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用G-CSF治療小鼠減少了化療引起的卵巢卵泡丟失，
並延長了雌性小鼠卵巢早衰的時間。
Granulocyte colony-stimulating
factor with or without stem cell factor
extends time to premature ovarian
insufficiency in female mice treated
with alkylating chemotherapy
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Tianjiao Chu, Ph.D., Thomas C. Krivak, M.D., Aleksandar Rajkovic, M.D., Ph.D., and Kyle E. Orwig, Ph.D.
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Objective: To examine gonadal protective properties of granulocyte colony-stimulating factor (G-CSF) alone or in combination with
stem cell factor (SCF) in female mice treated with high-dose alkylating chemotherapy.
Design: Experimental laboratory animal study.
Setting: Tertiary care academic hospital and research institute.
Animal(s): Six- and 8-week-old C57Bl/6 female mice.
Intervention(s): Adult female mice were treated with [1] cyclophosphamide and busulfan (CTx), [2] CTx þ G-CSF/SCF, [3] CTx þ G-
CSF, or [4] normal saline and dimethyl sulfoxide (DMSO; vehicle control).
Main Outcome Measure(s): Follicle counts, microvessel density, cellular response to DNA damage, and litter production.
Result(s): G-CSF� SCF increased microvessel density and decreased follicle loss in CTx-treated female mice compared with CTx-only
treated female mice. Mice administered CTx alone exhibited premature ovarian insufficiency, with only 28% of mice producing two
litters. However, 100% of mice receiving CTx with G-CSF þ SCF, and 80% of mice receiving CTx þ G-CSF alone produced at least
three litters and 20% of mice in each group produced five litters.
Conclusion(s): Treatment of mice with G-CSF decreases chemotherapy-induced ovarian follicle loss and extends time to premature
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ovarian insufficiency in female mice. Further studies are needed to validate these preclinical
results in humans and compare efficacy with the established GnRH analogue treatments.
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by 15.3% (1). In addition, there are
currently 7.2 million female cancer
survivors in the United States,
360,000 of whom are 40 years or youn-
ger (2). Providers contributing to the
care of girls and women of reproductive
age diagnosed with cancer are cur-
rently concerned not only with
achievement of a disease-free status,
but also with preservation of the best
possible quality of life after cancer
treatment. Young female patients
undergoing chemotherapy or radiation
as a part of cancer therapy may suffer
2045
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significant quality of life impairment secondary to early
menopause and infertility.

It has been traditionally accepted that females are born
with a finite number of ovarian follicles and the pool of
primordial follicles subsequently undergoes depletion
through atresia and maturation that results in infertility and
menopause. The effect of cancer treatment on ovarian
function is related to the decline of the number of primordial
follicles as well as a reduction in the number of larger
maturing follicles (3). Alkylating agents are most commonly
implicated in causing ovarian damage and female infertility
(4, 5). Busulfan and cyclophosphamide are common
alkylating chemotherapeutic agents most frequently used in
conditioning regimens for allogeneic and autologous
hematopoietic stem cell transplantation in humans (6) and
are associated with a high risk of premature ovarian
insufficiency (7, 8). Therefore, investigation of strategies to
protect ovaries from the damaging effects of chemotherapy
is an active area of research (9–14). The mechanisms of
oocyte damage by chemotherapeutics are still inadequately
characterized, but may include DNA damage in follicles (15,
16) and/or damage to the ovarian microvasculature (17).

The ovary is dependent on cyclic microvascular remodel-
ing that occurs throughout the menstrual/estrous cycle (18).
This is relevant, as proliferating endothelial cells may be sus-
ceptible to chemotherapy-induced damage. Previous studies
by Meirow and colleagues (17) in the human ovary have
shown that chemotherapy results in blood vessel damage in
the ovary, with subsequent loss of the follicles in the segment
supplied by that vessel.

Recently, Lee and co-workers (9) demonstrated that bone
marrow transplantation either 1 week or 2 months after high-
dose cyclophosphamide and busulfan chemotherapy
treatment resulted in preservation of fertility in
chemotherapy-treated female mice. The protective mecha-
nism of bone marrow transplantation on the ovary was con-
sidered to be either a direct effect on the cells responsible for
oogenesis or an influence on the microenvironment that sup-
ports the oocytes (9). In the present study, we used the same
chemotherapy treatment regimen and tested the hypothesis
that stimulating endogenous bone marrow with granulocyte
colony-stimulating factor (G-CSF) would similarly preserve
ovarian follicles and fertility in mice treated with high-dose
cyclophosphamide and busulfan chemotherapy.

It was recently reported that G-CSF in combination with
vascular endothelial growth factor protects primordial
follicles in ovaries grafted after excision and freezing in
mice (19). These factors may play a crucial role in preventing
or minimizing ischemia-induced follicle loss. The G-CSF
receptors are expressed by endothelial cells (20, 21), and
G-CSF alone, or in combination with vascular endothelial
growth factor, has been shown to promote
neovascularization after brain, kidney, heart, and limb
ischemia (22–25). However, the use of vascular endothelial
growth factor in the setting of cancer diagnosis could
potentially be problematic because of its proven
proliferative effect on the cancer vasculature (26). Studies in
mice with mutations at the stem cell factor (SCF) and c-kit
(SCF receptor) gene loci have demonstrated that activity of
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this growth factor–receptor complex is critical for normal
gametogenesis, and SCF is known to exert potent
antiapoptotic effects in germ cells (27, 28). In vivo, the
combination of G-CSF and SCF has been shown to increase
the number of bone marrow-derived endothelial cells in
different organs after ischemia (29). The G-CSF has an estab-
lished safety profile and is successfully used in cancer patients
for prevention of chemotherapy-induced neutropenia
without decreasing the efficacy of chemotherapeutic agents
(30, 31).

In the present study, we produced a preclinical mouse
model of premature ovarian insufficiency by treatment with
cyclophosphamide and busulfan chemotherapy, as previously
described (9). We used this model to test the hypothesis that
G-CSF treatment alone or in combination with SCF protects
ovaries from chemotherapy damage and preserves fertility.
To test this hypothesis, we examined the effects of G-CSF
on ovarian follicle number, DNA damage response, microvas-
cular density, and fertility of chemotherapy treated mice. To
our knowledge this is the first study to evaluate the gonadal
protective properties of G-CSF � SCF in chemotherapy
treated female mice.
MATERIALS AND METHODS
Animals

All studies were approved by the Institutional Animal Care
and Use Committee at the University of Pittsburgh and
Magee-Womens Research Institute (assurance #A3654-01)
in accordance with the National Academies of Science Guide
for Care and Use of Laboratory animals. Young adult inbred
C57BL/6 female mice were purchased from Jackson
Laboratories.
G-CSF, SCF, and Chemotherapy Treatments

Fifty-two 6-week-old mice were divided into four groups
(n ¼ 13 mice per group). The first group received five daily
IP injections of normal saline, which is the carrier for G-
CSF and SCF and one-time IP injection of cyclophosphamide
(100 mg/kg; cyclophosphamide monohydrate; Sigma-
Aldrich; Cat# 29875) and busulfan (12 mg/kg; busulfan;
Sigma-Aldrich; Cat# 150606) (CTx). This treatment regimen
was chosen because it is nonlethal (does not require bone
marrow transplantation), but causes infertility in female
mice (9). A similar regimen called little Bu-Cy (busulfan 16
mg/kg, cyclophosphamide 120 mg/kg) is used for condition-
ing before autologous and allogenic stem cell transplantation
in humans (32, 33) and causes infertility in women (32).

The second group received five daily IP injections of G-
CSF (50 mg/kg/d; Neupogen; Amgen Ltd.) and SCF (100 mg/
kg/d; R&D Systems) with a single injection of CTx on day 3.
The third group received five daily IP injections of G-CSF
with single injection of CTx on day 3. The fourth group
(vehicle control) received five daily IP injections of normal
saline with a single IP injection of 50% dimethyl sulfoxide
(DMSO), which is the carrier for busulfan on day 3. An SCF-
only group was not assigned as the main objective of this
study was to assess the efficacy of G-CSF. G-CSF is an agent
VOL. 99 NO. 7 / JUNE 2013
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that is already used in clinical medicine for the treatment of
febrile neutropenia in patients with cancer. SCF is an agent
that is not used in humans, but has been used in previous an-
imal studies. The G-CSF/SCF group was assigned to evaluate
whether adding an additional growth factor would have any
benefit over G-CSF alone. The volume of injection was ad-
justed for the lack of SCF in the G-CSF-only group. Ovaries
were analyzed 48 hours or 21 days after treatment to assess
the immediate effects on DNA damage response (48 hours)
and the sustained effects on follicles and blood vessels
(21 days).
Follicle Counts

Differential follicle counts were performed to assess the effect
of the chemotherapy on ovarian follicles and to evaluate
protective effects of the G-CSF and SCF. Ovaries were col-
lected 48 hours (n ¼ 3 mice per group) and 21 days (n ¼ 10
mice per group) after CTx treatment and fixed in a solution
containing 0.34 N glacial acetic acid, 10% formalin, and
28% ethanol, and embedded in paraffin. They were serially
sectioned (8-mm sections) and stained with picric acid/methyl
blue and Weigert's hematoxylin. The number of resting
(primordial) and early-growing (primary and secondary)
follicles per ovary was determined as detailed previously
elsewhere (34). Briefly, differential follicle counts were
calculated after counting every fifth section. The obtained
number was then multiplied by five for every type of follicle
(primordial, early-growing) to estimate the total number of
follicles per ovary. All counts were performed by an examiner
blinded to the experimental groups. Primordial follicle counts
were also performed by an independent examiner by counting
Lhx8-positve follicles in 10 nonconsecutive sections from the
center of each ovary. Lhx8 is a member of the LIM-homeobox
transcription factor family and preferentially expressed
in oocytes and germ cells within the mouse ovary. Lhx8
transcripts localize to oocytes of germ cell clusters and
primordial, primary, and antral follicles in the mouse ovary.
Lhx8 is critical in early follicle formation and oocyte
differentiation (35).
Immunohistochemistry

Immunohistochemical staining of ovaries for Lhx8, phospho-
gamma H2AX, and platelet endothelial cell adhesion
molecule (PECAM1/CD31) were performed to quantify
primordial follicles, cellular response to DNA damage, and
blood vessel density, respectively. Endothelial cell marker PE-
CAM1/CD31 is a membrane protein that mediates cell-to-cell
adhesion and is reliably detected in vascular endothelial cells
in the mouse ovaries (18).

Ovaries were dissected 48 hours (for phospho-gamma
H2AX only) or 21 days after CTx treatment (for Lhx8 and
PECAM1/CD-31) and fixed in buffered 4% paraformaldehyde
followed by paraffin embedding. Ovaries were serially sec-
tioned (6-mm sections). The standard fluorescent technique
was performed for CD-31 antibody and colorimetric for
Lhx8 and phospho-gamma H2AX antibody, according to
the instructions of the manufacturer. Antigen retrieval was
VOL. 99 NO. 7 / JUNE 2013
achieved in sodium citrate buffer (10 mM sodium citrate,
0.05% Tween 20 at pH 6.0). Sections were incubated
overnight in the primary antibody at 4�C as follows:
anti-Lhx8 1:200 (36), anti-CD-31 1:100 (PECAM-1; Santa
Cruz Biotechnologies), anti-phospho-gamma H2AX (Ser139)
1:100 (#9718; Cell Signaling Technology Inc.). Sections
were then washed in phosphate-buffered saline (PBS) and
primary antibody immunoreactivity was revealed by incuba-
tion with secondary antibodies (1:200) for 45–60 minutes at
room temperature: biotinylated goat anti-guinea pig IgG
(Vector Laboratories, Inc.) for Lhx8, biotinylated donkey
anti-rabbit IgG (sc-2089; Santa Cruz Biotechnology Inc.) for
phospho-gamma H2AX and donkey anti-rabbit Alexa 488
antibody (Invitrogen) for CD-31. Antigen specificity was
confirmed with negative controls in which tissue sections
were prepared as described but with isotype control instead
of primary antibody. For colorimetric immunohistochemistry
(LhX8 and phospho-gamma H2AX) ABC reagent (VECTAS-
TAIN ABC Kit [Standard*], Vector Laboratories, Inc.) was
used to amplify signal intensity and 3, 30-diaminobenzidine
solution (DAB peroxidase substrate kit, Vector Laboratories,
Inc.) was used to visualize horseradish peroxidase as a brown
precipitate. Immunofluorescent staining (PECAM1/CD31)
was visualized using an epifluorescent microscope and
a fluorescein isothiocyanate (FITC)/tetramethyl rhodamine
isothiocyanate (TRITC) filter cube, which helps distinguish
specific fluorescence (green) from epifluorescence (red) and
provides contrast to visualize tissue architecture.
Quantification of Phospho-gamma H2AX-positive
Follicles

Phospho-gamma H2AX staining and quantification was
performed to assess the DNA damage response in ovarian
follicles after chemotherapy exposure as well as the protective
effects of G-CSF � SCF. Phospho-gamma H2AX-positive
follicles were quantified 48 hours after exposure to chemo-
therapy under light microscope (�600 magnification). Folli-
cles were considered phospho-gamma H2AX-positive if
either the oocyte alone, oocyte and granulosa cells (GCs), or
oocyte negative, but>50% of GCs were positive. The number
>50% of positive GCs was chosen arbitrarily. Data presented
are only from follicles with the nucleolus in the plane. Six to
eight sections were counted per mouse and there were three
mice per treatment group. All counts were performed by an
examiner blinded to the experimental groups.
Quantification of Microvessels

Microvessel density was assessed to address the effect of
chemotherapy on ovarian microvasculature as well as the
protective effects of G-CSF � SCF. The PECAM1/CD31-
positive vessels were evaluated using an epifluorescent
microscope. Only cross-sections of microvessels with a clearly
identifiable lumenwere counted. Microvessel density calcula-
tion was conducted by a single examiner who was blinded to
treatment group to avoid interobserver variation. Microvessel
counts were obtained from every 15th 6-mm section (�600
magnification). Images of each ovarian section were captured
2047
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with a Spot RT camera (diagnostic Instruments, Inc.) and the
area of each section was circumscribed manually in Adobe
Photoshop (Adobe Systems) and quantified. The number of
microvessels was divided by the area size (in millimeters
squared) for each section to determine the microvessel den-
sity. Three ovaries per treatment group from different mice
were used for statistical analysis.
Breeding Trials

Breeding trials were performed to assess the effect of chemo-
therapy on litter production as well as the potential protective
effects of G-CSF � SCF. Eight-week-old female mice were
divided into four groups (n¼ 5–7 mice per group) and treated
as described previously. Four weeks after completion of CTx
treatment, female mice were housed with untreated adult
males of proven fertility at a 1:1 ratio. Males were randomly
rotated among cages after each breeding. The number of
litters, the number of pups per litter, and the birth weight of
each pup were recorded from five successive breedings
conducted during a period of 6 months.
Statistical Analysis

All statistical tests were performed using GraphPad Prism
statistical software (GraphPad Software, Inc.) and R package
lme4, Geepack, and DoBy (http://cran.r-project.org/). Data
were analyzed by one-way analysis of variance (ANOVA) for
each type of follicle (i.e., primordial, early-growing), phos-
pho-gamma H2AX-positive follicles, and microvessel density.
Thiswas followedbyTukeymultiple comparison test for adjust-
ment. Wald's test for generalized estimating equation method
and generalized linear mixed model method was used to com-
pare litter production rates between groups over time. A P< .05
was chosen to indicate statistically significant differences.

RESULTS
Follicle Counts

Initial follicle counts were performed on serial sections
stained with picric acid/methyl blue and Weigert's hematox-
ylin as described in the Materials and Methods section. There
were no significant differences 48 hours after chemotherapy
exposure in the number of primordial or early-growing
(primary and secondary) follicles between vehicle, CTx-
only, CTx þ G-CSF/SCF, and CTx þ G-CSF groups (n ¼ 3
mice per group; P>.05; Supplemental Table 1, available
online). However, relative to vehicle-treated controls on
day 21 (1,235 � 125 primordial follicles and 942 � 48
early-growing follicles per ovary), both primordial and
early-growing follicles were nearly depleted in CTx-only
treated mice (30 � 10 primordial and 85 � 17 early-
growing follicles/ovary, respectively; P< .0001). Mice
injected with CTx þ G-CSF/SCF (270 � 22 follicles/ovary),
as well as with CTxþ G-CSF alone (210� 30 follicles/ovary),
had a significantly greater number of primordial follicles
compared with mice treated with CTx alone (P< .0001;
Fig. 1A). Similarly, the loss of early-growing follicles was
partially ameliorated in mice injected with CTx þ G-CSF
and SCF (175 � 23 follicles per ovary; P< .01) and
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CTx þ G-CSF alone (151 � 26 follicles per ovary; P< .05)
compared with mice treated with CTx alone (85 � 17 follicles
per ovary; Fig. 1B). Similar treatment effects were obtained by
quantifying Lhx8-positive primordial follicles, as described in
the Materials and Methods section (Supplemental Table 2,
available online). Representative images of Lhx8-stained
sections from each experimental group 21 days after CTx
treatment are presented in Figure 1C–1F.
Follicular DNA Damage Response: Phospho-
gamma H2AX Staining

DNA damage response was assessed by counting phospho-
gamma H2AX positive follicles 48 hours after exposure to
chemotherapy (Fig. 2). Phospho-gamma H2AX is a marker
for cellular response to DNA damage because it is required
for assembly of DNA repair proteins to sites with damaged
chromatin (37).

There was no difference among treatment groups in the
number of phospho-gamma H2AX positive primordial
follicles (Fig. 2E; P>.05). The average number of primordial
follicles was 1.5 � 1.5 in vehicle-treated controls, 2.1 � 1.7
in the CTx-only group, 0 in the CTx þ G-CSF/SCF group,
and 2.6 � 2.6 in the CTx þ G-CSF groups (Fig. 2E; P>.05).
In contrast, phospho-gamma H2AX positive early-growing
follicles (Fig. 2F) were significantly increased in the
CTx-only treated group (45.3 � 21.1 follicles) compared
with all other groups 48 hours after chemotherapy treatment
(P< .01). The number of phospho-gamma H2AX positive
early-growing follicles (Fig. 2F) in the CTx þ G-CSF/SCF
(6.8 � 3.8 follicles) and CTx þ G-CSF (6.3 � 3.3 follicles)
groups were similar to vehicle-treated controls (4.5 � 3.3
follicles; P>.05).
Blood Vessel Density

To assess microvessel density, blood vessels were identified by
immunohistochemical staining for PECAM-1/CD31 (Fig. 3A–
3D) and quantified as shown in Figure 3E. Microvessel densi-
ties were 60.4 � 7.1 microvessels/mm2 for vehicle controls
(Fig. 3A and E), 32.0 � 5.7 microvessels/mm2 for CTx
(Fig. 3B and E), 68.5 � 8.0 microvessels/mm2 for CTx þ G-
CSF/SCF (Fig. 3C and E), and 61.6 � 9.4 for CTx þ G-CSF
(Fig. 3D and E). Microvessel density in the CTx group was sig-
nificantly reduced compared with all other groups (Fig. 3B
and E; P< .05). Microvessel densities in the CTx þ G-CSF/
SCF and CTx þ G-CSF groups were comparable to vehicle-
treated controls (Fig. 3E; P>.05).
Breeding Trials

To assess the effects of CTx � growth factors on fertility,
mating trials were performed. We found that the litter
production rate (percent of mice in each experimental group
that produced litters) for all groups, including the vehicle
controls, deteriorated significantly over time (Fig. 4A). The
deterioration of litter production rate for CTx þ G-CSF, CTx
þ G-CSF/SCF, and vehicle group was significantly slower
than for CTx group (P< .05). There was no significant differ-
ence between CTx þ G-CSF and CTx þ G-CSF/SCF (P>.05).
VOL. 99 NO. 7 / JUNE 2013
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FIGURE 1

Granulocyte colony-stimulating factor � stem cell factor (G-CSF � SCF) maintains primordial and early-growing follicle numbers in high-dose
alkylating chemotherapy treated mice. Follicle numbers were assessed 21 days after cyclophosphamide and busulfan (CTx) treatment. Graphs
Skaznik-Wikiel. G-CSF reduces follicle loss after chemotherapy. Fertil Steril 2013.
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FIGURE 1 Continued

represent the number of primordial (A) and early-growing (B) follicles per ovary in different treatment groups. Bars represent mean� SEM (n¼ 10
mice per group; one ovary per mouse; different letters above bars indicate statistically significant differences) (P<.05). LhX8 staining indicates
multiple primordial follicles in vehicle-treated controls (C), no primordial follicles in CTx-only treated ovaries (D), and few primordial follicles in
CTx þ G-CSF/SCF (E) and CTx þ G-CSF alone (F) groups. Scale bars ¼ 100 mm. CTx ¼ cyclophosphamide/busulfan; CTx þ G-CSF/SCF ¼
cyclophosphamide/busulfan þ granulocyte colony-stimulating factor/stem cell factor; CTx þ G-CSF ¼ cyclophosphamide/busulfan þ
granulocyte colony-stimulating factor.
Skaznik-Wikiel. G-CSF reduces follicle loss after chemotherapy. Fertil Steril 2013.
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During the course of the 6-month breeding trial, all vehicle
control females produced three litters, and 60% produced
five litters. The CTx-only mice quickly became infertile,
with only 28% of mice producing two litters. The CTx-only
group did not produce any litters in breedings 3–5 (Fig. 4A).
However, 100% of the mice that received CTx þ G-CSF/
SCF, and 80% of mice that received CTx þ G-CSF produced
at least three litters and 20% of mice from each of these
FIGURE 2

Granulocyte colony-stimulating factor � stem cell factor (G-CSF �
phosphorylation in early-growing follicles, the earliest cellular response
(B) cyclophosphamide and busulfan (CTx), (C) CTx þ G-CSF/SCF, (D) CTx
(F) follicles exhibiting phospho-gamma H2AX staining. Bars are mean �
above bars represent statistical significance (P<.05). Scale bars ¼ 5
cyclophosphamide/busulfan þ granulocyte colony-stimulating factor/st
granulocyte colony-stimulating factor.
Skaznik-Wikiel. G-CSF reduces follicle loss after chemotherapy. Fertil Steril 2013.
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groups produced five litters. Pup weights in litters from the
first breeding were not different between treatment groups
(Supplemental Table 3, available online).

The CTx-only group had significantly fewer pups per lit-
ter (3.5 � 0.5 pups per litter; P< .05) in the second breeding
than vehicle-treated controls (8.4 � 0.6 pups per litter) and
did not produce any litters in breedings 3–5 (Fig. 4B). With
the number of mice used for the breeding study (5–7 mice
SCF) treatment decreases chemotherapy-induced gamma H2AX
to DNA damage. Representative panels from (A) vehicle controls,
þ G-CSF are shown. The percent of primordial (E) and early-growing
SEM; n ¼ 3 mice per group; one ovary per mouse. Different letters
0 mm. CTx ¼ cyclophosphamide/busulfan; CTx þ G-CSF/SCF ¼
em cell factor; CTx þ G-CSF ¼ cyclophosphamide/busulfan þ

VOL. 99 NO. 7 / JUNE 2013



FIGURE 3

Granulocyte colony-stimulating factor � stem cell factor (G-CSF � SCF) treatment increases microvessel density after chemotherapy treatment.
Microvessel density was assessed 21 days after cyclophosphamide and busulfan (CTx) treatment. Examples of immunofluorescent staining for
PECAM1/CD31 (green) of vascular endothelial cells in: vehicle controls (A), CTx (B), CTX þ G-CSF/SCF (C), CTx þ G-CSF (D).
Immunofluorescent staining (PECAM1/CD31) was visualized using an epifluorescent microscope and a fluorescein isothiocyanate (FITC)/
tetramethyl rhodamine isothiocyanate (TRITC) filter cube, which helps distinguish specific fluorescence (green) from epifluorescence (red) and
provides contrast to visualize tissue architecture. Scale bars ¼ 10 mm. (E) Quantification of microvessel density (microvessels/mm2; mean �
SEM; n ¼ 3 ovaries/group). Different letters above bars represent statistically significant differences (P<.05). CTx ¼ cyclophosphamide/busulfan;
CTx þ G-CSF/SCF ¼ cyclophosphamide/busulfan þ granulocyte colony-stimulating factor/stem cell factor; CTx þ G-CSF ¼ cyclophosphamide/
busulfan þ granulocyte colony-stimulating factor.
Skaznik-Wikiel. G-CSF reduces follicle loss after chemotherapy. Fertil Steril 2013.
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per treatment group), we did not have sufficient power to de-
tect differences at each individual breeding between vehicle-
treated controls, CTx þ G-CSF/SCF, and CTx þ G-CSF.

Across all five consecutive breedings, vehicle-treated
controls produced 22 litters in 25 attempts, with an average
of 7.1 � 0.7 pups per breeding attempt (Fig. 4C). In contrast,
CTx-treated mice produced only 8 litters in 35 breeding
attempts and produced significantly fewer pups per breeding
VOL. 99 NO. 7 / JUNE 2013
attempt (1.1 � 0.4; P< .001) than vehicle-treated controls.
The CTxþG-CSF/SCFmice produced 18 litters in 25 breeding
attempts and 5.1 � 0.7 pups per breeding attempt, which was
significantly greater than CTx-only mice (P< .001), but not
significantly different than vehicle controls (P>.05).
Similarly, CTx þ G-CSF mice produced 18 litters in 25
breeding attempts and 4.4 � 0.7 pups per breeding attempt.
This was significantly less than vehicle controls (P< .05),
2051



FIGURE 4

Granulocyte colony-stimulating factor � stem cell factor (G-CSF �
SCF) treatment extends time to premature ovarian insufficiency in
chemotherapy-treated female mice. (A) Percentage of female mice
receiving vehicle (n ¼ 5), cyclophosphamide and busulfan (CTx) (n
¼ 7), CTx þ G-CSF/SCF (n ¼ 5), and CTx þ G-CSF (n ¼ 5) that
produced litters in five successive breedings during a 6-month
period. (B) Number of pups per litter during the course of the
6-month breeding trial in vehicle controls, CTx, CTx þ G-CSF/SCF,
and CTx þ G-CSF alone. Asterisk denotes significant difference
compared with vehicle controls (P<.05). (C) Average number of
pups per breeding attempt across all five consecutive breedings.
Values with different superscript letters are significantly different
(P<.05). CTx ¼ cyclophosphamide/busulfan; CTx þ G-CSF ¼
cyclophosphamide/busulfan þ granulocyte colony-stimulating
factor; CTx þ G-CSF/SCF ¼ cyclophosphamide/busulfan þ
granulocyte colony-stimulating factor/stem cell factor.
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but significantly greater than CTx-only mice (P< .01). The
number of pups per breeding attempt in the CTx þ G-CSF/
SCF (5.1 � 0.7) and CTx þ G-CSF (4.4 � 0.7) groups were
not significantly different (P>.05; Fig. 4C).

The pups derived from the second breeding of the vehicle,
CTx þ G-CSF/SCF, and CTx þ G-CSF groups were kept into
adulthood and subsequently bred. There was no difference
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in the number and gross morphology of the offspring between
the groups. The average numbers of pups per litter were 7.2�
1.2, 6.2� 1.1, and 6.5� 1.1 in vehicle controls, CTxþG-CSF/
SCF, and CTx þ G-CSF groups (P>.05). There were an
insufficient number of second litter females in the CTx-only
group to perform next generation breeding.
DISCUSSION
We examined the ovarian protective properties of G-CSF and
SCF in a preclinical mouse model of chemotherapy-induced
ovarian insufficiency. Treatment with chemotherapy alone
caused a dramatic decrease in ovarian follicles, which was
associated with decreased ovarian microvascular density,
increased DNA damage response in follicles, and rapid
fertility loss. In contrast, follicle loss was partially ameliorated
in mice receiving G-CSF � SCF concurrent with chemother-
apy treatment. The data were consistent with our hypothesis
that treatment with G-CSF � SCF protects ovaries from
chemotherapy damage and preserves fertility. The SCF did
not appear to augment the protective effects of G-CSF alone.

Approximately 1 in 46 females in the United States will be
diagnosed with cancer between birth and 39 years of age and
most will survive (1). The increasing number of girls and
reproductive-age women surviving cancer diagnoses has
resulted in an increased focus on quality of life after cure.
Cancer survivors report that parenthood is important to
them and distress over infertility has long-term psychological
and relationship implications (38). Despite the importance of
the problem, there are few options to preserve fertility (39) and
those options are often not feasible in the short window of
time between diagnosis and treatment. The only methods
for protecting the ovary in situ include fertility-sparing
surgery in gynecologic cancers, surgical transposition of
the ovary away from the field of radiation, and hormonal
protection with GnRH-a (40). Unfortunately, none of the
available options are very effective and most include invasive
methods. In addition, most methods preserve only future
fertility without restoring natural hormonal ovarian function
and preventing premature menopause.

Gonadotropin-releasing hormone analogues are used
clinically to protect ovaries during oncologic treatment, but
the benefit of this approach is subject to debate (13, 41).
Furthermore, prolonged use of GnRH-a has been shown to
accelerate depletion of the ovarian follicular reserve in
a mouse model (42, 43). In addition, GnRH-a therapy is often
associated with bothersome side effects, including hot flashes,
headaches, memory disorder, insomnia, and loss of bone
mineral density (44). The long-term effects of this type of
therapy require further assessment and alternative protective
strategies need to be developed.

Previous studies demonstrated that sphingosine-1-
phosphate, a sphingolipid metabolite, inhibits germ cell
apoptosis induced by radiation and chemotherapy and
preserves fertility in female mice when injected to the ovarian
bursa before the insult (10, 45). These results were recently
extended to nonhuman primates by Zelinski and
co-workers (11), who demonstrated that a long-acting sphin-
gosine-1-phosphate mimetic, FTY720, protects primate
VOL. 99 NO. 7 / JUNE 2013
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ovaries against radiation-induced damage. Sphingosine-1-
phosphate was also recently shown to improve survival of
human ovarian xenografts by increasing neoangiogenesis
(12). In addition, two recent studies demonstrated follicle
protection and long-term fertility preservation in female
mice treated with high-dose alkylating chemotherapy
followed by bone marrow transplantation (9, 46). These
observations led us to hypothesize that stimulation and
mobilization of endogenous bone marrow by treatment
with G-CSF � SCF would provide similar protection of
ovarian follicles and fertility in mice treated with high-dose
chemotherapy. To our knowledge this is the first study to
demonstrate the gonadal protective properties of G-CSF �
SCF in chemotherapy-treated female mice.

In the current study we observed significantly higher
levels of phospho-gamma H2AX (an indicator of cellular
response to DNA damage) in early-growing follicles of ovaries
from CTx-treated mice compared to vehicle-treated controls.
Phospho-gamma H2AX was observed both in oocytes and
GCs. This finding is consistent with previous reports assessing
ovarian damage after chemotherapy (15, 16). Soleimani and
colleagues (15) reported that doxorubicin caused massive
double-stranded DNA (dsDNA) breaks in primordial follicles,
oocytes, and GCs as revealed by accumulating phospho-
gamma H2AX foci. Furthermore, doxorubicin caused
a decrease in ovarian microvascular density as determined
by PECAM1/CD31 expression. Petrillo and co-workers (16)
observed increase gamma H2AX phosphorylation after
exposure of cultured mouse ovaries to phosphoramide
mustard, an active metabolite of cyclophosphamide and this
was associated with significant losses of primordial and small
primary follicles. In the current study, phospho-gamma
H2AX staining in early-growing follicles was reduced to the
level of vehicle-treated controls when CTx-treated mice
were cotreated with G-CSF � SCF.

In contrast to early-growing follicles, we did not observe
a difference between treatment groups in the number of
primordial follicles with phospho-gamma H2AX staining.
These results may suggest a different mode of protection for
primordial follicles or that DNA damage response was simply
not detected in primordial follicles at the single time point
examined because H2AX phosphorylation is a transient
event. Perhaps the cellular DNA damage response is not
activated until metabolically inactive primordial follicles are
recruited into the growing follicle pool.

In addition to activating the cellular DNA damage
response, high-dose cyclophosphamide and busulfan chemo-
therapy caused a significant reduction in ovarian microvessel
density compared to vehicle-treated controls. In contrast,
microvessel density in mice treated with CTx and G-CSF
(with or without SCF) was similar to that seen in vehicle-
treated control mice. Additional studies will be required to
determine whether the effects of G-CSF � SCF are mediated
directly at the level of ovarian vascular endothelial cells or
by indirect mechanisms. Although the specific mechanism
of microvessel preservation was not examined in this study,
previous reports indicate that G-CSF alone, or in combination
with vascular endothelial growth factor, stimulates neoangio-
genesis after ischemic injury in different organs (22–25).
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Therefore, we speculate that G-CSF � SCF protects
ovarian follicles from chemotherapy damage by decreasing
chemotherapy-related blood vessel loss and associated
ischemia, perhaps by preventing vascular injury and/or
stimulating new blood vessel formation.

In addition to decreased evidence of DNA damage
response and increased ovarian microvascular density, the
follicle reserve in chemotherapy-treated females 3 weeks after
G-CSF � SCF treatment was 10-fold greater than in mice
treated with CTx alone. Although follicle numbers were only
15%–20% of that observed in vehicle-treated controls, the
reproductive span in most mice treated with CTx and G-CSF
� SCF was significantly greater than mice treated with CTx
alone. However, there was a decline in the number of pups
per litter over time in the G-CSF-treated group compared
with vehicle controls, which may reflect the smaller pool of
ovarian follicles available for fertilization in this group.

In summary, based on our results G-CSF� SCF decreases
follicle loss and extends time to premature ovarian insuffi-
ciency in mice treated with gonadotoxic chemotherapy.
Thus, G-CSF may be a potential fertility preservation agent
that can be used during chemotherapy in women. Future
studies are necessary to [1] evaluate the optimal timing and
dosage of G-CSF relative to chemotherapy, [2] determine its
efficacy in primates and humans, and [3] compare the
gonadal protective properties of G-CSF with currently
established options, such as GnRH-a. More studies are needed
to dissect the mechanisms of chemotherapy and radiation-
induced gonadal toxicity and reveal potential targets for
additional candidate protective agents.
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SUPPLEMENTAL TABLE 1

Quantification of primordial and early-growing follicles in each treatment group 48 hours after CTx (or vehicle) treatment.

Treatment Primordial follicles (mean ± SEM) Early-growing follicles (mean ± SEM)

Vehicle 1,546 � 456 611 � 147
CTx 1,048 � 234 585 � 86
CTx þ G-CSF/SCF 1,165 � 254 436 � 87
CTx þ G-CSF 1,005 � 196 492 � 31
Note: n¼ 3 mice per group. Counts were conducted on every fifth section and multiplied by five to estimate the number of follicles per ovary. Values are the average number of follicles per ovary.
No differences were observed among treatment groups (P>.05). CTx ¼ cyclophosphamide/busulfan; CTx þ G-CSF ¼ cyclophosphamide/busulfan þ granulocyte colony-stimulating factor;
CTx þ G-CSF/SCF ¼ cyclophosphamide/busulfan þ granulocyte colony-stimulating factor/stem cell factor.
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SUPPLEMENTAL TABLE 2

Lhx8-positive primordial follicles in each treatment group 21 days
after CTx (or vehicle) treatment.

Treatment Primordial follicles/section (mean ± SEM)

Vehicle 3.10 � 0.37a

CTx 0.07 � 0.05b

CTx þ G-CSF/SCF 0.53 � 0.14c

CTx þ G-CSF 0.33 � 0.09c

Note: n ¼ 3 mice per treatment group. Counts were conducted on 10 nonconsecutive sec-
tions from the middle of one ovary from each animal and reported as the average number of
follicles per section. Values are the average number of primordial follicles per section. Values
with different superscript letters are statistically different (P< .05). CTx¼ cyclophosphamide/
busulfan; CTxþG-CSF¼ cyclophosphamide/busulfanþ granulocyte colony-stimulating fac-
tor; CTx þ G-CSF/SCF ¼ cyclophosphamide/busulfan þ granulocyte colony-stimulating fac-
tor/stem cell factor.
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SUPPLEMENTAL TABLE 3

Average pup weight after the first breeding of female mice from each
treatment group.

Treatment n Average weight (g) mean ± SEM

Vehicle 37 1.21 � 0.07
CTx 31 1.30 � 0.11
CTx þ G-CSF/SCF 36 1.26 � 0.09
CTx þ G-CSF 27 1.23 � 0.13
Note: Values are the average weight per pup in each treatment group. No differences were
observed among treatment groups (P>.05). CTx ¼ cyclophosphamide/busulfan; CTx þ G-
CSF ¼ cyclophosphamide/busulfan þ granulocyte colony-stimulating factor; CTx þ G-CSF/
SCF¼ cyclophosphamide/busulfanþ granulocyte colony-stimulating factor/stem cell factor.
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