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Objective: We investigated the impact of tyrosine kinase inhibitor (imatinib or dasatinib) coadministration with cyclophosphamide (Cp) on
preantral follicle development in an in vitro mouse model.

Methods: Seventy-three female BDF1 mice were allocated into four experimental groups: group A, saline; group B, Cp (25 mg/kg); group C,
Cp (25 mg/kg) and imatinib (7.5 mg/kg); and group D, Cp (25 mg/kg) and dasatinib (7.5 mg/kg). Preantral follicles were isolated and cultured
in vitro up to 12 days. Final oocyte acquisition and spindle integrity of metaphase Il (MIl) oocytes were assessed. Levels of 17B-estradiol and
anti-Mllerian hormone (AMH) in the final spent media were measured by enzyme-linked immunosorbent assays, and the mRNA levels of
Star, Sod1, Mapk3, and Casp3 in the final follicular cells were quantified by real-time polymerase chain reaction.

Results: The percentage of MIl oocytes per initiated follicle, the proportion of Ml oocytes with normal spindles, and the 17f3-estradiol level
were similar in all four groups. The median AMH level in group B (7.74 ng/mL) was significantly lower than that in group A (10.84 ng/mL).
However, the median AMH levels in group C (9.96 ng/mL) and group D (9.71 ng/mL) were similar to that in group A. The mRNA expression
levels of Star, Sod1, Mapk3, and Casp3 were similar in all four groups.

Conclusion: Coadministration of imatinib or dasatinib with Cp could preserve AMH production capacity in this in vitro mice preantral follicle
culture model, and it did not affect Ml oocyte acquisition.
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Introduction tients may severely impair ovarian function or lead to premature
ovarian failure [1-4]. The mechanisms of Cp-induced ovarian follicu-
Administration of cyclophosphamide (Cp) to female cancer pa-  lar damage are not fully understood, although a proposed mecha-
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curs in growing follicles in the ovary, especially in proliferating gran-
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Cp, intracellular c-Abl is strongly activated, and cell death is subse-
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tein is fused to the breakpoint cluster region (BCR) protein to form
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nase, thus leading to cell deformation and leukemic disease.

Tyrosine kinase inhibitors, such as imatinib or dasatinib, are used
clinically to treat chronic myeloid leukemia and acute lymphoblastic
leukemia. Tyrosine kinase inhibitors inhibit c-Abl or the BCR-ABL
complex. The inhibitory effect of dasatinib on BCR-ABL complex is
324 times stronger than that of imatinib, and dasatinib is therefore
used in patients with resistance to imatinib [12].

Simultaneous administration of imatinib with cisplatin in mice has
been reported to be effective in preserving ovarian follicles [10,11].
In those reports, it has been proposed that imatinib could inhibit the
c-Abl-TAp63 pathway, thereby reducing cisplatin-induced follicular
damage in the mouse ovary. Furthermore, coadministration of imati-
nib in Cp-treated mice has been reported to increase the oocyte
yield, fertilization rate, and the embryo developmental rate [13].
However, there have been no reports regarding the ovoprotective
role of dasatinib. In this study, we investigated the impact of imatinib
or dasatinib coadministration on in vitro preantral follicle develop-
ment and oocyte acquisition in Cp-treated mice.

Methods

1. Invitro culture of mice preantral follicles

Female 7- to 8-week-old BDF1 mice (Orient Co., Seoul, Korea) were
maintained under 12-hour light and a 12-hour dark conditions at
23°C and fed ad libitum. All experiments were conducted ethically
with the approval of the Institute of Animal Care and Use Committee
of the Seoul National University Bundang Hospital (IACUC No. BA-
1903-267-014-04).

After 1 week of adaptation, mice were divided into 4 groups and
then treated with an intraperitoneal injection of each agent. In group
A, which served as a control group, 0.1 mL of saline was injected
once. In group B, Cp (25 mg/kg body weight) (Cp monohydrate; Cat.
no. 29875, Sigma-Aldrich, St. Louis, MO, USA) was injected once. In
group C, Cp (25 mg/kg) and imatinib (7.5 mg/kg; Enzo Life Sciences,
Farmingdale, NY, USA) was injected once. In group D, Cp (25 mg/kg)
and dasatinib (7.5 mg/kg; Enzo Life Sciences) was injected once. An
imatinib or dasatinib stock solution was obtained by dissolving ima-
tinib or dasatinib powder in phosphate-buffered saline (PBS). Three
days later, the mice were killed by cervical dislocation, and the bilat-
eral ovaries were collected in 1 mL of L-15 medium (WelGENE, Dae-
gu, Korea) supplemented with 0.4% bovine serum albumin (BSA;
Sigma-Aldrich).

Intact preantral follicles were mechanically isolated and cultured
in 96-well plates (BD BioCoat; BD Falcon, Franklin Lakes, NJ, USA) at
37°Cin 5% CO,°C for 10 days in a growth medium. The growth medi-
um was composed of alpha-minimum essential medium (WelGENE),
5% fetal bovine serum (Gibco, Paisley, UK), 10 mIU/mL recombinant
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follicle-stimulating hormone (Merck-Serono, Geneva, Switzerland),
1% insulin-transferrin-selenium mixture (Sigma-Aldrich), and 1%
penicillin-streptomycin mixture (Sigma-Aldrich). Every 3-4 days, the
medium was changed, and follicle survival and formation of the an-
trum were assessed. Oocytes were considered to be dead if they
were not surrounded by granulosa cells or if the granulosa cells ap-
peared to be dark and fragmented, and the follicle decreased in size.
After 10 days of culture in the growth medium, the follicles were
transferred to maturation medium and cultured for 16 hours at 37°Cin
5% CO,. The maturation medium was prepared by adding 1.5 IlU/mL
human chorionic gonadotropin (Merck-Serono), and 5 ng/mL re-
combinant mouse epidermal growth factor (Sigma-Aldrich) to the
growth medium. The oocytes were then harvested either from spon-
taneously ruptured or non-ruptured follicles. The surrounding cumu-
lus cells were removed by treating them with 0.3% hyaluronidase
(Sigma-Aldrich) and gentle pipetting. Oocytes were classified as
metaphase Il (MIl), metaphase | (Ml), germinal vesicle, dead, or de-
generated. If a polar body was present in the perivitelline space, the
oocytes were regarded as Ml oocytes. Fragmented or shrunken oo-
cytes were classified as degenerated oocytes. Figure 1 shows mouse
preantral follicles and various developmental stages of follicles
during in vitro culture, as well as in the finally obtained oocytes.

2. Meiotic spindle integrity

The spindle integrity of the MIl oocytes was assessed using previ-
ously described methods [14]. The Ml oocytes were washed three
times with 1% BSA in PBS for 5 minutes and then fixed with 4% para-
formaldehyde for 1 hour at room temperature (RT). After washing
twice with 1% BSA in PBS, permeabilization was performed with
0.25% Triton X-100 in PBS for 10 minutes at RT. After washing twice
with 1% BSA in PBS, blocking was performed with 3% BSA in PBS for
1 hour at RT and then washing twice with 1% BSA in PBS. A primary
antibody for a-tubulin (Cell Signaling, Danvers, MA, USA) diluted in
1% BSA (1:100) was added and incubated overnight at 4°C. After
washing three times with 1% BSA in PBS, a secondary antibody (Al-
exa Fluor 488 goat anti-rabbit immunoglobulin G; Invitrogen, Carls-
bad, CA, USA) diluted in 1% BSA (1:100) was added for 1 hour at RT
in the dark. After washing three times with 1% BSA in PBS, the oo-
cytes were air-dried on a silane-coated slide (DAKO, Glostrup, Den-
mark). The slide was counterstained with 4,6'-diamidino-2-phenylin-
dole (DAPI), and examined using a confocal microscope (LSM 710;
Carl Zeiss, Oberkochen, Germany). A typical barrel-shaped microtu-
bule structure between both poles with centrally aligned chromo-
somes was considered normal (Figure 2).

3. Measurement of hormones in the final spent media
In each experimental group, the final spent media, in which five
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Figure 1. Microphotographs showing mice preantral follicles, in vitro growing follicles (A-F; x60) and the resultant oocytes (G-I; x200). (A)
Preantral follicle at day 0, (B) growing follicle at day 4, (C) growing follicle at day 8, (D) antral follicle at day 10, (E) ruptured (ovulated) follicle at
day 11, (F) dead follicle at day 8, (G) germinal vesicle oocyte, (H) two metaphase | oocytes, and (I) metaphase Il oocyte.

20 pm

Figure 2. Representative confocal microphotographs showing meiotic spindle organization and chromosome alignment in metaphase Il
oocytes (x400). (A, B) Normal metaphase Il (C, D) abnormal metaphase |I.
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ruptured follicles were present, were pooled and then frozen at
—80°C. After thawing, the levels of 17f-estradiol and anti-Mdllerian
hormone (AMH) were measured by commercially available en-
zyme-linked immunosorbent assay kits. The limits of sensitivity for
17B-estradiol (Enzo Life Sciences) and AMH (Ansh Labs, Webster, TX,
USA) were 10 pg/mL and 0.01 ng/mL, respectively.

4, Real-time quantitative polymerase chain reaction

The final follicular cells from 20 ruptured follicles were pooled (af-
ter isolation of oocytes) and then frozen at —-80°C. After thawing, to-
tal RNA was extracted using the Dynabeads method (Dynabeads
mRNA DIRECT kit; Ambion, Oslo, Norway), and cDNAs were synthe-
sized using a PrimeScript first strand cDNA Synthesis Kit (Takara, Ku-
satsu, Japan) according to the manufacturer’s instructions. Real-time
quantitative polymerase chain reaction (PCR) was performed using a
StepOne-Plus real-time PCR system with TagMan probes (Applied
Biosystems, Foster City, CA, USA). Real-time quantitative PCR was
conducted in a 20-pL reaction volume containing 10 pL of Applied
Biosystems TagMan Universal PCR Master Mix | (Cat. no. 4427788), 2
uL of cDNA, and 6 pL of RNase-free water. Specific primers were pur-
chased from Integrated DNA (Coraville, 1A, USA). Primer sequences
and their product sizes, accession number, annealing temperature,
and total PCR cycles of each gene are listed in Table 1.

In this study, the mRNA level of steroidogenic acute regulatory
protein (Star; a marker of luteinization), superoxide dismutase 1
(Sod1; a marker of oxidative stress), mitogen-activated protein kinase
3 (Mapk3; a marker of cell growth), and caspase 3 (Casp3; a marker of
apoptosis) were quantitatively measured. Glyceraldehyde-3-phos-
phate dehydrogenase (Gapdh) was used as an internal control. Star
transports cholesterol from the outer mitochondrial membrane to
the inner membrane and converts it into pregnenolone, which regu-
lates steroid hormone synthesis, especially during the luteal phase
[15]. Sod1 is present in the cytoplasm and catalyzes the dispropor-

Table 1. Primer sequences and their conditions for real-time PCR
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tionation of superoxide into hydrogen peroxide and dioxygen by
binding to copper or zinc ions [16]. Mapk3 serves as a signaling mol-
ecule and involves cell growth. In the granulosa cells of preovulatory
follicles, it is activated by a luteinizing hormone (LH) surge and plays
a role in the LH-induced oocyte resumption of meiosis, ovulation,
and luteinization [17]. Casp3 is the last enzyme in the cell death pro-
cess and is a marker of apoptosis [10,18].

In each experimental group, at least five repeats were conducted.
Real-time quantitative PCR was repeated five times for each repeat,
and the values were averaged. For each experiment, five different
readouts were obtained for each gene of interest. The measured val-
ues were obtained as the cycle threshold (Ct) at a constant fluores-
cence intensity. The level of each transcript was inversely related to
the observed Ct value. The relative expression (R) levels of the genes
were normalized to that of Gapdh as an internal control. The ACt val-
ue was calculated as follows: the Ct of the target gene minus the Ct
of Gapdh. The AACt value was calculated as ACt minus the mean val-
ue of each group. To determine the fold change for each gene, the
relative gene expression of the four treatment groups was calculated
using the 27**“ method as previously described [19].

5. Statistical analysis

Statistical analyses were performed using IBM SPSS ver. 22.0 (IBM
Corp., Armonk, NY, USA), and p-values < 0.05 were considered to in-
dicate statistical significance. The Fisher exact test was used to com-
pare the proportions among the groups. Numerical data were com-
pared using the Kruskal-Wallis test. If the value was significant, the
Mann-Whitney U-test with the Bonferroni correction was used for
further analysis.

Results

The detailed outcomes of in vitro growth of preantral follicles and

Gene Primer sequence Product size (bp) Accession number Annealing temperature (°C) Cycle

Star F: CCTCCAAGCGAAACACCTT 109 NM_011485 60 40
R: GGCATACTCAACAACCAGGAA

Sod1 F: GTCCTTTCCAGCAGTCACAT 146 NM_011434 60 40
R: GGTTCCACGTCCATCAGTATG

Mapk3 F: TCCATGAGGTCCTGAACAATG 112 NM_011952 60 40
R: TCCAGATCTTGCTGCGATTC

Casp3 F: GGACTGGATGAACCACGAC 124 NM_009810 60 40
R: GACTGATGAGGAGATGGCTTG

Gapdh F: GTGGAGTCATACTGGAACATGTAG 150 NM_008084 60 40

R: AATGGTGAAGGTCGGTGTG

PCR, polymerase chain reaction; Star, steroidogenic acute regulatory protein; Sod7, superoxide dismutase 1; Mapk3, mitogen-activated protein kinase 3; Casp3,
caspase 3; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; F, forward; R, reverse.
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the percentage of MIl oocytes with normal spindles in group A (sa-
line), B (Cp), C (Cp and imatinib), and D (Cp and dasatinib) are pre-
sented in Table 2. There were no significant differences in the follicle
survival rate, antrum formation rate, rupture rate, and total oocyte
acquisition rate per initiated follicle among the four groups. The per-
centage of MIl oocytes per initiated follicle and the proportion of Ml|
oocytes with normal spindles were also similar in all four groups.

The median level of 17B-estradiol in the final spent media was
similar among the four groups (Table 3). Nonetheless, the median
AMH level in group B (7.74 ng/mL) was significantly lower than that
in group A (10.84 ng/mL). However, the median AMH levels in group
C (9.96 ng/mL) and group D (9.71 ng/mL) were similar to that in
group A. The relative mRNA levels of Star, Sod1, Mapk3, and Casp3 in
the final follicular cells were similar in all four groups (Figure 3).

Discussion

We investigated the impact of imatinib or dasatinib coadministra-
tion with Cp on preantral follicle development in an in vitro mouse
model. In the groups that received imatinib or dasatinib in addition
to Cp, follicle survival, antrum formation, spontaneous follicular rup-
ture, acquisition of total and MIl oocytes, and the proportion of Ml
oocytes with normal spindles were all similar to the Cp-only group.
Thus, imatinib or dasatinib coadministration with Cp might not af-

CERMB

fect in vitro mice preantral follicle development and healthy oocyte
acquisition. However, imatinib or dasatinib coadministration with Cp
could preserve AMH levels in the final spent media. This indicates
that imatinib or dasatinib coadministration with Cp could help to
preserve AMH production capacity in ruptured follicles in vitro.

In the present study, administration of Cp (25 mg/kg) reduced
AMH levels but preserved estradiol levels in the final spent media.
Generally, AMH is produced principally in primary/preantral follicles,
whereas estradiol is mainly produced in antral/ mature follicles. Har-
vested preantral follicles might be initially damaged by Cp adminis-
tration, and this damage might reduce AMH production capacity,
which was maintained during the 12-day culture period. However,
estradiol is produced mainly in secondary/mature follicles; therefore,
in vitro ruptured follicles in the Cp-treated group might produce es-
tradiol to a similar degree to the group that did not receive Cp treat-
ment.

It has been reported that primordial follicles are most sensitive to
Cp treatment, followed by antral and growing follicles [20]. In that
report, although growing follicles were sometimes damaged by Cp
treatment, those follicles were found to be the least sensitive to Cp;
they recovered well, and thus could produce estradiol. A further in-
vestigation would be necessary to verify the preservation of primor-
dial/preantral follicles and their ability to produce AMH after admin-
istration of Cp with imatinib or dasatinib at the ovarian level.

Table 2. Outcomes of in vitro growth of mice preantral follicles under four treatment conditions

Variable Saline Cp Cp+imatinib Cp-+dasatinib
No. of mice 15 16 23 19

No. of preantral follicles initiated 100 145 143 145
No. of follicles survived at day 10 (% per initiated follicle) 97 (97.0) 131(90.3) 132(92.3) 132(91.0)
No. of follicles with antrum formation (% per initiated follicle) 75 (75.0) 91(62.8) 99 (69.2) 100 (67.0)
No. of follicles with spontaneous rupture (% per initiated follicle) 67 (67.0) 84(57.9) 84 (58.7) 85 (58.6)
No. of total oocytes (% per initiated follicle) 67 (67.0) 82(56.6) 83(58.0) 83(57.2)
No. of degenerated oocytes 0 0 0 0

No. of GV oocytes 34 44 60 51

No. of GVBD oocytes 20 28 14 20

No. of MIl oocytes (% per initiated follicle) 13(13.0) 10(6.9) 9(6.3) 12(83)
Proportion of MIl with normal spindle, n (%) 6/7 (85.7) 6/9 (66.7) 7/9(77.8) 9/12(75.0)

Cp, cyclophosphamide; GV, germinal vesicle; GVBD, germinal vesicle breakdown; Mll, metaphase II.

Table 3. Hormone level in the final spent media after in vitro growth of mice preantral follicles under four treatment conditions

Variable Saline Cp Cp-+imatinib Cp-+dasatinib p-value”
Repeat 18 20 20 20

17p-estradiol (pg/mL) 366 (234-600) 483 (191-772) 331(230-612) 481 (160-727) 0.995

AMH (ng/mL) 10.84” (9.52-12.54) 7.747 (6.23-9.06) 9.96 (7.97-12.10) 9.71(8.59-12.65) 0.003, <0.001”

Values are presented as median (interquartile range).
Cp, cyclophosphamide; AMH, anti-Mdillerian hormone.
FKruskal-Wallis test.
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Figure 3. Relative mRNA levels of four genes through real-time polymerase chain reaction. The mRNAs were extracted from the final follicular
cells after 12 days of culture of the preantral follicles. The preantral follicles were harvested 3 days after intraperitoneal injections of 0.1 mL of
saline, cyclophosphamide (Cp; 25 mg/kg), Cp (25 mg/kg)+imatinib (7.5 mg/kg), and Cp (25 mg/kg)+dasatinib (7.5 mg/kg). (A) Steroidogenic
acute regulatory protein (Star), (B) superoxide dismutase 1 (Sod7), (C) mitogen-activated protein kinase 3 (Mapk3), (D) caspase 3 (Casp3).

It is known that AMH suppresses primordial follicle recruitment,
thereby maintaining the dormancy of the ovarian follicle pool; in
contrast, the loss of AMH activates primordial follicle recruitment and
finally depletes the primordial follicle pool [21]. Our finding that
AMH production was preserved in mice that received imatinib or da-
satinib coadministration with Cp suggests that imatinib or dasatinib
may protect fertility. Imatinib has been reported to play a role in pre-
serving mouse primordial follicles after cisplatin treatment [11,22].
Since imatinib is not a specific inhibitor of tyrosine kinase, dasati-
nib—as a more specific and potent compound—could play a role as
a fertoprotective agent, such as amifostine, ceramide-1-phosphate,
or mammalian target of rapamycin inhibitors (e.g., everolimus and
rapamycin) [23,24].

A mouse experiment recently demonstrated that imatinib itself
has no impact on folliculogenesis. However, it remains generally un-
known whether tyrosine kinase inhibitors could modulate the func-
tion of ovarian follicles [25]. Since tyrosine kinase inhibitors affect the
signaling of c-kit, platelet-derived growth factor receptor, and c-Src,
which are also key regulators in the ovary, the direct effect of imati-
nib or dasatinib on folliculogenesis should be investigated [26].

In the present study, we investigated mouse ovarian follicle devel-
opment 3 days after exposure to a single dose of imatinib or dasati-
nib with Cp. However, a further study will be needed to verify the im-
pact of various durations of exposure or various doses of imatinib or

dasatinib with Cp. Moreover, further research is required on the im-
pact of imatinib or dasatinib with Cp on ovarian or embryo-related
parameters. In conclusion, coadministration of imatinib or dasatinib
with Cp did not affect in vitro preantral follicle development and
healthy oocyte acquisition in mice, but could preserve AMH produc-
tion capacity in the final ruptured follicles. Our findings suggest that
imatinib and dasatinib might have a fertoprotective role by preserv-
ing AMH production.
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