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Abstract: In women with reproductive potential, ovarian dysfunction caused by chemotherapy for breast cancer has
far-reaching effects. Ovarian insufficiency can manifest as amenorrhea, menstrual disorders, hot flashes and night sweats,
impaired fertility in the short term, and increased cardiovascular risk, reduced bone density, cognitive impairment in the long
term. The occurrence of ovarian insufficiency due to chemotherapy is closely related to the type of drug, the number of
chemotherapy sessions, the dose of chemotherapy, and the age of the patient. There are many drugs for protecting ovarian
function, but in clinical practice, gonadotropin-releasing hormone analogues (GnRHa) are still the mainstay. Other ovarian
protection drugs generally lack clinical trial data, and their safety and impact on chemotherapy efficacy need further research.
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The onset age of breast cancer tends to be younger in
recent years, and nearly 10% of breast cancer cases occur
in women under 45 years old [1]. In the existing literature,
the pregnancy rate of women with a history of breast
cancer is 40%-60% lower than that of the general
population [2]. The improvement in China's economic
level and quality of life, changes in women's attitudes
towards marriage and childbirth, and the increasing
proportion of women marrying and having children at a
later age have led to a situation where many women of
reproductive age have not yet given birth when diagnosed
with breast cancer. With the improvement of survival
rates, the reproductive and reproductive issues of young
female cancer patients have received increasing attention.

There are three systematic treatment modes:
chemotherapy, endocrine therapy and targeted therapy [3].
While chemotherapy drugs have been successful in
improving overall survival (OS) and extending
progression-free survival (PFS) in breast cancer patients,
they also have an impact on various organs and tissues
throughout the body. For women, among these
chemotherapy side effects, premature ovarian
insufficiency (POI) may have a negative impact on their
overall health for life, leading to infertility and long or
short cycle of menstruation. Preserving ovarian function
is highly correlated with many premenopausal women,
regardless of their age and desire to conceive. Consistent
with the previous guidelines, "young women" are defined

as women less than 40 years old at the time of diagnosis
of breast cancer. Compared with breast cancer in elderly
women, young women with breast cancer are more likely
to have tumors with aggressive phenotypes [4]. The types
of chemotherapy drugs, the number of chemotherapy
cycles, and the dosage given may be more intensive
compared to older women, but age should be considered
in conjunction with other factors and should not be the
sole determinant for refusing or recommending treatment.
In young premenopausal patients, if the patient is desired,
fertility preservation techniques should be discussed
before starting any systematic treatment [5]. Ovarian
suppression obtained by using gonadotropin-releasing
hormone agonist (GnRHa) during chemotherapy is
currently recommended as a strategy to preserve the
ovarian function of premenopausal breast cancer patients,
but cannot be used as an independent fertility
preservation technique [6]. However, the current
guidelines do not mention whether ovarian protective
agents can completely or maximally protect ovarian
function. This review aims to summarize the impact of
common chemotherapy drugs for breast cancer on
ovarian function, with the hope of selecting
chemotherapy regimens that are more suitable for young
breast cancer patients of reproductive age in the future,
through the choice of chemotherapy drugs and their
combinations, without compromising the quality of
patient survival.
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1 Effect of breast cancer chemotherapy drugs on
ovarian function

1.1 Pathophysiology

There are multiple mechanisms regarding the
potential pathophysiology of gonadal toxicity induced by
chemotherapy, including ovarian tissue ischemia, follicle
apoptosis, follicle death, follicle destruction, etc. Ovarian
tissue ischemia may be caused by vasoconstriction or
inhibition of angiogenesis caused by chemotherapy drugs
[7]. Follicular apoptosis directly originates from DNA
cross-linking/embedding or inhibition of protein synthesis
through DNAmethylation. Follicular death may also arise
from disruption of the follicular cycle, as inhibition of
microtubule assembly can cause follicles to arrest in the
mid-stage [8]. The destruction of follicles leads to the loss
of anti-Müllerian hormone (AMH), weakened inhibition
of the primordial follicle pool, and overact the primordial
follicles. Cytotoxic chemotherapy drugs deplete ovarian
storage and impair ovarian function and fertility.

1.2 Molecular mechanism

In mammals, ovarian reserves are established early
in life and steadily declines throughout the reproductive
years. Chemotherapy can have adverse effects on ovarian
reserve function [5,9]. Chemotherapy induced
amenorrhea may be transient, and menstruation may
recover after treatment. However, the restoration of
menstrual cycles does not necessarily indicate the
recovery of ovarian function. Oocytes and granulosa cells
are susceptible to the effects of chemotherapy drugs [10].
Each drug may have different mechanisms of action on
cancer cells, resulting in cell cycle arrest. The excessive
growth of primordial follicles, through direct and indirect
cytotoxic effects, leads to premature and irreversible
depletion of growing follicles, known as "cytotoxicity".
There are also mechanisms of gonadal toxicity such as
activation of the PI3K/PTEN/Akt pathway and follicular
fatigue [11], as well as ovarian atrophy with fibrosis [12].
Meanwhile, the latest research indicates that
chemotherapy drugs induce iron death in ovarian cells by
increasing the generation of reactive oxygen species,
excessive lipid peroxidation, and mitochondrial
dysfunction, leading to ovarian cell death [13]. The
known gonadotoxic chemotherapy drugs in breast cancer
chemotherapy drugs include cyclophosphamide,
anthracycline, paclitaxel and platinum, which are
commonly used in current treatment schemes.

1.2.1 Cyclophosphamide alkylating agents
Cyclophosphamide itself is a prodrug that is

metabolized by cytochrome P450 in the liver to form
4-hydroxycyclophosphamide, which is then converted to
phosphoramide mustard and acrolein. Phosphoramide
mustard is the main active metabolite that induces DNA
cross-linking, leading to the formation of adducts and

thus preventing DNA replication. Phosphoramide mustard
can also affect mitochondria, leading to a decrease in
transmembrane potential and cytoplasmic cytochrome c
accumulation [14]. Alkylating agents are the main cause
of increased oxidative stress in the ovaries and can even
attack the reserve follicle pool, resulting in DNA
fragmentation regardless of cell division. Though there is
a dose-dependent effect, follicular destruction can also
occur at lower doses [10]. Subsequently, the accumulated
DNA strand breaks activated the pro apoptotic pathway
within the cell, leading to apoptosis of affected ovarian
follicles [8]. Cyclophosphamide can also damage ovarian
function by consuming primordial follicles [15].

1.2.2 Platinum
Platinum is composed of heavy metals and serves as

a DNA cross-linking agent, interfering with DNA repair
mechanisms, preventing cell division, causing DNA
damage, and inducing cell apoptosis [14]. By forming
interstrand/intrastrand DNA adducts, it disrupts cellular
transcription and replication, resulting in DNA damage.
The accumulation of ABL and TAp63-alpha proteins in
oocytes leads to oocyte death [16]. Platinum is generally
considered to have moderate ovarian toxicity. In addition
to covalently binding to DNA, platinum can also bind to
nuclear and cytoplasmic proteins, which may have
adverse toxic effects on patients [17]. These mechanisms
may increase its gonadal toxicity.

1.2.3 Anthracycline
Anthracycline is effective components of curative

chemotherapy for breast cancer, mainly by inhibiting the
role of topoisomerase-Ⅱ and DNA, preventing its
replication and transcription [18]. Under high levels of
DNA damage, upregulation of P53 protein induces cell
apoptosis. DNA double strand breaks activate ATM,
thereby initiating cell apoptosis. Granular cells are
usually targeted due to their characteristics of mitosis and
active metabolism [16]. Anthracyclines also intercalate
into DNA, impairing DNA replication, RNA and protein
synthesis. Anthracycline-based drugs induce fibrosis in
human ovaries and have been shown to penetrate the
follicular basement membrane and accumulate in oocyte
DNA and mitochondria. The late stage of follicular
development is also affected by anthracycline drugs,
leading to a decrease in secondary and antral follicles. In
addition, anthracycline drugs also reduce ovulation
rates[14].

1.2.4 Taxanes
The key molecular mechanisms of taxanes include

disruption of the mitotic spindle, mitotic slip, and
inhibition of angiogenesis [19]. Taxanes can cause
depletion of ovarian follicular pools, but they do not
cause direct damage to ovarian blood vessels [20]. The
mechanism of the impact of receiving paclitaxel
chemotherapy on ovarian function in patients is still
uncertain. The correlation obtained in animal models
indicates that paclitaxel drugs significantly affect the
number of follicles [21], and there is also data indicating
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that paclitaxel can reduce antral follicles and increase
atresia follicles, but does not affect the number of
primordial follicles [22]. In addition, paclitaxel also
inhibits the expression of follicle development related
genes, growth differentiation factor 9 (GDF9), and bone
morphogenetic protein 15 (BMP15) [23]. Taxane-based
treatments impair ovarian granulosa cells and oocytes,
resulting in follicle death or aneuploidy [24].

1.3 Real-World data

A study conducted in 8 institutions in China
randomly assigned 521 women with a median age of 34
years to receive either adjuvant epirubicin and
cyclophosphamide followed by weekly paclitaxel
(EC-wP) or non-cyclophosphamide regimens followed by
weekly paclitaxel (EP-wP). The research results indicated
that 12 months after chemotherapy, a higher proportion of
women in the non-cyclophosphamide group recovered
ovarian function (63.1% and 48.3%), and achieved
post-treatment pregnancy (9.0% and 2.7%). This study
tried to exclude the influence of age, dosage, and number
of chemotherapy cycles as much as possible, and verified
the effect of cyclophosphamide on ovarian function.

A study showed that the frequency of chemotherapy
related menopause in women receiving the CMF regimen
(33.3%) was higher than that in women receiving the
FAC (11.3%) or AC-D or AC-T (13.0%) regimens, but
the difference was not statistically significant (P=0.284)
(C: cyclophosphamide, M: methotrexate, F: fluorouracil,
A: doxorubicin, D: docetaxel) [26]. Since the impact of
chemotherapy on female ovarian function has been
studied, anthracycline-based drugs and alkylating agents
have been clearly shown to have a significant impact on
ovarian function. However, this study reveals another
aspect where the impact of chemotherapy on ovarian
function can vary with different drug combinations.

In anthracycline-based chemotherapy regimens, the
amenorrhea rate (38.9%) of patients who did not use
paclitaxel (n=18) was significantly lower than that of
patients who used paclitaxel (n=13) for 12 weeks per
week (69.2%) and those who used docetaxel for 4 cycles
every 3 weeks (66.7%) [9]. Adding taxanes to
chemotherapy regimens based on anthracycline drugs
increases the risk of amenorrhea. However, this study
contradicts previous research, suggesting that
taxane-based drugs have a more detrimental impact on
ovarian function compared to anthracycline-based drugs.

A study included 100 breast cancer patients with an
average age of 36 years. The incidence of
chemotherapy-induced amenorrhea was 82%, and 66.7%
of the patients resumed menstruation. An analysis of risk
factors associated with chemotherapy-induced
amenorrhea revealed a statistically significant difference
based on the patient's age at diagnosis [27]. As women
age, their ovarian function gradually declines, and the
external manifestation is menopause. Therefore, most
studies suggest that patient age also influences the extent
of ovarian damage and recovery during chemotherapy.

There is also data indicating that the higher the dose

intensive/dose intensified regimen and treatment time for
patients, the higher the rate of chemotherapy induced
ovarian failure [9,26,28]. While further understanding the
mechanism of the influence of chemotherapy drugs on
ovarian function in breast cancer, the real influence of
actual drugs on human body cannot be ignored. Based on
real-world data, the impact of these drugs on ovarian
function should not only consider the drug itself, but also
the differences in chemotherapy cycle, chemotherapy
frequency, chemotherapy dose, as well as the impact of
the patient's basic ovarian function and age on the results.

2 Drugs for preventing and treating ovarian
damage caused by chemotherapy

Until now, the freezing and preservation of oocytes
and embryos are still the standard options for preserving
fertility in young patients who hope to retain fertility in
future pregnancies. There are also studies mentioning the
cryopreservation technology of ovarian tissue, which can
be transplanted back to the patient after completion of
treatment [29]. This method is more suitable for girls
before puberty. In addition, with the increasing attention
paid to the preservation of fertility after cancer treatment,
some drugs related to ovarian protection have also
emerged in recent years.

2.1 GnRHa

GnRHa has a protective effect on ovarian function,
but its molecular mechanism is not yet clear. The relevant
molecular mechanisms include simulating a low
gonadotropin environment before puberty, reducing
ovarian blood flow perfusion, mediating direct effects on
the ovaries through GnRH receptors, potentially
protecting ovarian reproductive stem cells, and
anti-apoptotic effects on cumulus cells [30]. But there are
also other reports revealing different molecular
mechanisms. GnRHa induces autophagy by regulating the
mTOR signal, thereby alleviating estrogenic receptor
stress induced by cyclophosphamide and promoting the
secretion of AMH [31]. Although the molecular
mechanisms of GnRHa are not well understood, it is still
a valuable drug for the prevention of
chemotherapy-induced ovarian dysfunction in clinical
practice. Some studies have shown that GnRHa combined
with chemotherapy seems to prevent ovarian failure,
reduce the risk of early menopause, and improve fertility
prospects [6,32-33]. Although GnRHa may have a
protective effect on the occurrence of ovarian premature
failure after chemotherapy, the duration of its benefits is
not yet clear. Some studies have reported that the benefits
of GnRHa treatment seem to diminish two years after the
end of chemotherapy [34]. Although the fertility
protection potential of GnRHa used during chemotherapy
is still controversial, it is also the standard strategy for
preserving ovarian function in premenopausal early
breast cancer patients.
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2.2 Granulocyte colony stimulating factor (G-CSF)

G-CSF is currently considered a drug that may have
a protective effect on ovarian function in animal
experiments. The mechanism is that G-CSF promotes
ovarian function recovery by increasing ovarian
neovascularization, reducing granulosa cell apoptosis,
and promoting follicle formation. In adult female rat
experiments, G-CSF mobilization of peripheral blood
mononuclear cells combined with platelet rich plasma can
restore ovarian function in cyclophosphamide induced
ovarian insufficiency rats [35]. Some studies have also
found that G-CSF can restore ovarian function damage
induced by cyclophosphamide in female rats, and the
combination of G-CSF and bone marrow stromal cells
has a higher therapeutic effect on chemotherapy induced
ovarian recovery [36]. In a cisplatin induced rat model,
G-CSF can alleviate cisplatin induced ovarian damage in
rats [37]. But these preclinical research results need to be
further validated in humans and compared with
established GnRH analogues for therapeutic efficacy.

2.3 Tamoxifen

Tamoxifen is an estrogen antagonist used in
hormone dependent breast cancer, and is currently being
explored as a potential fertility preserver. In the latest
research progress, further exploration has been conducted
on its mechanism of protecting ovarian function. The
protective effect of tamoxifen on rat ovaries is partially
achieved by reducing cell apoptosis [38]. Besides,
transcriptomic and proteomic screening indicate that
DNA repair pathways, cell adhesion, and extracellular
matrix remodeling play important roles in tamoxifen's
ovarian protection. Previous experiments have also
shown that tamoxifen protects primordial follicles from
oxidative stress by upregulating insulin-like growth factor
(IGF-1) [38]. However, this also lacks corresponding
clinical trials and requires further validation.

Some anti-tumor drugs have also shown their
ovarian protective effects, such as imatinib, a widely used
tyrosine kinase inhibitor, which is currently one of the
first-line options for treating chronic myeloid leukemia
(CML). It can inhibit the C-ABL kinase mediated
apoptosis pathway [39], and the accumulation of ABL in
oocytes can lead to oocyte death, highlighting the
possibility of imatinib playing an anti-apoptotic role in
ovarian primordial follicles. But at the same time, studies
have proposed the opposite view on the anti-apoptotic
effect of imatinib, which may exert ovarian toxicity
through the process of cell apoptosis [40]. In the latest
research progress, AS101, as a PI3K/AKT signaling
pathway modulator, has also raised doubts about the
protective effect of imatinib on ovarian function [41].
AS101 is also another ovarian protective agent that can
act as an ovarian protector by reducing the activation and
subsequent failure of quiescent ovarian follicles [42]. In
addition, sphingosine-1-phosphate (S1P) seems to exhibit
inconsistent ovarian protective functions. Studies have
shown that S1P plays an important role in ovarian

physiology, participating in follicle development in the
pre antral and sinus phases, and playing an important
stimulating role in ovulation and luteal development. It
may be a good cell protective agent against chemotherapy
side effects [43]. But in contrast, Krüppel like factor 12
(KLF-12) regulates aging ovarian granulosa cell
apoptosis by inhibiting the production of S1P [47].
Luteinizing hormone (LH), one of the gonadotropins, has
also been proposed to protect the follicular pool of
prepubescent mice from the effects of cisplatin in recent
studies [45]. These drugs have shown some effectiveness
in animal experiments, but there are also conflicting
aspects that require further preclinical trials and
validation in order to obtain more effective drugs and
benefit humanity.

3 Ovarian function indicators

For women receiving chemotherapy for breast
cancer, it is recommended to conduct basic ovarian
reserve test to assess future fertility and track ovarian
function after treatment. Baseline testing can help identify
individuals at risk of declining ovarian reserve and
provide a baseline for evaluating changes during
treatment. The evaluation includes basal follicle estrogen
(FSH) and estradiol (E2), AMH, and sinus follicle count
(AFC) on transvaginal ultrasound examination. At present,
FSH and E2 are still important indicators for evaluating
ovarian function, but due to their greater influence on
female menstruation, the measurement results may have
some deviation. AMH is produced by granulosa cells of
small follicles growing in the ovary. Serum AMH levels
are closely correlated with the number of growing
follicles and are increasingly recognized as a marker of
ovarian reserve. Studies have shown that early analysis of
AMH after chemotherapy can effectively identify women
with irreversible ovarian function [46]. AFC and serum
AMH concentration measured by transvaginal ultrasound
can accurately reflect the antral follicle pool, providing
more sensitive and specific results [47].

4 Summary

With the increasing incidence of breast cancer, the
protection of fertility after treatment of breast cancer has
become the focus of attention. In particular, the
pregnancy rate after chemotherapy is significantly lower
in women with breast cancer compared to their
age-matched counterparts. Although its potential
mechanisms have gradually been discovered, including
direct resting follicle DNA damage, inducing mature and
functional ovarian follicle apoptosis and damaging the
ovarian vascular system, but the currently available
fertility protection schemes and their associated costs are
not encouraging. Cryopreservation of oocytes and
embryos remains the standard choice for preserving
fertility in young patients hoping for future conception,
but it may not be readily available within the same
facility and a significant timeframe. In these cases, the
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use of GnRHa may be considered, but their protection
against fertility remains partially controversial, although
it is currently the standard strategy for preserving ovarian
function in premenopausal patients. The remaining
ovarian protectants, including G-CSF, tamoxifen, AS101,
and S1P, are still in the preclinical trial stage and lack
clinical trial data.

Excluding objective factors, doctors and patients
often do not place enough emphasis on fertility during
diagnosis. Considering the nature of cancer as a disease,
patients often feel overwhelmed by this diagnosis and
urgently need to start active treatment. Many patients and
families believe that pursuing fertility preservation may
delay their treatment. It is still a challenge to establish the
awareness of fertility preservation of patients during the
treatment of breast cancer and other cancers. The
management of young female patients with breast cancer
is multifaceted, which needs to be considered in many
ways, and more targeted treatment interventions should
be carried out for different problems.
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"àL#

j�4_

"5)#'J]L

jÑ�´Ô«N�7` øÇ^

"Ja[#

8

&

Q-

àL
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