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Abstract

Objectives: Breast cancer is a common malignancy that poses a significant danger to women. Recently the risks of breast cancer have
been increasing in younger populations, and treatments may affect the ability to conceive, requiring options for fertility preservation. The
clinical management of breast cancer typically involves surgery, chemotherapy, and radiotherapy, all of which may present detrimental
effects on fertility. Thus, it is crucial to consider fertility preservation when formulating treatment plans. Mechanism: A narrative
review was conducted to analyze the available literature regarding the impact of breast cancer treatment modalities on fertility, as well
as strategies for fertility preservation. Findings in Brief: Various breast cancer treatment modalities can result in varying degrees of
damage to a patient’s ovaries, potentially compromising their ovarian function and subsequently affecting their fertility. This article
reviews various fertility preservation methods, including oocyte and embryo cryopreservation, controlled ovarian stimulation (COS), in
vitro maturation (IVM), cryopreservation, and ovarian tissue transplantation. Additionally, we discuss several potential strategies, such
as 3D bioprinting, Traditional Chinese Medicine (TCM), and Artificial Intelligence (AI) assisted treatment. Conclusions: The impact of
breast cancer treatment modalities and fertility preservation strategies exhibits individual variability, necessitating the clinical selection
of treatment based on the specific circumstances of each patient. The integration of 3D bioprinting, TCM, and AI is expected to provide
a new perspective for young breast cancer patients seeking to maintain their fertility.
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1. Introduction

Breast cancer is a commonmalignancy among women
and a leading cause of female mortality worldwide [1–
3]. With advancements in integrated treatments for breast
cancer, an increasing number of women of reproductive
age are surviving this pathology. However, these treat-
ments can impact a woman’s reproductive endocrine sys-
tem. Chemotherapy, commonly used in treating breast can-
cer patients, is known to present cytotoxic effects on the
ovaries [4]. Radiation therapy used in treating breast cancer
can affect fertility by damaging germs cells or by altering
the reproductive environment [5]. Some endocrine therapy
drugs, such as tamoxifen (TAM), may interfere with fer-
tility. In fact, TAM can lead to irregular menstruation cy-
cles, ovulation disorders, and possibly premature ovarian
failure [6]. Furthermore, the prolonged use of TAM over 5
to 10 years can impact fertility. Due to its described terato-
genic effects, patients are advised against becoming preg-
nant while taking the drug [7]. These adverse effects be-
come more pronounced as young female breast cancer pa-
tient’s age, often putting them at risk impaired fertility in
the future. These effects may not only lead to significant

psychological and emotional stress, but may also impact
their family and social relationships. Therefore, it is im-
perative to thoroughly consider these potential risks when
formulating breast cancer treatment plans, with the focus to
implement fertility preservation strategies [8,9].

Currently, a range of fertility preservation strategies
have been proposed and implemented in clinical practice.
These include oocytes and embryos cryopreservation, con-
trol of ovarian stimulation, in vitro maturation (IVM), and
ovarian tissue transplantation. The emergence of these
techniques offers hope for young breast cancer patients
to preserve fertility while undergoing treatment. Various
treatments impact fertility to differing extents, with indi-
vidual patient conditions exhibiting substantial variation.
Therefore, providers should carefully assess and select the
most appropriate fertility preservationmethod based on fac-
tors such as the patients age, pathological characteristics
present, and fertility intention manifested by the patient.

Young patients, especially those who have not yet
been pregnant, are particularly concerned about the impact
of anti-tumor treatment modalities on their reproductive
function. According to Ruddy et al. [10], in a study in-
volving women under the age of 40 diagnosed with breast
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cancer, 26% of the patients reported concerns about fertil-
ity affecting their treatment decisions. These concerns in-
cluded refusing chemotherapy, choosing one treatment reg-
imen over another, declining endocrine therapy, or discon-
tinuing endocrine therapy before the recommended five-
year period [10]. While pursuing the therapeutic effects of
treatment, it is imperative to prioritize and protect the fertil-
ity of these patients [11–13]. In this review, we will discuss
the impact of antitumor therapy on reproductive function,
along with various strategies available for fertility preser-
vation. Our aim is to provide tailored fertility preservation
strategy options for young breast cancer patients.

2. Breast Cancer Treatment and Its Effect on
Fertility

Patients undergoing antitumor therapy may experi-
ence various effects on fertility, such as decreased libido,
sexual dysfunction, and increased infertility rates.

2.1 Cytotoxic Chemotherapy
Cytotoxic chemotherapy is a fundamental compo-

nent of adjuvant therapy for individuals with breast can-
cer. Extensive evidence supports its efficacy in signifi-
cantly improving patient prognosis [14–16]. Commonly
used chemotherapy drugs include anthracyclines, alkylat-
ing agents, platinum compounds, and 5-fluorouracil [17–
20]. These drugs can cause damage to a patient’s ovaries,
potentially impacting their fertility. Studies have shown
that chemotherapy induces ovarian dysfunction mainly
through two main mechanisms: direct damage to the DNA
of primordial follicle oocytes and the induction of primor-
dial follicle activation, ultimately leading to the depletion
of the primordial follicle reserve [21].

Doxorubicin, epirubicin, and pirarubicin are among
the most frequently employed anthracycline drugs. Owumi
et al. [22] discovered that doxorubicin treatment in mice
increased the levels of oxidative and inflammatory stress
biomarkers in the ovaries. Wang et al. [23] demonstrated
that the application of epirubicin in mice could induce ox-
idative stress, inflammation, and ovarian damage by pro-
moting cell apoptosis. Cyclophosphamide is also recog-
nized for its ability to induce significant ovarian damage
[24]. Specifically, cyclophosphamide triggers primordial
follicle activation, cell apoptosis, and ovarian follicle dam-
age, thereby promoting premature ovarian failure [25]. As
a result, patients may experience menstrual irregularities,
amenorrhea, and infertility [26]. Xu et al. [21] observed
that cyclophosphamide may increase the secretion of trans-
forming growth factor-β1 (TGF-β1) in the ovaries by in-
ducing cellular senescence, thereby contributing to ovarian
dysfunction. Some studies have reported that the toxicity of
cyclophosphamide is significantly influenced by its admin-
istration schedule and dose, and it is closely associated with
patient’s age [27,28]. Interestingly enough, higher doses of
cyclophosphamide are more likely to induce ovarian fail-

ure in older patients [29]. Cisplatin exerts its anticancer
effects by inducing DNA damage during the G1/S phase
and subsequently promoting apoptosis. Notably, the ovar-
ian toxicity associated with platinum drugs is significantly
less pronounced compared to that of more commonly used
drugs such as cyclophosphamide. Cisplatin is associated
with amenorrhea, reduced fertility, and an increased risk of
premature menopause in women [30]. However, due to the
limited clinical data on the use of cisplatin alone, it is diffi-
cult to explain the specific mechanism of cisplatin-induced
ovarian toxicity in humans. Studies have shown that cis-
platin adversely affects oocyte survival in rats by causing
the depletion of follicular reserves, which in turn reduces
fertility [31,32]. Additionally, the decreased level of anti-
Müllerian hormone (AMH) is related to cisplatin exposure
and may affect fertility by reducing the number of circulat-
ing AMH and AMH-positive follicles [33,34].

In current clinical practice, the combined administra-
tion of anthracyclines and taxanes is often employed to en-
hance therapeutic efficacy. Although the addition of tax-
anes to anthracycline-based/cyclophosphamide chemother-
apy can further increase the risk of inducing amenorrhea,
recent studies have found that there was no significant dif-
ference in the impact on amenorrhea between chemother-
apy regimens with and without paclitaxel [35]. Hence, fur-
ther investigation into the efficacy of combining anthra-
cyclines with taxanes is warranted. Studies have demon-
strated that melatonin can mitigate the fertility damage
caused by chemotherapy drugs through the suppression of
PTEN/AKT/FOXO3a pathway or reducing reactive oxygen
species (ROS)-induced endoplasmic reticulum stress (ERS)
[23,36].

2.2 Hormone Therapy: TAM and Aromatase Inhibitors

Breast cancer is characterized by abnormal expression
of estrogen, progesterone, and human epidermal growth
factor receptor 2 (HER2). Hormone disruptors are fre-
quently employed in the treatment management of breast
cancer patients who test positive for estrogen/progesterone
receptors [37]. TAM is a non-steroidal anti-estrogenic drug
[38]. In vitro experiments have demonstrated that TAM
can prevent the loss of ovarian follicle reserves by inhibit-
ing apoptosis, without compromising the anti-tumor ef-
fects of breast cancer treatment [39]. Nynca et al. [40]
conducted a proteomics and transcriptomics study in a rat
model treated with TAM. The authors observed that TAM
alters the expression of genes associated with the activa-
tion or arrest of primordial follicles, thereby emphasizing
the importance of preventing the loss of ovarian follicle re-
serves [40]. In clinical trials involving 1067 patients with
breast cancer who received over 5 years of TAM treatment
following chemotherapy, the results showed that 69% of pa-
tients resumed menstruation. Additionally, 98% and 74%
of patients met the predefined criteria for ovarian function
restoration based on serum follicle-stimulating hormone
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(FSH) and estradiol levels, respectively [41]. The afore-
mentioned results indicate that TAM effectively fulfills its
function in breast cancer treatment and possesses gonadal
protective properties.

Aromatase inhibitors constitute a class of pharma-
ceuticals capable of suppressing the activity of aromatase,
an enzyme responsible for the conversion of androgens to
estrogen [42]. In hormone receptor (HR)-positive breast
cancer, estrogen can promote the growth of tumor cells.
Therefore, by inhibiting aromatase, these inhibitors can re-
duce estrogen production within the body, thereby inhibit-
ing tumor growth. Compared with TAM, aromatase in-
hibitors can more directly reduce estrogen levels, leading
to a more effective tumor growth control. However, the
use of aromatase inhibitors requires attention to potential
risks and side effects. Since these drugs reduce estrogen
levels, they may induce symptoms associated with estro-
gen deficiency, such as hot flashes, joint pain, and osteo-
porosis. Moreover, for younger patients, long-term estro-
gen deficiency may impact their reproductive system, in-
cluding fertility, and bone health. Aromatase inhibitors,
combined with gonadotropin-releasing hormone (GnRH)
antagonists, are widely used in premenopausal breast can-
cer patients with HR-positive breast cancer. The Sup-
pression Ovarian Function Trial (SOFT) and the TAM and
Exemestane Trial (TEXT) demonstrated superior patient
outcomes when ovarian suppression was added to anti-
hormonal therapy for premenopausal patients with breast
cancer [43]. Overall, aromatase inhibitors represent an
effective therapeutic choice for young patients diagnosed
with HR-positive breast cancer [44]. However, their ad-
ministration requires careful consideration to strike a bal-
ance between maximizing efficacy and mitigating potential
risks. Further investigation of the combination or sequen-
tial treatment strategies of aromatase inhibitors and other
drugs, such as TAM, could offer insights into optimizing
treatment outcomes.

2.3 Immunotherapy: Programmed Cell Death Protein
1/Programmed Death-Ligand 1 (PD-1/PD-L1) Immune
Checkpoint Inhibitors

Pembrolizumab, Nivolumab, Atezolizumab, and
Camrelizumab are among the common anti-PD-1 drugs em-
ployed in breast cancer treatment. Among these drugs,
Pembrolizumab and Nivolumab are clinically approved
PD-1 inhibitors, primarily employed in the management
of advanced and metastatic tumors. They have exhib-
ited promising efficacy in the treatment of advanced triple-
negative breast cancer [45]. However, some studies suggest
that these drugs may potentially induce adverse effects on
the ovaries [46,47]. Xu et al. [46] discovered, through ex-
periments conducted on prepubertal female mice with nor-
mal immune function and immunodeficiency, that the ad-
ministration of Pembrolizumab or anti-mouse PD-1 anti-
body led to a significant reduction in the number of primor-

dial follicles in mice with normal immune function. How-
ever, no change in the number of follicles was observed
in immunodeficient nude mice. No differences were ob-
served in the number of cumulus-oocyte complexes (COCs)
and the onset of puberty between the control group and the
anti-mouse PD-1 antibody treatment group, indicating no
impact on short-term fertility. These results demonstrated
that injecting Pembrolizumab into immunocompetent mice
significantly reduced the number of their primordial folli-
cles [46]. PD-L1 inhibitors commonly used in breast can-
cer treatment include Atezolizumab and Avelumab. Ate-
zolizumabwas the first PD-L1 inhibitor to receive approval,
but there have been reports of its excessive use leading to
menstrual irregularities and anovulation in female monkeys
[47].

2.4 Molecular Targeted Therapy: Olaparib, Palbociclib,
and HER2-Targeted Therapy

Olaparib, an ADP-ribose polymerase inhibitor, has
been approved for the treatment of HER2-negative
metastatic breast cancer in patients with germline BReast
CAncer 1/2 (BRCA1/2) mutations [48]. In vitro exper-
iments have demonstrated that although the use of Ola-
parib as adjuvant therapy after chemotherapy does not sig-
nificantly affect the number of oocytes, direct treatment
with Olaparib can reduce the number of oocytes, poten-
tially impacting the fertility of mice [49]. Although Ola-
parib may modestly improve the prognosis of breast cancer
patients, it is better suited as an adjuvant therapy when fer-
tility preservation is a concern [50,51]. Cyclin-dependent
kinases (CDK) 4/6 play crucial roles in the tumor cell cy-
cle [52] and can also exert influence on meiosis in oocytes
[53]. Palbociclib is one of the selective CDK4/6 inhibitors.
Catlin et al. [54] found that Palbociclib does not affect the
fertility of female or male mice or rabbits. The study also
observed that the drug led to reduced maternal weight gain
and food consumption, along with the observations of low
fetal weight in rats and small forelimb digit bones in rabbits
[54].

In the management of patients with HER2-positive
breast cancer, the preferred treatment approach often
involves the utilization of HER2-targeted therapy [55].
Key medications for HER2-targeted treatment include
Trastuzumab, Pertuzumab, Ado-trastuzumab emtansine (T-
DM1), and Lapatinib [56]. Levi et al. [57] observed a
significant decrease in AMH levels among HER2-positive
patients following chemotherapy administration. Never-
theless, treatment with Trastuzumab led to a restoration of
AMH levels to baseline, suggesting a potential mitigation
of chemotherapy-induced ovarian toxicity by Trastuzumab
[57]. Additionally, other studies have proposed that the in-
cidence of amenorrhea following adjuvant ado-trastuzumab
emtansine (T-DM1) therapy is reduced by 26% com-
pared to patients treated with Paclitaxel-Trastuzumab (TH)
post-chemotherapy [58]. Lambertini et al. [59] con-
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Table 1. Breast cancer treatments and their effects on fertility.
Treatment methods Pharmaceutical drug Effects on fertility

Cytotoxic therapy Doxorubicin, Epirubicin, Pirarubicin, Cy-
clophosphamide, Cisplatin

Direct damage to oocytes DNA and follicular func-
tion may occur. Temporary or permanent amenor-
rhea may occur.

Hormone therapy TAM It may preserve ovarian follicular reserve function.

Immunotherapy Pembrolizumab, Nivolumab, Atezolizumab,
Camrelizumab, Atezolizumab, Avemulab

It damages ovarian function and decreases the fol-
licle count.

Molecular targeted therapy
Olaparib, Palbociclib It may affect the oocytes meiosis.

Trastuzumab, Pertuzumab, Lapatinib, Ado-
trastuzumab

HER2 targeted therapy can mitigate
chemotherapy-induced damage to the ovary
and reduce the amenorrhea rate.

TAM, tamoxifen; HER2, human epidermal growth factor receptor 2.

ducted a comprehensive analysis of research involving
premenopausal women undergoing various treatment reg-
imens, including single-agent Trastuzumab, single-agent
Lapatinib, and combination or sequential therapy with
Trastuzumab and Lapatinib. These findings suggest a po-
tentially favorable gonadal safety profile associated with
the aforementioned medications.

Table 1 provides a summary of breast cancer treat-
ments and their effects on fertility.

3. Fertility Preservation Strategies
Medical infertility poses a significant challenge for

patients diagnosed with malignancies. Chemotherapy-
induced ovarian damage and the postponement of preg-
nancy due to adjuvant endocrine therapy contribute to un-
satisfactory fertility outcomes among breast cancer pa-
tients [60]. Furthermore, for patients who have under-
gone chemotherapy, even if they have been cured of can-
cer, certain risks may exist during pregnancy, including fe-
tal abnormalities, premature birth, and miscarriage. Medi-
cations can also contribute to postnatal complications, such
as birth defects and developmental issues [61–64]. It is cru-
cial to prioritize fertility preservation for cancer patients be-
fore initiating treatment, a consideration often neglected in
many conventional tumor treatments. It highlights the need
for increased attention and comprehensive improvement in
this area [65]. Currently, standard techniques for preserv-
ing fertility include oocyte cryopreservation, embryo cry-
opreservation, and ovarian tissue cryopreservation. De-
termining the most suitable preservation method requires
careful consideration of factors such as the patient’s tumor
stage, age, marital status, treatment regimen, physical well-
being, and personal preferences [66].

3.1 Oocyte Acquisition and Maturation in Fertility
Preservation

Controlled ovarian stimulation (COS) represents a
pivotal aspect of reproductive technology, entailing the ad-
ministration of exogenous gonadotropins under rigorous

monitoring to stimulate the development of multiple fol-
licles, thereby aiming to obtain an appropriate number of
high-quality oocytes. Traditional COS protocols initiate
during the follicular phase and may not be adequate for pre-
serving fertility in patients requiring immediate cancer ther-
apy. However, progress in the understanding the menstrual
cycle has led to the development of innovative random-start
COS methods, enabling ovarian stimulation at any phase of
the cycle [66]. Research by Baerwald and Pierson [62] has
demonstrated that the efficacy of random-start COS in pre-
serving fertility is comparable to that of conventional COS.
As a result, a larger cohort of patients can preserve their
fertility and proceed with tumor treatment after a brief de-
lay of only 2–3 weeks through random-start COS, thereby
effectively minimizing any potential setbacks in their tu-
mor treatment [67]. Ovarian stimulation can induce a short-
term elevation in estrogen levels, consequently increasing
the risk of breast cancer tumor recurrence [68,69]. Conse-
quently, certain breast cancer treatment protocols incorpo-
rate the use of adjuvant drugs alongside standard ovarian
stimulation medications. Commonly utilized options in-
clude the estrogen receptor modulator TAM and the aro-
matase inhibitor Letrozole. Randomized controlled tri-
als have demonstrated no significant differences in oocyte
quality among breast cancer patients undergoing standard
ovarian stimulation, those receiving standard stimulation
plus TAM, and those receiving standard stimulation plus
Letrozole. This suggests that the addition of TAM or Letro-
zole to the standard ovarian stimulation regimen does not
impact survival rates [70]. Importantly, studies have re-
vealed no significant difference in the risk of breast cancer
recurrence or disease-free survival between breast cancer
patients undergoing fertility preservation using COS with
Letrozole and those who do not pursue fertility preservation
[71,72]. COS typically culminates with a trigger to induce
oocyte maturation. Common trigger options include hu-
man chorionic gonadotropin (hCG), FSH, luteinizing hor-
mone (LH), and GnRH agonist (GnRHa). Single triggering
refers to the administration of a single COS trigger medica-
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tion to induce maturation of multiple ovarian follicles, with
the goal of inducing ovulation using only one drug. Dual
triggering refers to the utilization of a combination of trig-
ger medications, commonly involving the administration of
both GnRHa and hCG [73]. Reddy et al. [74] have demon-
strated that in breast cancer patients treated with Letrozole
and gonadotropin stimulation, with the use of GnRHa trig-
ger not only improves treatment cycle outcomes but also
significantly reduces the risk of ovarian hyperstimulation
syndrome.

IVM is classified as an adjunctive reproductive tech-
nology, wherein immature oocytes are retrieved without
COS and subsequently matured through in vitro experimen-
tation. This technique also represents a viable approach
for breast cancer patients seeking to preserve their fertil-
ity [75]. Studies have shown that the retrieval of imma-
ture oocytes without COS, followed by IVM and vitrifica-
tion of oocytes or embryos, neither increased serum estra-
diol levels nor delayed treatment for patients with breast
cancer [75]. Shalom-Paz et al. [76] reviewed 66 patients
with breast cancer who underwent extraction of immature
oocytes without COS and subsequent IVM. Consequently,
the maturity rate of oocytes was 64.2%, and the fertilization
rate was 77.8%. Overall, IVM emerges as a more favorable
strategy for fertility preservation in patients with breast can-
cer.

3.2 Cryopreservation in Fertility Preservation

Cryopreservation of oocytes or embryos constitutes a
pivotal element of assisted reproductive technology (ART)
and represents a fundamental method for preserving fertil-
ity in females diagnosed with cancer-related reproductive
syndromes. For single female patients, oocyte cryopreser-
vation serves as a crucial method for preserving fertility.
Furthermore, for individuals with partners, embryo cryop-
reservation carries significant significance. Unlike oocyte
cryopreservation, embryo cryopreservation involves peri-
odic in vitro fertilization (IVF) or intracytoplasmic sperm
injection (ICSI) subsequent to oocyte retrieval. Cryopreser-
vation methods, such as slow freezing and vitrification, al-
low for the storage of oocytes or embryos for extended peri-
ods of time, sometimes spanning many years [77]. Oocyte
cryopreservation is slower compared to embryo cryopreser-
vation, requiring the use of additional cryoprotectants for
the slow freezing process [78]. One study compiled data
from 8824 cryopreserved embryos, comprising 7482 vitri-
fied embryos and 1342 slow-frozen embryos, all fertilized
through IVF or ICSI. These results indicated that compared
with slow-freezing, the post-thaw survival rate of cleavage-
stage embryos and blastocysts was significantly higher fol-
lowing vitrification [79]. However, the majority of vitrifi-
cation methods employ an open system, wherein oocytes
are directly exposed to liquid nitrogen to facilitate ultra-
rapid cooling and minimize ice crystal formation. Never-
theless, there remains a risk of contamination in liquid ni-

trogen as a consequence of the direct exposure of oocytes.
Hence, the development of methods for disinfecting liquid
nitrogen disinfection is critical. Currently, certain meth-
ods such as microfiltration or ultraviolet light are being em-
ployed [80]. Guidelines from the American Society for Re-
productive Medicine and the Society for ART indicate that
following vitrification, the survival rate of oocytes ranges
from 90% to 97%, the fertilization rate from 71% to 79%,
the implantation rate from 17% to 41%, and the estimated
clinical pregnancy rate per thawed oocyte from 4.5% to
12% [81]. Overall, vitrification offers robust technical sup-
port for fertility preservation in cancer patients.

The primary aim of ovarian tissue cryopreservation is
to preserve and maintain a woman’s fertility, enabling her
to utilize her oocytes for future conception. This is particu-
larly critical for pre-adolescent girls diagnosed with malig-
nant tumors before experiencing their first menstrual cycle,
as well as for patients who are unable to undergo COS due
to urgent cancer treatment requirements. Typically, folli-
cles or ovarian tissue are obtained from the patient’s ovaries
through surgery, promptly frozen in specialized cryopro-
tectant solutions, and then stored long-term in liquid nitro-
gen. Following the patient’s treatment, when the decision
to conceive is made, the tissue is thawed and re-implanted
into the patient’s body to restore fertility. The success of
ovarian tissue cryopreservation may be influenced by var-
ious factors, including patient’s age, tumor grade, storage
duration, and tissue quality. Although clinical experience
remains limited, numerous successful cases have been re-
ported. Over 130 instances of full-term pregnancies have
been documented following autotransplantation of cryop-
reserved ovarian tissue [82,83].

3.3 Function of GnRHa in Fertility Preservation

GnRHa plays several key roles in fertility conserva-
tion. Primarily, understanding the fundamental mechanism
of GnRHa is essential. GnRHa primarily mimics the action
of GnRH to regulate the secretion of gonadotropin in the
pituitary gland, particularly FSH and LH [84].

In the fertility preservation of breast cancer patients,
GnRHa is mainly employed in the following aspects: (1)
Blocking FSH secretion: continuous administration of Gn-
RHa inhibits the pituitary gland, thus reducing ovarian
stimulation [85]. This is particularly important during
chemotherapy, as chemotherapeutic drugs often exert toxic
effects on the ovary. By reducing FSH secretion, GnRHa
can decrease the ovarian sensitivity to these drugs, thus
helping to protect the ovary from injury. (2) Reducing
uterine-ovarian stimulation: GnRHa also reduces the uterus
and ovary stimulation by lowering estrogen levels. This
helps in creating more favorable conditions for subsequent
fertility preservation procedures, such as cryopreservation
of oocytes or embryos [86]. Furthermore, GnRHa can ac-
tivate GnRH receptors on the ovary, despite its usual in-
hibitory effect. This activation may help ‘prime’ the ovary
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Table 2. Viable fertility preservation techniques for breast cancer patients.

Technique name Applicable user Key points
Live birth rate/
fertilization rate

Oocyte cryopreser-
vation

Single patient It serves as the foundation for subsequent IVF-
assisted reproduction.

34%∼42%

Embryo cryopreser-
vation

Patients with partner Currently, it is the most advanced and optimal fer-
tility preservation method.

14%∼34%

Ovarian tissue cry-
opreservation

Pre-adolescent girls/Patients re-
quiring emergency treatment

It does not delay treatment time, does not affect
the changes of hormone levels in the body, and can
restore ovarian endocrine function. The survival
rate of tissue transplantation is as high as 96 %,
and presents a large fertility reserve.

40%∼43.3%

Random-start ovar-
ian stimulation

Non-prepubertal patient It can start COS at any time and does not delay
treatment time.

-

IVM Non-prepubertal patient It does not delay tumor treatment and does not af-
fect changes in hormone levels for patients.

77.8%

Note: The corresponding index for oocyte cryopreservation, embryo cryopreservation, and ovarian tissue cryopreservation is the
live birth rate; the index corresponding to the IVM of oocytes is the fertilization rate.
IVM, in vitro maturation; IVF, in vitro fertilization; COS, controlled ovarian stimulation.

before chemotherapy, increasing its sensitivity to subse-
quent fertility preservation measures. (3) Up-regulation of
anti-apoptotic molecules in the gonad: chemotherapeutic
drugs often impair ovarian function by inducing apoptosis.
However, GnRHa can upregulate anti-apoptotic molecules
such as Bcl-2 within the ovary. This action helps coun-
teract apoptosis induced by chemotherapeutic agents, thus
protecting ovarian cells from damage. (4) Protecting un-
differentiated germline stem cells: preserving undifferenti-
ated germline stem cells in the ovary is crucial for young
women, as these cells are critical for future fertility. Gn-
RHa can protect these stem cells from the damage caused
by chemotherapy drugs throughmechanismsmentioned be-
fore.

Overall, GnRHa plays multiple protective roles in fer-
tility conservation in breast cancer patients. It not only
directly protects the ovary from chemotherapeutic agents
[87], but also creates more favorable conditions for sub-
sequent fertility preservation measures by regulating the
endocrine environment. This renders GnRHa an essential
component of breast cancer treatment, particularly in young
female patients aiming to preserve their fertility. Table 2
provides a synopsis of viable fertility preservation tech-
niques for breast cancer patients.

4. Prospect of Potential Strategies for
Fertility Preservation

Preservation of fertility is of paramount importance
when addressing the treatment needs of young patients with
breast cancer. Given contemporary clinical approaches,
several potential strategies can be utilized for fertility
preservation or to improve fertility outcome. This include

3D bioprinting and Traditional Chinese Medicine (TCM)-
assisted treatment [66].

4.1 3D Bioprinting Technology
With advancements in 3D bioprinting technology and

cell biology, it has become possible to create artificial or-
gans or tissues that are biocompatible, biodegradable, and
functional [88]. In the field of female reproductive ther-
apy, 3D bioprinting technology has been extensively ex-
plored. In 2017, Laronda et al. [89] attempted to 3D bio-
print ovaries, reporting that the 3D manufacturing of ovar-
ian tissue could partially restore ovarian hormone secretion
and oocyte production functionality. In 2022, Wu et al.
[90] used gelatin-methacrylate for the 3D bioprinting of ar-
tificial ovaries, suggesting that it exhibited good moisture
absorbency, degradation kinetics, and shape fidelity. This
artificial ovary provided a suitable microenvironment for
ovarian follicles, enabling their successful growth and ovu-
lation [90]. Li et al. [91] demonstrated that 3D bioprinted
artificial ovaries, devoid of drug-based in vitro activation
technology and comprised of fat-derived stem cells, suc-
cessfully restored ovarian insufficiency and ovarian dys-
function in mice. Their study further suggested that 3D
bioprinting extends the viability of fat-derived stem cells,
initiates early vascular microenvironment, regulates hor-
mone levels, promotes follicle maturation, and ultimately
improves premature ovarian insufficiency (POI) [91].

4.2 TCM Adjuvant Therapy
TCM has emerged as a prominent treatment approach

for various health conditions in China and other Asian coun-
tries, including for POI, which is characterized by a decline
ovarian function before the age 40 [92,93]. Breast can-
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cer survivors experiencing ovarian damage resulting from
chemotherapy may find potential benefits from insights de-
rived from TCM approaches employed in the clinical man-
agement of POI. According to TCM principles, the kidneys
are considered the foundation of innate essence, playing a
crucial role in regulating the body’s growth, development,
and reproductive functions. Kidney essence is believed to
transform into blood, which subsequently nourishes all bod-
ily organs and systems in the body. Deficiencies in kid-
ney essence can result in compromised female reproduc-
tive capabilities. Hence, TCM frequently employs kidney-
tonifying herbal remedies to address disorders associated
with ovarian dysfunction. Zhang et al. [94] administered
an herbal formulation called the “Yi Shen Yang Lvan For-
mula”, specifically designed to nourish both the kidneys
and ovaries in the treatment of POI. After a three-month
treatment regimen, patients exhibited increased AMH lev-
els, accompanied by decreased levels of FSH and LH. Ad-
ditionally, the treatment resulted in the inhibition of apop-
tosis in ovarian granulosa cells, thereby enhancing ovar-
ian reserve function in the patients [94]. Xie et al. [95]
conducted a study suggesting that the “Hu Yang Yang Kun
Formula” might inhibit granulosa cell apoptosis, decrease
follicle atresia, and restore ovarian function by the Hippo-
JAK2/STAT3 signaling pathway. Furthermore, other TCM
treatments have been employed to restore ovarian func-
tion. Zhang et al. [96] applied moxibustion to the “Guan
Yuan” and “San Yin Jiao” acupoints in rats with POI. This
intervention was observed to inhibit the phosphorylation
of the PI3K/Akt/mTOR signaling pathway in ovarian tis-
sues, decrease Akt activation, suppress premature develop-
ment and excessive apoptosis of primordial follicles, and
enhance ovarian hormone levels while reducing inflamma-
tory responses [96]. A meta-analysis revealed that com-
bined treatment involving acupuncture alongside other ther-
apies (TCM/Western Medicine) for POI is more effective
compared to utilizing TCMorWesternMedicine alone [97].
A recentmeta-analysis has revealed that the combined treat-
ment of acupuncture and Chinese herbal medicine for POI
exhibits significantly greater overall efficacy in contrast to
Western Medicine [98]. In summary, it appears feasible
to develop innovative strategies based on TCM treatment
methods for restoring ovarian function and preserving fer-
tility among breast cancer patients.

4.3 Artificial Intelligence (AI)

AI is employed across diverse domains of the medi-
cal field, including image diagnostics, prediction of disease
risk, and the development of new drugs. The careful selec-
tion of embryos for transplantation during the IVF treatment
process is paramount, as it can significantly enhance the
success rate of live births while mitigating potential com-
plications. Embryologists frequently rely on their expertize
when selecting embryos, resulting in significant variability.
Introducing AI technology into the field of IVF facilitated

automated and standardized processes for assessing the suc-
cess rate of fertilized embryos. This helps reduce current
errors and inaccuracies in manual selection judgments, ul-
timately improving the success rate of IVF [99–101]. Hari-
ton et al. [102] revealed that machine learning algorithms
can optimize the timing of trigger injections to achieve the
maximum yield of available oocytes and improve fertiliza-
tion rates. Letterie andMacDonald [103] developed a com-
puter algorithm designed for IVF management, showcas-
ing remarkable accuracy in decision-making across various
stages: continuing or stopping ovulation stimulation (0.92),
triggering and scheduling egg retrieval or canceling the cy-
cle (0.96), adjusting medication dosage (0.82), and deter-
mining follow-up days (0.87). These advancements collec-
tively contribute to the improvement of the success rate of
IVF [103].

5. Conclusions
While the survival of cancer patients have notably im-

proved, the ramifications of reduced fertility on the can-
cer survivors remain a complex and multifaceted issue.
Cancer survivors encounter a multitude of challenges, in-
cluding physical difficulties, the risk of disease recurrence,
long-term side effects, as well as psychological, social, and
emotional stress [104]. Among these challenges, the issue
of fertility holds particularly importance for young female
cancer survivors. Although there is currently no evidence
suggesting that fertility impacts the prognosis of breast can-
cer patients, a significant proportion of young breast cancer
patients express a strong desire to preserve their fertility
[105,106]. The POSITIVE trial (NCT02308085) demon-
strated that temporary interruption of endocrine therapy in
women with previous hormone receptor-positive in early
breast cancer, aimed at attempting pregnancy, did not re-
sult in a higher short-term risk of breast cancer events [107].
Therefore, it is crucial for doctors to actively explore appro-
priate treatment modalities and incorporate fertility preser-
vation strategies to align the preferences of these patients
[108].

Young female cancer patients should actively pursue
approaches for preserving fertility during their treatment.
This involves consulting a healthcare provider before start-
ing treatment to understand the impact of chemotherapy on
fertility and potential protective measures. Implementing
appropriate measures during treatment, such as preserving
ovarian function with hormone medications; and actively
seeking fertility counseling and support prior treatment to
determine the fertility program best suited for their individ-
ual needs. Moreover, social and family support is critical
for cancer survivors. It is necessary to increase the research
efforts and publicize fertility preservation for cancer sur-
vivors, aiming to improve the public awareness and atten-
tion toward this issue. Additionally, medical practitioners
should be knowledgeable in diverse approaches, consider-
ing the unique clinical presentation of each patient, to attain
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optimal outcomes. Integrating existing technologies with
emerging ones, such as 3D bioprinting, TCM, and AI, is
crucial in advancing the development of breast cancer treat-
ment and fertility preservation methods.
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