (CTX) is one of
the most commonly used chemotherapy drugs,
and it directly destroys oocytes and stimulates
follicular depletion.*

There are various methods to treat ovarian
failure secondary to chemotherapy such as
hormone therapy and stem cell therapy.®
Hormone therapy is used to treat common
menopausal problems, but it may increase the
risk of cancers.? ¢ Recent studies on stem cell
therapy have indicated that ovarian dysfunction
can be treated by different types of stem cell
transplantation.”® Bone marrow stromal cells
(BMSCs) are a type of mesenchymal stem cells
which can be differentiated into other cell lines
and may have the potential to replace damaged
cells.® Moreover, BMSCs can produce some
growth factors and cytokines for mitogenesis,
angiogenesis, and anti-apoptosis." Various
articles have demonstrated that BMSC
transplantation can improve ovarian function
and structure in rats with chemotherapy-induced
ovarian damage.® "

Colony-stimulating factors (CSFs), as
hematopoietic growth factors, can regulate the
mobilization, proliferation, and differentiation
of bone marrow cells. The granulocyte colony-
stimulating factor (G-CSF) is a growth factor
with therapeutic roles for cancers, autoimmune
diseases, ischemic insults, and degenerative
diseases.”” The G-CSF plays key roles in
cellular proliferation, anti-inflammatory and anti-
apoptotic processes, and mobilization of stem
cells to target sites."* Akdemir et al.'® showed
that the G-CSF has the beneficial effect of
reducing the severity of ovarian follicle loss in
the rat model of cisplatin chemotherapy.’® In
several articles, a combination of stem cell
transplantation and the G-CSF has been utilized
with a view to repairing various parts of the
body."6-"® Safari et al."® achieved fruitful results
from combining BMSCs and the G-CSF to treat
a rat model of Parkinson’s disease.'

Given that there have been no reports
concerning the effects of the G-CSF on ovaries
damaged by CTX, inthe present study, for the first
time, we evaluated the effects of the G-CSF on
damaged ovaries after creating a chemotherapy
model with CTX and compared the results
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with the effects of BMSC transplantation into
ovaries and the effects of the coadministration
of BMSCs and the G-CSF on ovaries damaged
by chemotherapy in rats.

Materials and Methods

Animals

The present study was performed in
Semnan, Iran, in the late 2016 and the early
2017. Forty female Wistar rats (180-200 g)
were used. The animals had free access to
food and water under a controlled temperature
(252 °C). Vaginal smear was obtained daily,
and only those showing at least 2 consecutive
normal vaginal estrus cycles were used in the
experiments. All the procedures were approved
by the Research Council of Semnan University
of Medical Sciences.

BMSC Culture and Characterization

BMSCs were prepared from an adult female
rat. The rat was killed, and its femurs and tibias
were dissected out. The bone marrow was
ejected with 10 mL of Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, Germany) and cultured
in the DMEM, containing 10% fetal bovine serum
(FBS) (Gibco, Germany) and 1% penicillin/
streptomycin (Gibco, Germany). The culture was
incubated at 37 °C, 95% humidity, and 5% CO,,.
After 48 hours, nonadherent cells were removed
by replacing the medium. The cells were
subcultured 4 times.?% 2! The expression of the
surface marker of the stem cells was analyzed
via the incubation of at least 100 000 cells with
fluorescence-labeled monoclonal antibodies
against CD29, CD34, CD44, CD45, and CD90
(Sigma, China). Following a 10-minute wash in
PBS, the labeled cells were analyzed using a
BD FACSCalibur flow cytometry apparatus.?" 2

Creating the Chemotherapy Model

The POF model of chemotherapy was
created via an intraperitoneal injection of CTX
at 50 mg/kg (Sigma, China) diluted in normal
saline. Subsequently, CTX was injected at 8 mg/
kg daily for 13 consecutive days, for a total of 14
days.’

Procedure of BMSC Transplantation

The rats were randomly divided into 4 groups
(n=10 in each group). In the control group, after
the induction of the chemotherapy model, 20
pL of the culture medium was directly injected
into the bilateral ovaries. In the BMSC group,
following the induction of the chemotherapy
model, 2x10°® BMSCs suspended in 20 L of the
culture medium were directly injected into the
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bilateral ovaries.?®?* In the G-CSF group, after
the induction of the chemotherapy model, 70 ug/
kg of the G-CSF was injected intraperitoneally
for 5 consecutive days." And finally, in the
coadministration group of BMSCs and the
G-CSF, after the induction of the chemotherapy
model and BMSC transplantation, the G-CSF
was injected for 5 consecutive days.

BMSC Tracking in the Ovaries

The BMSCs were labeled with Dil
(1,1°-dioctadecyl-3,3,3',3- tetra methyl in do
carbo cyanine perchlorate) (Sigma, China) in the
ovaries to show the presence of the transplanted
cells after 4 weeks. Briefly, the BMSCs were
suspended in the DMEM and 5 yL/mL Dil was
added. After incubation for 20 minutes, the
cells were centrifuged and washed with PBS
and then suspended again for transplantation.
Four weeks after transplantation, the prepared
paraffin sections and the labeled cells were
detected by fluorescence microscopy (Motic,
AE31, Spain).2%:25

Hormonal Examination

Four weeks after treatment, the serum
estradiol (E,) and follicle-stimulating hormone
(FSH) levels of all the groups were measured
using enzyme-linked immunosorbent assay
(ELISA) kits (East Biopharm, China) for rats,
according to the manufacturer’s instructions.? % 26

Evaluation of Ovulation Ability

Four weeks after treatment, the rats were
superovulated by an intraperitoneal injection of
150 IU/kg of pregnant mare serum gonadotropin
(Sigma, China), followed, 48 hours later, by an
intraperitoneal injection of 75 IU/kg of human
chorionic gonadotropin (hCG) (Sigma, China).?’
The oocytes were obtained from the ampulla
portion of the oviduct 14 to 16 hours after the
hCG injection.?

Histological Evaluation of the Ovaries

Four weeks after treatment, the ovaries were
collected and fixed in 4% paraformaldehyde,
dehydrated, paraffin-embedded, and serially
sectioned at 5-um thickness. Five representative
sections from each ovary were randomly chosen
and routine hematoxylin and eosin (H&E) staining
was performed for histological examinations via
light microscopy. The number of the primordial,
primary, secondary, and antral follicles was
measured. Only follicles containing an oocyte
were counted. The follicles were thereafter
classified. The primordial follicles were identified
with having only 1 flat layer of squamous GCs.
Primary follicles were defined as those having 1
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cuboidal GCs. Secondary follicles were defined
as those having multiple layers of GCs without
antral spaces. Antral follicles were defined as
those having antral spaces.?

Apoptosis Detection

Four weeks after treatment, the apoptotic GCs
in the ovaries were evaluated using a TUNEL
(terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling) assay kit (Roche,
Germany). Briefly, the sections were treated with
20 g/mL of proteinase K for 10 minutes and 0.1%
Triton X-100 in 0.1% sodium citrate for 2 minutes
on ice. The sections were incubated with the
TUNEL reaction mixture. Then, the sections were
stained with the diaminobenzidine (DAB) solution
for 10 minutes at room temperature. Finally, they
were counterstained with hematoxylin. At least
100 GCs were counted in 8 random fields under a
light microscope (Motic, AE31, Spain) to calculate
the percentage of the apoptotic cells.® 2628

Statistical Analysis

The normality and homogeneity of variance
assumptions were verified and then the data
were analyzed by one-way analysis of variance
(ANOVA), followed by the Tukey test. The
obtained data were presented as meanstSD,
and a P value less than 0.05 was considered
statistically significant.

Cultivation and Characterization of the BMSCs

The BMSCs were cultured in T25 flasks. After
a few days, the cells appeared to be spindle-
shaped. The passages were repeated, and the
cells became morphologically homogeneous.
Most of the cells expressed the mesenchymal
stromal cell markers of CD29, CD44, and CD90,
but they did not express the hematopoietic cell
markers of CD34 and CD45 (figure 1).

BMSC Tracking in the Ovaries

The transplanted BMSCs were labeled with
Dil as red spots in the sections of the ovaries
(figure 2A). The results confirmed the presence
of the transplanted cells in the ovaries 4 weeks
after transplantation.

Levels of Serum E,and FSH

Four weeks after treatment, hormonal
examinations by determining the levels of serum
E,and FSH were performed. The results showed
that the levels of serum E, in the experimental
groups were significantly higher than those in
the control group (P<0.001). The results of the
coadministration group were significantly higher
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Figure 1: Flow cytometry results show that the bone marrow stromal cells expressed CD29, CD44, and CD90 markers, but no

CD34 and CD45 markers.

Figure 2: Labeled bone marrow stromal cells (BMSCs) with Dil in a section of the ovary show the presence of the transplanted
cells after 4 weeks. A. The labeled BMSCs are visible as red spots. B. In the same section, the labeled BMSCs are not visible with|
green fluorescence. The arrows show the labeled cells. Scale bars: 100 pm

than those of the BMSC and G-CSF groups
(P=0.016). The results of the BMSC group were
significantly higher than those of the G-CSF
group (P=0.037) (figure 3A).

The levels of serum FSH in the experimental
groups were significantly lower than those in
the control group (P<0.001). The results of the
coadministration group were significantly lower
than those of the BMSCs and G-CSF groups
(P<0.001). The results of the BMSC group were
significantly lower than those of the G-CSF
group (P=0.020) (figure 3B).

Ovulation Ability

Four weeks after treatment, ovulation ability
after superovulation was evaluated by counting
the number of the oocytes. The results of

138

ovulation ability showed that the number of
the oocytes produced from the ovaries after
superovulation in the experimental groups was
significantly more than that in the control group
(P=0.022). The results of the coadministration
group were significantly more than those of
the BMSC and G-CSF groups (P<0.001). The
results of the BMSC group were significantly
higher than those of the G-CSF group (P<0.001)
(figure 4A, 5).

Apoptosis of the GCs

Four weeks after treatment, the percentage
of apoptosis in the GCs was evaluated using the
TUNEL assay. The percentage of the TUNEL-
positive GCs of the ovaries in the experimental
groups was significantly lower than that of the
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Figure 3: Results of the levels of ovarian hormones show that the coadministration of bone marrow stromal cells (BMSCs) and
the granulocyte colony-stimulating factor (G-CSF) has significantly improved the damaged ovaries 4 weeks after chemotherapy
compared to the other groups. (A) Results of the serum E, level (B) Results of the serum FSH level; *P<0.05 vs. the control group;

#P<0.05 vs. the control, BMSC, and G-CSF groups
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Figure 4: Four weeks after treatment, the oocytes are collected from the ovaries following superovulation. Scale bars: 200 um

control group (P<0.001). The results of the
coadministration group were significantly lower
than those of the BMSC and G-CSF groups
(P<0.001). There was no statistically significant
difference between the BMSC and G-CSF
groups (P=0.087) (figure 4B, 6).

Histological Evaluation of the Ovaries

Four weeks after treatment, histological
evaluations using H&E staining including the
number of the primordial, primary, secondary, and
antral follicles were performed. The mean number
of the primordial follicles was 24+4 in the control
group, 3316 in the BMSC group, 316 in the
G-CSF group, and 42+4 in the coadministration
group. The mean number of the primary follicles
was 2148 in the control group, 2844 in the BMSC
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group, 2942 in the G-CSF group, and 3748 in
the coadministration group. The mean number
of the secondary follicles was 188 in the control
group, 314 in the BMSC group, 276 in the
G-CSF group, and 3949 in the coadministration
group. The mean number of the antral follicles
was 917 in the control group, 2346 in the BMSC
group, 214 in the G-CSF group, and 2944 in the
coadministration group. The results showed that
the number of the follicles in the experimental
groups was significantly higher than that of
the control group (P<0.001). The results of the
coadministration group were significantly higher
than those of the BMSC and G-CSF groups
(P=0.013). There was no statistically significant
difference between the BMSC and G-CSF
groups (P=0.063) (figure 4C, 7).
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Figure 5: Four weeks after treatment, the apoptotic granulosa cells with the TUNEL assay have been marked brown. The
arrows show the apoptotic granulosa cells. Scale bars: 50 ym

Figure 6: Four weeks after treatment, hematoxylin and eosin (H&E) staining is performed to count the number of the follicles]
at different stages. Scale bars: 200 pm

LS decrease the number of ovarian follicles or may

disturb the female hormonal balance.! Such
outcome is disheartening in the case of girls and

Cancer treatment with chemotherapy may

140 Iran J Med Sci March 2019; Vol 44 No 2



Impact of coadministration of BMSCs and G-CSF on damaged ovaries

Figure 7: Results show that the coadministration of bone marrow stromal cells (BMSCs) and the granulocyte colony-stimulating
factor (G-CSF) has significantly improved the damaged ovaries 4 weeks after chemotherapy compared to the other groups. (A)

Results of the number of oocytes after superovulation (B) Results of the number of TUNEL-positive granulosa cells (C) Results|

of the number of follicles at different stages; *P<0.05 vs. the control group; #P<0.05 vs. the control, BMSC, and G-CSF groups

young women receiving chemotherapy. In the
present study, for the first time, we evaluated
the effects of the G-CSF, as a type of growth
factor, on damaged ovaries after creating a
chemotherapy model with CTX. We thereafter
compared the results with the effects of BMSC
transplantation into ovaries and the effects of
the coadministration of BMSCs and the G-CSF
on ovaries damaged by chemotherapy in rats.
Overall, the results of the coadministration group
were significantly more favorable than those of
the BMSC, G-CSF, and control groups.

Some studies have shown that BMSC
transplantation may repair damaged ovaries
following chemotherapy.® ' Further, the G-CSF
may have beneficial effects on ovaries.' 2°
However, the effects of the G-CSF, as a growth
factor, on ovaries damaged by CTX have yet
to be thoroughly assessed. Additionally, the
effects of the coadministration of BMSCs and
the G-CSF on CTX-damaged ovaries have
never been assessed. Comparing the effects of
the coadministration of BMSCs and the G-CSF
with either of them alone may introduce a novel
clinical approach to the recovery of ovaries
damaged by chemotherapy.

BMSCs are emerging as strong candidates
for cell therapy in damaged ovaries because
they produce some growth factors such as the
vascular endothelial growth factor, insulin-like
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growth factor-1 (IGF-1), hepatocyte growth factor,
and basic fibroblast growth factor, which may
prevent cell apoptosis and may promote functional
recovery in the ovary.® '2 303" The vascular
endothelial growth factor is an angiogenic cytokine
that promotes the formation of new capillary
networks providing nutrition for GCs.% 23! The
IGF-1 is a growth hormone that stimulates GC
proliferation by regulating DNA replication in theca
cells and GCs. Not only does the IGF-1 enhance
the function of gonadotropin hormones but also
it regulates aromatase activity, promotes follicular
antrum formation, and inhibits apoptosis.®
The hepatocyte growth factor is a cytokine that
promotes follicular maturation and suppresses
apoptosis in ovarian follicles and GCs.® Another
growth factor is the basic fibroblast growth factor,
which acts as an initiator of folliculogenesis
by inducing primordial follicle development.®'
Badawy at al.*? showed that BMSCs were able
to repair mouse ovarian insufficiency following
CTX induction. Fu et al.®® showed that the
overexpression of miR-21 in mesenchymal stem
cells was able to improve ovarian structure and
function in rats with chemotherapy-induced
ovarian damage by targeting PDCD4 and PTEN
to inhibit GC apoptosis.

On the other hand, the G-CSF may
improve ovaries through several possible
mechanisms. One possibility is that the
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G-CSF has anti-apoptotic properties that
induce the expression of Bcl-2, which protects
against cell apoptosis and decreases Bax,
which induces apoptosis.’ ** Moreover, the
G-CSF via the AKT-signaling pathway may
balance cell survival and cell death through the
phosphorylation of Bad, which is a member of
the Bcl-2 family.® %6 The second possibility of
the protective mechanism of the G-CSF is that it
plays a role in neoangiogenesis. In this regard,
Skaznik—Wikiel et al.*” demonstrated that
chemotherapy by CTX and busulfan reduced
mouse ovarian microvessel density, while in the
group which received chemotherapy and the
G-CSF, microvessel density was similar to that
in the control group. The third possibility of the
protective effect of the G-CSF is that the G-CSF,
as a growth factor, may help the recovery
process of damaged ovaries.” Finally, the
G-CSF may be able to mobilize hematopoietic
and bone marrow mesenchymal stem cells into
the peripheral blood and these undifferentiated
cells may integrate into injured tissues and
replace damaged cells.'® %8

Due to the benefits of BMSCs and the
G-CSF in ovarian tissue repair, we postulated
that if BMSCs and the G-CSF were prescribed
together in rats with damaged ovaries by creating
a chemotherapy model, improvement might be
more effective than the administration of either
of them alone. We also hypothesized that the
coadministration of BMSCs and the G-CSF might
be a significant step in the selection of a repair
procedure based on ovarian recovery measures.

We cultured BMSCs and transplanted them
into rat ovaries after creating a chemotherapy
model. The BMSCs expressed CD29, CD44, and
CD90, but not CD34 and CD45. This finding was
in agreement with the results previously reported
by other investigations.® 22 Given that Dil labeling
is a straightforward and stable technique to trace
cells during in vivo experiments,*® we labeled
the BMSCs with Dil and transplanted them into
ovaries. We found that the transplanted BMSCs
were present in the ovaries after 4 weeks. This
result chimes in with other reports.?% 25

The histological assessments in the current
study comprised H&E staining for counting
the number of follicles and the TUNEL assay
for calculating the percentage of apoptotic
GCs. The functional assessments consisted
of superovulation for counting the number of
produced oocytes and measuring the levels of
serum E, and FSH with an ELISA reader. Our
histological and functional assessments showed
that the results of the BMSC and G-CSF groups
were significantly more favorable than those of the
control group. These findings are concordant with
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those reported by previous studies.® 12 152937, 40
The results of the coadministration group of
BMSCs and the G-CSF were significantly more
favorable than those of the BMSC, G-CSF,
and control groups in our study. The reason is
probably related to the combination of useful
properties of BMSCs and the G-CSF with
different mechanisms of action in the restoration
of ovaries after chemotherapy. The results of
the functional assessments in the BMSC group
were significantly more favorable than those of
the G-CSF group, and there was no statistically
significant difference in the results of the
histological assessments between the BMSC
and G-CSF groups. Fu et al.® showed that BMSC
transplantation was able to restore ovarian
function after chemotherapy. In the present
study, because the BMSCs were injected into the
ovaries in situ, the transplanted stem cells may
have replaced the damaged cells."® Moreover,
these cells might have produced some growth
factors.® 12:3¢ Accordingly, the recovery of ovarian
function after chemotherapy with the in situ
transplantation of BMSCs was more favorable
than that with the intraperitoneal injection of the
G-CSF. Despite its interesting results, our study
has some limitations, first and foremost among
which is that it has a small number of samples.
We, therefore, recommend that future studies be
conducted with larger sample sizes with a view to
elucidating the molecular mechanisms underlying
BMSC and G-CSF function in ovarian repair.

Conclusion

In our study sample, the efficacy of the
coadministration of BMSCs and the G-CSF in the
recovery of ovaries damaged by chemotherapy
with CTX was more effective than that of their
separate administration.
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