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Abstract
Purpose Tyrosine kinase inhibitors (TKIs) such as imatinib are commonly used chemotherapeutics, but the effects of long-term
treatments on reproductive outlook for cancer survivors are unknown. The purpose of this study was to examine the effects of
long-term imatinib treatments on follicle development and embryo quality. Since prospective studies are not possible in healthy
humans, we have incorporated a commonly used mouse model.
Methods Adult female mice were treated with daily IP injections of imatinib for 4–6 weeks. Liquid chromatography-mass
spectrometry was used to measure imatinib in serum and ovarian tissues. At the end of treatments, females were superovulated
and mated to yield fertilized embryos. Oocytes and embryos were collected from oviducts, assessed for development by
microscopy, and fertilized embryos were cultured in vitro. Blastocysts were fixed and stained for differential cell counts.
Results Long-term imatinib treatments caused a shift in follicle development, with imatinib-treated females having fewer pri-
mordial follicles, but an increase in primary and secondary follicles (P < 0.05). There was no effect on ovulation or fertilization
rates. However, blastocysts from imatinib-treated females had fewer total cells (P < 0.05) and a significant shift from inner cell
mass to increased trophectoderm cells.
Conclusion This pilot study indicates that long-term TKI treatments may have significant impact on ovarian reserve and embryo
developmental capacity. More studies are needed in other model systems to determine the long-term impact of TKIs in patients.
Knowing the potential effects of chemotherapeutics on reproductive outlook is critical for quality of life and more research is
needed.
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Introduction

The harmful effect of chemotherapeutics on future fertility is a
significant concern for female cancer survivors [1, 2]. While
the collateral impact of chemotherapy is well founded for
older generation chemotherapies, the same is not true of newer
pharmaceuticals such as tyrosine kinase inhibitors (TKIs).
Meanwhile, the American Society of Clinical Oncology

recommends that clinicians carefully consider and discuss
the risks and benefits of all cancer treatments and their poten-
tial to impact future fertility [3]. TKIs have become first-line
treatment for many cancers [4]. For women of reproductive
age, the question of whether TKIs have a significant deleteri-
ous effect on future fertility is a critical question but unfortu-
nately little is known regarding the impact of TKIs on ovarian
reserve and fertility.

Unlike conventional gonadotoxic chemotherapeutics,
targeted molecular therapy with TKIs were thought to
have no overt gonadotoxic effects [5]. However, TKIs
have been associated with a variety of endocrine-related
side effects including disruption of the thyroid, adrenal
function, bone remodeling, and gonadal dysfunction. The
mechanisms underlying these harmful “off-target” side
effects suggest that ovarian function may also be ad-
versely impacted [6].
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Imatinib was designed to target the fusion protein BCR-
ABL, which is a primary mutation driving chronic myeloid
leukemia. However, it is also a potent inhibitor of other tyro-
sine kinases, especially ABL1, ABL2, KIT, and platelet-
derived growth factor receptor (PDGFR) [7–9]. While the role
of ABL in the ovary is unknown, both KIT and PDGFR are
expressed by the ovary and the developing germ cells
[10–12]. Within the ovary, KIT-ligand and PDGF have been
shown to independently promote primordial follicle activa-
tion, transition of primordial to primary follicle, oocyte
growth, granulosa cell proliferation, and follicle survival
[13–15]. ABL kinase is also expressed in oocytes; however,
its function is unknown [16]. It has therefore been hypothe-
sized that imatinib treatment may inhibit the normal biological
functioning of oocytes and the subsequent proper embryo
development.

The adverse clinical impact of imatinib on fertility was first
brought to light in a case report describing amenorrhea and
premature ovarian insufficiency in a 28-year-old woman on
long-term imatinib therapy [17]. A subsequent report then
highlighted a woman with severely compromised ovarian re-
sponse to gonadotropin stimulation while on imatinib, with a
rebound to a normal ovarian response after discontinuing ima-
tinib [18].

In this study, we have utilized a mouse model with varying
exposures to imatinib to analyze the effect of long-term ima-
tinib treatment on fertility by observing the ovulatory response
to controlled ovarian stimulation and subsequent preimplan-
tation embryo development, in addition to ovarian follicle
counts to assess possible effects on ovarian reserve and follicle
growth. We hypothesize that imatinib treatment may diminish
ovarian reserve, decrease oocyte recruitment, and lead to a
lower number and quality of oocytes and preimplantation
embryos.

Materials and methods

Animal model

Female (CF1) mice aged 6–7 weeks and males
(B6D2F1) aged 10 weeks were purchased from Envigo
USA (formerly Harlan) and housed in a temperature-
and light cycle-controlled animal facility. All experi-
ments were conducted in accordance with the “Guide
for the Care and use of laboratory Animals” and
preapproved by the University of Southern California
Institutional Animal Care and Use Committee.

The model included three treatment groups: group 1—
400 mg/kg intraperitoneal (IP) imatinib injected daily
(100 μl) for 4 weeks; group 2—imatinib IP continued
daily for 6 weeks. Since mice metabolize imatinib quick-
ly, treated mice also received imatinib ad lib in their

drinking water to ensure a base minimum was main-
tained [19]. To prevent the possibility of a direct inter-
action between IP-injected hormones and imatinib, the
last imatinib injection was given on the day before su-
perovulation regimen was begun. Imatinib in drinking
water was also stopped on the last day of imatinib injec-
tions. Control mice received daily IP injection of 100 μl
of sterile water and no imatinib. Imatinib was purchased
from Tocris BioScience (#5906, Minneapolis, MN, USA)
and prepared daily, by mixing in sterile water followed
by 0.22 μm filtration. Water bottles were refreshed daily
and completely changed for fresh once each week.
Thirty-four female mice were assigned to treatments
(n = 10 mice/imatinib treatment and 7 controls/treatment
(time)). Unfortunately, the embryos from 3 females (one
per treatment) were lost due to lab accident on one col-
lection day; thus, the results include data from 9 females/
imatinib treatment and 13 controls.

After 4 or 6 weeks of imatinib, female mice were treated for
superovulation. Mice were injected IP with 5 IU of equine
chorionic gonadotropin (eCG; P.G.600, NADA#140-856,
Merck Animal Health, USA) and 48 h later, ovulation was
induced with 5 IU human chorionic gonadotropin (hCG;
Chorulon, NADA#140-927, Merck Animal Health, USA).
After hCG, each female was caged with a mature male of
proven fertility. At 72 h after hCG, all females were eutha-
nized by isoflurane inhalation (VetOne by Fluriso, India) and
cervical dislocation. Blood was drawn via cardiac puncture
while the mice were heavily sedated, immediately prior to
cervical dislocation. Ovaries, oviducts, and uteri were collect-
ed from each female. Ovaries were fixed in 10% histology-
grade formalin and processed for histological assessment.
Oviducts and uterus transferred to flushing and holding medi-
um (FHM made in-lab [20]) and transported to the embryol-
ogy lab for cultures.

The daily dose of imatinib commonly prescribed for pa-
tients ranges from 400 to 600 mg/day/patient, with some pa-
tients receiving 400 mg twice daily (800 mg/day) [21]. In our
animal model, we used the dose that is commonly used in
rodent model studies 400 mg/kg/day (~ 16 mg/day/mouse).
To verify that our model was providing safe and appropriate
serum concentrations of imatinib, we ran the mass spec anal-
ysis over-time. The concentration of imatinib in serum aver-
aged 3600 ng/ml, 1000 ng/ml, 50 ng/ml, and 10 ng/ml at 2 h,
4 h, 8 h, and 16 h respectively [19]. In CML patients, trough
serum levels above 1000 ng/ml are considered therapeutic and
patients are maintained at these levels for life. Patients given
400 mg daily dose attain daily serum levels that average
1403 ng/ml (ranging from 138 to 3011 ng/ml [22]).
Cardiotoxicity has been reported at prolonged imatinib levels
greater than 5000 ng/ml [23]). Therefore, the highest daily
serum levels of imatinib in our mouse model are well below
toxicity levels.
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Embryo culture and processing

The tract (oviduct and uterus) was flushed with FHMmedium
and all oocytes and embryos were collected and examined for
stage of development, using 40x magnification on a Zeiss
Axio inverted microscope. All cleaving embryos were trans-
ferred into culture drops and cultured to 120 h post-hCG, as
previously published [20]. Embryo development was exam-
ined daily. At the end of culture, all blastocysts were fixed in
4% formalin in PBS, stored at 4 °C, and used for cell counts.
Fixed blastocysts were permeabilized in PBS with 0.1%
Triton X-100 and Hoechst DNA dye which labels all nuclei.
Embryos were co-labeled with CDX2 primary antibody
(#PA5-20891, ThermoFisher Scientific, USA) followed by
Alexa-568 goat anti-rabbit (#A-11011, ThermoFisher
Scientific, USA) secondary antibody. The CDX2 specifically
identifies trophoblast (TE) cells. Cells not labeled with CDX2
are classified as inner cell mass (ICM) cells. Blastocysts were
examined on a Zeiss Axio inverted microscope. To count
cells, small groups of blastocysts (< 10/slide) were mounted
onto glass slides and covered with mounting medium
(Vectashield antifade mounting medium, Vectorlabs.com).
To prevent crushing of embryos, a small dab of Vaseline
was placed on the edge of the coverslip before placing it
over the embryos. The coverslips were sealed with clear nail
polish and allowed to dry in a dark box overnight. Slides were
then mounted onto the inverted Zeiss microscope with 40x
objective, and the cells counted for each embryo, while
carefully focusing up and down through the blastocyst. On
the first pass through each blastocyst, we counted all blue
cells (Hoechst 33258 = total cells; excitation 352 nm,
emission 455 nm filter set) and then red cells (CDX2 = TE
cells; excitation 579 nm, emission 603 nm). The total
number of inner cell mass cells was calculated from the total
number of blue minus total number of red cells.

Follicle counts

To obtain an estimate of the total number, and growth distri-
bution of follicles in ovaries, six of the fixed ovaries, one/
female within treatment, were randomly grouped and embed-
ded in paraffin using standard methods. This created one
block of 6 ovaries for each treatment and enabled us to follow
the follicle counts from consecutive sections from each ovary.
Sections were cut at 8 μm thickness and every 5th section was
mounted onto a single slide and processed for standard H&E
staining. Each ovarian section was carefully examined at 20x
and 40x magnification. Only those follicles that contained a
visible oocyte nucleus were counted. By skipping to every 5th
section and only counting follicles with an oocyte nucleus, we
avoided counting any follicles more than once per ovary.
Follicles were classified as primordial, primary, secondary,
pre-ovulatory, or post-ovulatory (ovulatory-sized follicles that

had failed to ovulate, as evidenced by the presences of the
oocyte, blood cells, and luteinizing granulosa cells). Since
donor females were superovulated with hCG, it would be
expected that all or most ovulatory-sized follicles would have
ovulated.

Liquid chromatography-mass spectrometry

One ovary from each female mouse was transferred to 1.5-ml
tubes, flash frozen on dry ice, and stored at – 80 °C. After all
ovaries were collected and frozen, they were removed from
the freezer and each ovary was transferred to a 2-ml screw cap
RNAse/DNAse-free tube containing 300 μl of DPBS and 1.5-
mm molecular-grade zirconium beads. Ovaries were homog-
enized on a BeadBug Microtube Homogenizer (Benchmark
Scientific, Sayreville, NJ, USA) at maximum speed for 2 ×
30 s. Afterwards, the liquid was pipetting into new 1.5-ml
tubes, flash frozen on dry ice, and shipped to the Oregon
Health and Sciences University for analysis of imatinib and
its primary metaboliteN-desmethyl imatinib. The methods for
the liquid chromatography-mass spectrometry (LC-MS/MS)
have been published previously [19]. Ovary tissue and serum
were processed simultaneously. The serum concentrations
have been previously reported [19].

Statistical analysis

Data were analyzed using mixed-effects analysis of variance
(ANOVA), with treatment group as the fixed effect and indi-
vidual mouse treated as a random effect nested within treat-
ment. All analyses were carried out using Stata 14.2
(StataCorp, College Station, TX).

Results

Imatinib concentration in ovary

To determine the levels of imatinib attained in our mouse
model and the rates of metabolism from imatinib to its primary
metabolite, N-desmethyl imatinib, we used an LC-MS/MS
analysis on ovarian tissue of mice treated either by IP injection
or ad lib in drinking water. Imatinib is metabolized rapidly in
rodent models (Fig. 1a). The primary metabolite of imatinib,
N-desmethyl imatinib, was detected at approximately 1/10th
the concentration of imatinib, but was retained at the higher
concentration for a longer period of time (Fig. 1b). Levels of
imatinib and N-desmethyl imatinib attained after 7 days ad lib
in drinking water were roughly equivalent to the levels re-
maining in ovary at 8 h post-injection. The concentration of
imatinib and N-desmethyl imatinib in the ovarian tissues was
approximately 5–10% lower than the concentration detected
in serum [19].
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Ovulation rates

There was no significant difference in ovulation rate (the total
number of eggs and embryos) collected per donor (Table 1).
Two females (18%) in each imatinib treatment produced no
culture-grade embryo, while all control females had culture-
grade embryos. The average number of eggs and embryos
(ovulation rate) per female ± SEM was 33 ± 4, 18 ± 7, and
34 ± 10 for groups 0, 4, and 6 weeks, respectively (Table 1).
All embryos that had cleaved to at least 4 cells by the time of
collection were cultured to 120 h post-hCG by which time,
they should have progressed to the blastocyst stage. The per-
cent of culture-grade embryos (≥ 4 cells) at the time of collec-
tion was numerically lower in the imatinib groups, but was not
statistically different (89% ± 3.9, 68% ± 13.9, and 68% ± 13.3,
respectively; P = 0.10).

Ovarian reserve and follicle development

To compare the populations of follicles at various stages of de-
velopment, we calculated percentages of the total follicles. Adult
females treated long-term (4–6 weeks) with imatinib had signif-
icantly fewer total follicles (Table 2, Fig. 2a), including fewer
primordial follicles (Fig. 2b). There was an equally significant
increase in the percent of primary and secondary follicles, but no
differences in the pre-ovulatory or post-ovulatory antral follicles.
Taken together, these data indicate an increase in primordial fol-
licle activation, a shift towards growing follicles, and a reduction
in ovarian reserve following long-term imatinib treatments.

Embryo development

Long-term imatinib treatment had a significant impacted em-
bryo quality (Fig. 3). The percent of embryos developing to
blastocysts ranged from zero to 100% in the imatinib groups,
while the controls were all above 75% blastocysts. The overall
percent of embryos that developed to blastocyst was not

Table 1 Imatinib-treated females produced fewer culture-grade
embryos

Treatment N Ovulation rate Percent ≥ 4-cell embryos

C 13 33 ± 4.0 89% ± 3.9

4 9 18 ± 7.7 68% ± 13.9

6 9 34 ± 9.5 68% ± 13.3

P value 0.07 0.10

Ovulation rate was calculated as the total number of eggs and/or embryos
of any stage or quality that were retrieved at 72 h post-hCG. Culture-
grade embryos were any embryos that had reached 4 cells or compacted at
the time of retrieval. Percent ≥ 4-cell embryos = (#cultured/
#ovulated) * 100

N total number of females in each treatment

Table 2 Ovarian reserve
was significantly lower
in imatinib-treated
females

Treatment Mean sd

C 50.11 15.14

4 weeks 31.44* 11.45

6 weeks 38.10* 10.60

Mean number of follicles counted in 6 sec-
tions/ovary, with one ovary from each of 6
females/treatment. A total of 18 donor
females

sd standard deviation, *P < 0.05 versus
controls (C)
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Fig. 1 Concentration of imatinib and the metabolite N-desmethyl
imatinib in ovarian tissue. The concentration of imatinib (a) and N-
desmethyl imatinib (b) in ovaries was measured by LC-MS/MS.
Female mice were either injected IP with imatinib (100 mg/kg) or fed
imatinib ad lib (continuous) in drinking water (1 mg/ml) for 7 days.

Imatinib was rapidly metabolized and barely detectable after 16 h.
Concentrations of N-desmethyl imatinib were 10% lower than imatinib
at 2 h post-injection and were retained in the tissue for a longer time, but
declined by 16 h post-injection
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statistically different between treatments (P = 0.07; Fig. 3a).
However, embryos from imatinib-treated females had fewer
cells per blastocyst (Fig. 3b) and a shift in cell differentiation,
with fewer inner cell mass cells and increased trophectoderm
cells (Fig. 3c, d).

Discussion

The findings from this pilot study suggest a deleterious effect
with long-term imatinib exposure in a murine model. We ob-
served a decrease in the proportion of primordial follicles and
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Fig. 2 Imatinib impacts follicle reserve and primordial follicle activation.
The total number of follicles remaining in the ovaries of imatinib-treated
mice was significantly lower than age-matched controls (a). There were
fewer primordial follicles (b) and a significant increase in the percent of

growing follicles: primary (c) and secondary follicles (d). There were no
differences in the number of pre-ovulatory (small) antral follicles (e) nor
post-ovulatory antral follicles (f; large antral follicles that had failed to
ovulate, still contained oocytes with follicular atresia and/or luteinization)
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an increase in growing follicles in mice treated long-term with
imatinib. This indicates a reduction of the total ovarian re-
serve. In addition, imatinib treatment lead to a decrease in
the quality of preimplantation embryos as evidenced by a
disturbance in the ratio of inner cell mass cells to
trophectoderm cells. Long-term imatinib resulted in blasto-
cysts with significantly fewer cells than controls, which indi-
cate lower embryo developmental potential [24, 25]. Evidence
of high concentrations of imatinib and N-desmethyl imatinib
were detected in the ovarian tissue and support the causal
associations seen in our study. To our knowledge, this is the
first study to directly observe the response of controlled ovar-
ian stimulation and the subsequent competence of the preim-
plantation embryo in mice undergoing long-term treatment
with imatinib.

A study by Bernard et al. reported that TKI (sunitinib)
treatment decreased ovulation rates, as seen by the lower num-
ber of corpora lutea (CLs) in superovulated mice, even though
the number of developing follicles in that study was not af-
fected by treatment [5]. Sunitinib is a broader spectrum inhib-
itor that targets numerous receptor TKIs including some sim-
ilar to imatinib (KIT and PDGFR). The findings of our study
were based on actual rates of ovulation and in vitro embryo
developmental potential following long-term imatinib expo-
sure. An earlier, retrospective study reported that imatinib did
not affect the numbers of follicles; however, in that study,
animals were treated only with imatinib ad lib in drinking
water [26]. Our analysis of imatinib in serum and ovarian
tissues demonstrated that ad lib imatinib in drinking water
yields a much lower concentration of imatinib in serum and
ovaries ([19], Fig. 1). Based on our findings, we hypothesize

that follicle activation and a “burnout” effect may be implicat-
ed in the diminished ovarian reserve patterns that we observed
[27].

Even though imatinib was not overtly ovo-toxic, there was
evidence of gonadotoxicity with a significant reduction in
embryo quality. The underlying reason may be explained by
a decrease in the oocyte’s developmental competence after
exposure to imatinib. The biological plausibility of this theory
is supported by our data demonstrating a difference in the
cellular differentiation of the preimplantation embryo. More
specifically, we demonstrate a decrease in the proportion of
inner cell mass cells to trophectoderm cells. We also observed
a decreased total number of cells in the blastocysts from fe-
males exposed long-term to imatinib. Taken together, these
objective and qualitative measures point to an increased like-
lihood of a compromised embryo after exposure to imatinib.

The change seen in the development of the blastocyst is
likely a direct result of oocyte dysfunction caused by imatinib.
Cellular function during the early cleavage stage is predomi-
nantly driven by the oocyte. There is little to no transcription
of mRNA from the zygotic genome. Therefore, maternally
supplied mRNAs and proteins during folliculogenesis are cru-
cial for the proper development of the embryo. It remains
uncertain what specific molecular interaction among TKI-
treated mice was detrimental to the emerging follicles and
whether this is also potentially genotoxic.

TKIs are presumed to be teratogenic as seen in animal
studies and case reports have been published that detailed
pregnancies in women taking imatinib that resulted in serious
abnormalities or spontaneous abortions [28]. Because of the
teratogenic potential from imatinib, oncologists recommend a
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Fig. 3 Long-term imatinib
treatment lead to reduced embryo
developmental potential. All
blastocysts were fixed at 120 h
post-hCG and labeled for
differential cell counts. Embryo
development was assessed by
percent of cultured embryos that
developed to blastocysts (a), the
total number of cells per
blastocyst (b), and the percentage
of cells that were either ICM (c) or
TE (d). The ratio of ICM:TE was
significantly lower in the
imatinib-treated mice (p = 0.01).
The number of blastocysts
counted: 34, 46, and 40 for
treatments 0, 4, and 6,
respectively
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washout period prior to pregnancy. However, due to the high
rate of CML recurrence when imatinib is withheld, a
prolonged period without treatment places a serious risk on
the woman. The longer the time without imatinib treatment
prior to pregnancy, the higher the likelihood of CML returning
during pregnancy, thus creating a serious dilemma for the
mother, to resume treatment during pregnancy or risk her
own life by delaying treatment. Because of this dilemma, there
are currently no official guidelines on length of pre-pregnancy
washout is safe for imatinib. Extended studies are needed to
determine if stopping imatinib for a prolonged washout period
would improve egg and embryo quality and how to balance
this washout with the potential for cancer to return during
pregnancy.

With the limited data on balancingmaternal safety and fetal
teratogenicity, many oncologists recommend a planned preg-
nancy only after a stable major molecular response (24months
of undetectable BCR-ABL1) has been achieved so that the
medication may be stopped at the diagnosis of pregnancy
[29–31]. However, only 1% of patients reached a stable major
molecular response at 30 months of the initiation of TKI, and
36% at 8 years [32]. This equates to a potential delay in fer-
tility for many years. The evidence from this study extends
this concern by demonstrating that long-term TKI treatment
may impact fertility potential. TKIs have been revolutionary
in improving the prognosis for CML patients, with patients
living to their previously anticipated life expectancy before
their cancer diagnosis [33]. Furthermore, the GIMEMA reg-
istry of CML reveals that approximately 25% of patients at
diagnosis are between the reproductive ages of 21–40; there-
fore, issues relating to future fertility are a serious concern for
cancer survivors’ quality of life [29].

Long-term imatinib treatment negatively impacts the ovar-
ian reserve, oocyte, and embryo competence. This murine
model found links between imatinib and a decreased fertility
potential. Studies investigating the longitudinal impact of
TKIs on ovarian reserve and fertility are still needed. In keep-
ing with the American Society of Clinical Oncology, it is
critical that patients receiving long-term imatinib have a dis-
cussion regarding the potential harms of imatinib on their
future fertility and their options for fertility preservation.
Until further evidence is available, it is advisable to encourage
fertility preservation prior to initiation of TKIs.
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