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Preface

This Edited Volume, Fertility Preservation — Theory and Practice Experience, is a
collection of reviewed and relevant research chapters on developments in the field
of gynecology. The book includes scholarly contributions from various authors
and is edited by experts in this field. Each contribution comes as a separate chapter
complete in itself but directly related to the book’s topics and objectives.
The book includes the following chapters:

1. Obstetric Outcome of Pregnancy from AID

2.Endometrial Assessment to Ensure Successful Implantation

3.The Role of Gynaecological Pathology in Fertility Preservation: Theory and
Practical Experience

4.Expanding the Role of BNIP3 in Autophagy: Hypoxia-Induced Primordial
Follicle Loss and Perspectives for Ischemia-Reperfusion Injury in Ovarian Tissue
Transplantation

5.Fertility Preservation in Hematological Malignancies: A Growing Imperative

6. Epigenetic Stability and Genomic Integrity in Fertility Preservation: Insights
from Genetic and Reproductive Technologies
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Chapter 1

Obstetric Outcome of Pregnancy
from AID

Giulia Orlandi

Abstract

This chapter describes the obstetric outcomes of pregnancies from
PMA-heterologous. An effective preconception assessment of patients with indication
for heterologous PMA with oocyte donation is necessary through the evaluation of
comorbidities, cardio-metabolic, and thrombophilia markers of obstetric risk. This is
useful to try to improve the obstetric outcome of this group of pregnancies at risk of
major obstetric complications and neonatal complications. Investigating and correct-
ing any co-pathologies before implanting the embryos in the uterus helps to reduce
the risk of complications. All PMA centers should proceed to carry out this check
before performing assisted fertilization in order to reduce negative obstetric outcomes
and any secondary neonatal complications.

Keywords: pregnancy rate, obstetrics complications, immunological aspects, placenta,
AID

1. Introduction

Considering the great success rate of pregnancies from oocyte donation, it is plau-
sible to assume that the majority of women who undergo this procedure are able to
successfully finish their pregnancies. An analysis of 500 consecutive cycles of oocyte
donation, going back to the early 1990s, showed that over half the recipients achieved
a pregnancy at the third embryo transfer, irrespective of age or the pathology that
represented the indication for PMA-E (Figure1) [1].

Moment, with public birth rates of 50-60% per embryo transfer, it is reasonable
to assume that success can be achieved in 75-90% of cases who have experienced
multiple attempts at heterologous fertilization [2]. Still, this success is accompanied
by the observation of multitudinous obstetric complications that may arise during
gestation.

2. Obstetric complications
Donated egg pregnancies are linked to negative outcomes for both the mother and

newborn. Various aspects that differentiate these pregnancies from those achieved
through natural conception and standard IVF methods might clarify this link:
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Figure 1.
Success rates after oocyte donation [1].

* the method itself, meaning the ovarian stimulation treatment which affects the
endometrial lining, the unique implantation resulting from embryo transfer, and
the fact that the initial development of the trophoblast takes place outside the
uterus;

* the age of the mother, which is often older;
* the higher occurrence of multiple pregnancies.

Following the initial experience of pregnancy through heterologous fertiliza-
tion with egg donation, research aimed at evaluating obstetric results has revealed a
higher rate of preeclampsia and gestational hypertension [3, 4]. Additional studies
indicate a greater likelihood of low birth weight, premature births, and cesarean
deliveries in pregnancies from egg donation when compared to those achieved via
traditional fertilization methods [5, 6]. Gestational hypertensive conditions, such as
chronic hypertension, gestational hypertension, preeclampsia/eclampsia, and HELLP
syndrome, contribute significantly to maternal morbidity and mortality around the
globe. These conditions are also linked to preterm births and babies with low birth
weights. Specifically, in highly developed countries, these health issues are respon-
sible for 16 percent of maternal mortality cases [7].

Four meta-analyses have been released that explore obstetric complications among
egg donor patients. The analysis conducted by Pecks et al. [8] examines the rates of
hypertensive disorders and preeclampsia across heterologous, homologous, and spon-
taneous pregnancies: it reports a notable increase in the risk of hypertensive disorders
in egg donor pregnancies compared to homologous (AOR 2.57) and spontaneous
pregnancies (AOR 6.60). However, two of the five studies that compared egg donors
to spontaneous conceptions did not account for the occurrence of multiple pregnan-
cies, which may help explain the higher risk observed in egg donors.
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Masoudian and his team found that the likelihood of developing preeclampsia
is four times higher in pregnancies from egg donors than in those that occur natu-
rally (Adjusted Odds Ratio 4.34), without taking multiple gestations into account.
Additionally, they reported an adjusted odds ratio of 2.24 when comparing singleton
pregnancies from egg donation with those from primary medical-assisted (PMA-O)
sources [9]. A recent literature review by Storgaard and colleagues in 2016 reaffirmed
these findings, indicating that singleton pregnancies resulting from heterologous
methods have double the risk of preeclampsia (adjusted odds ratio 2.11) compared
to homologous pregnancies and tripled for multiple gestations (adjusted odds ratio
3.31), even after considering the age of the mothers. In a study conducted in Sweden,
it was discovered that gestational hypertension, preeclampsia, and other pregnancy-
related complications are more frequent in assisted reproductive technology using
egg donors (ART-E) than in those using own eggs (ART-O), even among young
recipients without chronic health issues [10]. It is suggested that the variations in
placentation associated with hypertensive complications may be a response from the
mother’s immune system to a genetically different fetus [8, 11, 12]. This hypothesis
is supported by histological and immunohistochemical research that shows a higher
occurrence of placental abnormalities, including villitis, chronic deciduitis, chronic
villositis, placental infarction, and ischemic changes in the maternal-fetal boundary
(13, 14].

There are various other obstetric issues that can arise in pregnancies resulting
from egg donation, with postpartum hemorrhage being particularly significant from
a clinical perspective. The rate of this complication in singleton pregnancies from
PMA-E ranges from 4.2 to 17.3%, while in IVF pregnancies, it varies from 0 to 9.3%.
The risk is raised in single pregnancies (adjusted odds ratio 2. 4) and is notably higher
in twin pregnancies (adjusted odds ratio 4.91) [15].

Regarding the incidence of gestational diabetes, seven different studies were
performed, showing a range of 0-13% in singleton pregnancies from PMA-E and
between 1 and 23.3% in IVF pregnancies, compared to only 1.1% in naturally con-
ceived pregnancies according to Nejdet et al. [S]. There has been no study indicating
a significant difference in gestational diabetes rates among the different types of preg-
nancies. Four of the studies provided information on gestational diabetes in multiple
gestations: the incidence ranged from 0-31% in egg donation cases and from 1.7-8%
in IVF pregnancies. In two of these studies, the likelihood of developing gestational
diabetes was notably higher in heterologous pregnancies.

From a neonatal viewpoint, a meta-analysis conducted in 2015 indicated a notable
rise in the chances of both low birth weight and preterm births [16]. This finding
aligns with data collected from a group of women from Sweden and Denmark, who
reported an adjusted odds ratio of 1.53 for low birth weight and 1.75 for preterm birth
when contrasting pregnancies from egg donors with traditional pregnancies. This
situation can be partly attributed to the growing number of elective cesarean deliver-
ies occurring before the 40th week of pregnancy. The prevalence of cesarean sections
is actually more than double in pregnancies involving preterm maternal age compared
to any other pregnancy type, as these are primarily planned surgical procedures. The
research conducted by Malchau and colleagues is notable for exclusively presenting
the figures for both elective and emergency cesarean sections, revealing roughly
equivalent rates.

Given that pregnancies from egg donations occur two to three times more than
standard IVF pregnancies, we would expect a similarly significant rise in the occur-
rence of small for gestational age infants. According to the findings reported by
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Lashley and associates, there were no instances of small for gestational age in the
nine heterologous pregnancies impacted by preeclampsia, while 30% of small for
gestational age infants were found in those conceived by mothers with preeclampsia
undergoing assisted reproductive technology, leading to a statistically meaningful
difference. It is surprising that hypertensive disorders such as preeclampsia have a
lower impact on pregnancy from egg donation compared to singleton IVF pregnan-
cies, but this concept requires further research on the underlying pathophysiological
mechanism.

The utilization of freezing techniques is probably associated with higher birth
weight, and this technique could influence the outcome; however, it is not clear in
the studies performed, whether the oocytes or embryos utilized were frozen [5]. The
development of the uterus also plays an important role, in fact women of advanced
maternal age who have conceived spontaneously at a young age, bring advantages
in terms of growth to the fetus [12, 17], compared to women with other types of
reproductive pathologies, who are therefore nulliparous at the time of heterologous
fertilization. Egg donor pregnancies two to three times more than traditional IVF
pregnancies, we would expect the number of SGAs to increase equally significantly.
However, this is not demonstrated in the most recent meta-analysis and the num-
ber of SGA infants has not been taken into account in obstetric outcomes in other
published reviews. In the study by Lashley et al., no cases of SGA were found in the
nine heterologous pregnancies complicated by preeclampsia, compared to 30% of
SGA conceived by preeclamptic mothers undergoing ART, resulting in a statistically
significant difference [18].

It is surprising that hypertensive disorders such as preeclampsia have a lower
impact on pregnancy from egg donation compared to singleton IVF pregnancies, but
this concept requires further research on the underlying pathophysiological mecha-
nism. The use of freezing techniques is probably associated with higher birth weight,
and this technique could influence the outcome, but it is not clear in the studies
performed, whether the oocytes or embryos used were frozen [5]. The development
of the uterus also plays an important role, in fact women of advanced maternal age
who have conceived spontaneously at a young age bring benefits in terms of growth to
the fetus, compared to women with other types of reproductive pathologies, who are
therefore nulliparous at the time of heterologous fertilization.

3. Immunological aspects in pregnancy from PMA-heterologous

Spontaneous pregnancy is an immunological paradox itself. The fetus receives
genetic material from both the mother and father, but the mother’s immune system
does not reject it during the entire course of the pregnancy.

Particular immune mechanisms operate in natural pregnancies that help to clarify
how mothers tolerate their developing fetus.

Because fetal tissue directly interacts with maternal blood, it is vulnerable to
attacks from the mother’s innate and adaptive immune responses, which could result
in the death of the fetus.

This vulnerability led to the evolution of a maternal-fetal interface that facilitates
immune tolerance.

The fundamental process involves the “down-regulation” of the maternal immune
response, preventing it from attacking the semi-allogeneic fetus, which enables the
embryo to implant and grow.
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It is widely accepted that a successful pregnancy hinges on the balance of different
elements of maternal immunity and the actions of T helper 2 lymphocytes involved in
cell-mediated immunity.

Within the maternal-fetal interface, identifying fetal antigens, delivered by tro-
phoblast or fetal cells in the maternal bloodstream, is crucial for activating immune
mechanisms.

Indeed, it appears that alongside T lymphocytes in this area, there exist additional
cells that modulate the activity of T lymphocytes.

It is these cells that facilitate the previously mentioned down-regulation process.

For PMA-E pregnancies, more non-maternal antigens are present than in a fetus
stemming from spontaneous conception. Considering the five most prevalent HLA
antigens, specifically HLA-A, -B, -C, -DR, and -DQ, the utmost number of mis-
matches that will appear in a spontaneous pregnancy is 5. In a PMA-E pregnancy, the
count for the same HLA will be 10 (Figure 2).

In addition, blood samples from women undergoing ART also show a higher
percentage of yintracellular interferon (Th1), interleukin-4, and CD4+ Th2 lympho-
cytes, compared to the percentage found in blood samples from women who have
undertaken a spontaneous pregnancy [19]. Thl and Th2 hyperactivation, induced by
the allogeneic fetus, is a specific characteristic of pregnancy from oocyte donation.

This indicates that the Th2-driven process promotes the success of pregnancies
achieved through assisted reproductive techniques, even when the conceived product
is entirely foreign. The research conducted by Chernyshov and colleagues in 2008,
which examined immune cells taken from maternal blood samples, led to the finding
that the active immune processes occur at the maternal-fetal interface. Thus, it was
proposed that the related effects are primarily seen in this area. A recent study has
identified a notable link between HLA mismatches and the levels of activated CD4+
and CD25 T cells present in the decidua during normal pregnancies [20]. Additionally,
in natural pregnancies, researchers have explored the connection between the

Spontaneously conceived pregnancy Egg donation pregnancy
Mother Father Donor Mother Father
A A AT Al Al
o B Bla=t sl B
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Do- pa ol poi DQ
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Figure 2.
Interaction of the most common HLA antigens in a spontaneous pregnancy and in a pregnancy from egg
donation [14].
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quantity of mismatched amino acid triplets (HLA epitopes) between the mother and
the fetus and the mother’s production of antibodies against paternal antigens that the
fetus has inherited. A significant association has been observed between the number
of mismatches in triplets and the rate of women who produce HLA antibodies. When
there are no matching amino acid triplets between the mother and the fetus, antibod-
ies will not be generated, even if there are one or more mismatches in HLA antigens.
It is still to be determined whether the total number of mismatches in HLA or in
epitopes is more crucial for achieving fetal tolerance. In any scenario, pregnancies
from donor eggs exhibit a higher count of both HLA antigens and epitopes compared
to pregnancies resulting from natural conception (Figure 3).

Therefore, the percentage of women who produce antibodies is also higher, which
can lead to implications during the clinical phase. Hence, we can conclude that the
immune system plays an essential role in the processes related to pregnancies achieved
through egg donation. Unfortunately, we do not have information about the long-
term impacts that might arise throughout the life of the recipient woman, consider-
ing her previous exposure to foreign antigens and cells. It is therefore important to
explore the reasons that led the recipient to pursue the PMA-E method. For example,
regarding primary ovarian failure, it is widely accepted that an autoimmune process is
involved in the onset of the condition. It is likely that this autoimmunity contributes
to the differences in the immune response observed between pregnancies resulting
from PMA-E and those achieved through natural conception.

The maternal-fetal interface of the placenta from egg donation shows several and
notable differences compared to that of a pregnancy achieved from spontaneous con-
ception. Indeed, a greater frequency of histological lesions attributable to villitis of
unknown etiology, chronic deciduitis, chronic massive intervillositis, and ischemic-
type alterations has been documented, meaning all those conditions also more often
observed in pregnant women affected by preeclampsia (Figure 4) [13, 21].

Deciduitis, which develops in these placentas, is noted for its intensity and the
significant fibrin build-up found on the basal plate. In this same area, there isa
prominent presence of lymphocytes, especially CD4+ Th lymphocytes and CD56+ NK
lymphocytes. Additionally, in the basal plate, the extra villous trophoblast, originat-
ing from the fetus, interacts with and penetrates the maternal tissues. The cells of the

HLA disparity

Immune-mediated
placental damage

Figure 3.
HLA disparity triggers immune-mediated placental damage.
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Spontaneously conceived pregnancy

Decidua basalis

Villi

Figure 4.

Microscopic images of a placenta from egg donation and from spontaneous pregnancy. (A) Basal decidua of a
placenta from egg donation with deciduitis illustrated by monocytic infiltration. (B) Normal basal decidua in

a placenta from spontaneous pregnancy and normal decidual cells. (C) Villi in a placenta from egg donation. A
rich lymphocytic infiltrate is present in the stroma. (D) Villi in a placenta from spontaneous pregnancy (From the
Hoorn, 2010).

extra villous trophoblast lack the typical HLA-A and HLA-B molecules, which inhibits
engagement with cytotoxic T cells. Nonetheless, they display a distinct mix of HLA
antigens (HLA-C, along with the non-conventional HLA-E and HLA-G) that interact
with KIR receptors found on uterine natural killer (uNK) cells [22-25], although
HLA-C may also act as a target for CD8+ T cells [20].

Therefore, the finding of dense fibrin deposits and a high lymphocytic infiltra-
tion in the basal plate suggests an immune-mediated response that is more present
in placentas of pregnancies obtained by heterologous fertilization. Placental damage
may be due to a type of “graft-versus-host reaction disease” and/or a type of organ
rejection [13].

More studies are required to verify if mismatches in HLA-C epitopes hinder the
invasion of trophoblasts [26].

4. Discussion

Pregnancies resulting from egg donation (OD) are becoming more prevalent, as
is the scientific field’s interest in the impact of these procedures on maternal-fetal

results.
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The number of pregnancies resulting from egg donation is set to rise, particularly
in women over 40. There are many causes for this trend, one of the most important
being the shift in the concept of motherhood. Women tend to delay motherhood
without regarding it a priority until they reach an advanced age. The medical commu-
nity must be well informed of this social behavior and must be prepared to manage
these “older pregnancies”.

The obstetric complications in pregnancies resulting from assisted reproduction
techniques are well documented; however, until recently the hazards associated with
egg donation pregnancies were not known.

Egg donation has now been demonstrated to be an independent risk factor for
hypertensive disease in pregnancy, postpartum hemorrhage, and increased risk of
cesarean section.

The theory of immunological mal-adaptation of pregnancies from egg donation,
where the embryo is considered as a totally allogeneic graft for the woman, is well
known and in part totally accepted. In addition to this immunological theory, it seems
that a decisive role has also been given to the hormonal preparation that precedes
embryo transfer. We know that estrogens have an essential role in the placenta,
promoting angiogenesis and the development of the vascularization of the placental
villi [27]. It has recently been shown that the hyperestrogenic environment gener-
ated during ovarian stimulation can create a suboptimal environment that damages
implantation by suppressing trophoblastic remodeling of the uterine spiral arteries,
which leads to placental dysfunction and low birth weight [28].

Successful placentation and embryonic/fetal growth depend on optimal vascular-
ization of the villous portion of the placenta [27]. It is plausible, in fact, that hormone
administration at the beginning of pregnancy can modify the normal endocrine
environment and interfere with early placentation events.

Regulatory T cells (Tregs) and uterine natural killer (uNK) cells are crucial for the
success of pregnancy, where Tregs help establish tolerance for the fetus, and uNK cells
assist with the development of the placenta. Changes in these cell types [29], whether
through imbalances or loss of function, have been associated with negative pregnancy
results such as repeated miscarriages, preeclampsia, and early delivery.

Some research suggests a decline in Treg counts, while other studies propose that
it may be the dysfunction of Tregs rather than their numbers that poses a problem.
Specifically, in cases of premature birth, research indicates a rise in pro-inflammatory
cytokines, with certain types of Tregs, like memory Tregs, being more prevalent. The
literature often discusses Tregs, suggesting that their reduced numbers or functional-
ity could serve as a critical indicator of early labor. The differences in Treg research
findings reflect the intricate nature of the immune environment in spontaneous
preterm birth (sPTB), emphasizing the necessity for uniform research efforts to fully
grasp the role of Tregs across various sPTB types.

Finally, we know that the coexistence of traditional cardiovascular risk factors
in the preconceptionally period, often found in egg donor patients in relation to
advanced maternal age, such as insulin resistance, obesity, systemic inflammation,
preexisting hypertension, diabetes, and kidney disease, can influence the onset of
preeclampsia.

To start with, maternal obesity is a significant public health concern that is
increasingly becoming more serious. This condition presents specific risks for both
the mother and the fetus throughout the entire pregnancy. Notable among these are
pregnancy-related hypertension, venous thromboembolism, miscarriage, the need for
labor induction, cesarean delivery, infections, and complications related to surgical
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wounds. Women with obesity or severe obesity are more likely to develop gestational
diabetes, as excess weight impairs insulin function and increases the likelihood of
negative effects on metabolism and cardiovascular health. Hyperinsulinism associ-
ated with obesity is considered a primary factor contributing to the higher incidence
of hypertension in pregnant women dealing with obesity [30], leading to left ventric-
ular hypertrophy due to heightened pre- and afterload, which can diminish contrac-
tion volume and overall heart performance. This situation results in ongoing hypoxia,
hypercapnia, and pulmonary hypertension, which significantly elevate risks of illness
and mortality for mothers, as indicated by findings from the Confidential Enquiry
into Maternal and Child Health (CEMACH), which noted that 27% of maternal fatali-
ties between 2013 and 2015 were in women with obesity (BMI > 30) [31].

In addressing chronic illnesses like diabetes, it is crucial to manage blood sugar
levels effectively before conception (with HbA1lc of 40), and being of advanced
age (>45 years) necessitates establishing a collaborative care approach involving an
obstetrician-gynecologist to evaluate these individuals.

It is essential for these women to receive thorough guidance on the increased risks
associated with pregnancies from egg donation, along with a preconception health
assessment to identify any existing conditions such as hypertension and diabetes
before commencing fertility treatment. This conversation should also cover recom-
mendations regarding elective single embryo transfer, as multiple births elevate
the risk of complications, particularly preterm delivery and gestational diabetes.
Moreover, they should have diligent oversight throughout the prenatal phase by a
multidisciplinary team within a level III birthing facility.

Future studies should focus on effective methods to mitigate risks during egg
donation pregnancies for both mothers and babies in the prenatal stage, during
delivery, and in the postnatal period.

Many women who visit our preconception clinic do not fully understand the
potential obstetric hazards they might encounter when pursuing a pregnancy through
egg donation. Therefore, it is vital to offer preconception counseling to couples to help
them comprehend the journey ahead. Conversely, couples seeking fertility treatments
abroad often lack proper information and remain overly optimistic, not recognizing
the full scope of risks due to inadequate education on the topic.

Private clinics, particularly those located overseas, often adopt an overly aggres-
sive approach toward older patients, failing to take into account that the age-related
restrictions set by Italian law 40 differ significantly from those in other European
countries where egg donation practices are employed.

There are additional dangers related to ART procedures in older women who have
undergone treatments outside the country, such as unrecognized mental and physi-
cal health conditions, since many clinics lack access to medical records, resulting in
insufficient or fragmented medical histories of ongoing health issues. Some women
might not fully understand the potential ramifications or may be determined to
pursue pregnancy despite the associated risks.

It is crucial for society to become more conscious of the dangers involved and
to foster greater dialog about reproductive matters linked to higher maternal age.
Cryopreservation of eggs for later use is recommended as a potential solution to
prevent DO in specific circumstances.

The necessity for future medical interventions is also a social and healthcare
concern that requires increased attention to ensure that strategies are established to
safeguard both the health of the woman and the developing child in the long and
short term.

9
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We cannot act on some adverse obstetric outcomes that are independent of the
PMA-E technique, such as postpartum hemorrhage, cesarean section, and preeclamp-
sia. What we can do is correct the metabolic risk by modifying the pre-pregnancy
BMI and pre-conceptional glycemic values.
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Chapter 2

Endometrial Assessment to Ensure
Successful Implantation

Tanya Timeva

Abstract

Most often, the term fertility preservation refers to options for storing genetic material
such as eggs, spermatozoa, embryos or ovarian/testicular tissue. In order to achieve a sub-
sequent pregnancy and childbirth, which is the main goal of methods in countries where
surrogacy is not practiced, it is necessary to establish optimal conditions for preserving
the uterus and its receptive tissue - in particular the endometrium. For this reason, the
chapter discusses all methods for evaluating the endometrium in order to optimize the
chances of pregnancy when using limited amounts of stored (frozen) genetic material.

It is of utmost importance for patients to ensure the best conditions for embryo transfer,
with the highest rate of achieving implantation and pregnancy. The methods used in prac-
tice for endometrial evaluation can be summarized and grouped into:

¢ Evaluation of the anatomical features of the endometrial thickness and the
uterine cavity (ultrasound, Doppler, hysteroscopy, MRI);

* Evaluation of function of the endometrium (endometrial biopsy, receptivity
test, microbiome);

* Additional methods like hormonal and immunological and in case of deviations,
to suggest procedures that increase success rates.

Keywords: endometrium, implantation, EMT, IVF/ICSI-ET, ultrasound

1. Introduction

The various fertility preservation methods raise numerous questions that must be
addressed when attempting to achieve pregnancy at a later stage. Depending on the
specific reasons for fertility preservation—social, medical, or other—and especially
on the age of the patients, this chapter will discuss how to optimize conditions for
achieving pregnancy using assisted reproductive technologies in a female population.
A key step for a successful pregnancy is creating favorable conditions for the implan-
tation process. The main “players” in this process are the embryo, developed to the
stage of hatching blastocyst, and the receptive endometrium.

Despite the cutting-edge innovations in the pharmaceutical industry, advancements
in embryology lab techniques, developments in genetics and immunology, and the
optimization of cryopreservation methods in recent years, reported success rates from
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European registries (e.g., for the year 2019) indicate: when freeze-all cycles were not
considered for the calculations, the clinical PRs per aspiration were 28.5 and 26.2% for
IVF and ICSI, respectively. After FET with embryos originating from own eggs, the PR
per thawing was at 35.1% and with embryos originating from donated eggs at 43.0% [1].
Trying to achieve optimal success rates after ART, the task of reproductive specialists
for patients who have undergone gamete/embryo/reproductive tissue cryopreservation
is to create conditions for a live birth, especially for those patients who, after treatment,
are unable to restore their reproductive capacity, particularly their gamete production.
Efforts are primarily directed at monitoring and preparing the endometrium for subse-
quent implantation, based on the physiological characteristics of its cyclical development.

2. Basic concepts and dynamic changes in the endometrium

The endometrium is the inner epithelial lining of the uterine cavity, structurally
composed of a basal and a functional layer. Its thickness varies depending on the
phases of the menstrual cycle and undergoes cyclic regeneration. At the end of the
desquamation phase, the endometrium consists only of its basal layer, measuring
approximately 1-2 mm (lamina baslis B, Figure 1). Estrogens, whose secretion inten-
sifies after day 3 of the menstrual cycle, stimulate the proliferation of all structural
components of the endometrium—Iloose connective tissue, blood vessels, tubular
glands, and surface epithelium. By the end of the proliferative phase, the endometrial
thickness reaches approximately 7-8 mm. The onset of ovulation, the formation of
the corpus luteum, and its progesterone production induce changes in the epithelial
cells, stromal cells, matrix, and blood vessels and contribute to the morphological
formation of the remaining layers: compact outer layer (stratum compactum) and
intermediate layer (stratum spongiosum) (C, S, Figure1).

C - compact layer; S - spongy layer; B - lamina basalis

Figure 1.
Endometrium in the mid-secretory phase (histological preparation by Drenski R.) C - compact layer; S - spongy
layer; B - lamina basalis.
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Aa uterinae
Aa, arcuatae
Aa. radiatae
Endometrium
Aa, basales
Aa spirdles
Myometrium

Figure 2.
Schematic of endometrial vascularization (diagram by Golemanova N.)

We use the term decidualization to describe this remodeling process, which, in addi-
tion to phenotypic cellular changes and angiogenesis, is characterized by the dominance
of so-called uterine NK cells. The formation of the decidua in humans is still not fully
understood. It is hypothesized that decidualization can occur not only during pregnancy
but also as a result of prolonged progesterone exposure or can be influenced by the
expression profile of different receptors as progesterone receptor membrane component 1
(PGRMC1) [2-4]. During this process, stromal cells transform into cells that secrete spe-
cific factors such as prolactin, insulin-like growth factor binding protein-1 (IGFBP-1), and
vascular endothelial growth factor (VEGF), among others [5, 6]. Prostaglandins secreted
by decidual cells also play a role in the complex interactions among progesterone, prolac-
tin, relaxin, cytokines, and growth factors. Some authors even describe the endometrium
as a “dynamic endocrine organ” with a central role in the implantation process [7].

Blood supply to the endometrium is of critical importance for the implantation
process and subsequent placentation. The diagram below (Figure 2) schematically
illustrates the uterine arteries (aa. uterinae) and their arcuate branches (aa. arcua-
tae), followed by radial arteries (aa. radiatae), and their terminal branches (spiral
and basal arteries—aa. spirales and aa. basales), reaching the various layers of the
endometrium. Hormonal factors influence the innervation of the uterine arteries,
both cholinergic and adrenergic, and regulate the spontaneous contractile activity of
the smooth muscle in the vessel walls. The smaller branches of the uterine arteries are
most densely innervated, which is why vasoconstrictors such as vasopressin, endothe-
lin, oxytocin, and norepinephrine have the strongest effect on these vessels [8]. This
supports the logical application of vasodilators (e.g., nitrocompounds, phosphodies-
terase-5 inhibitors) to enhance blood flow and improve conditions for implantation.

3. Methods for assessing the endometrium
3.1 Classification of methods

In clinical practice, a variety of methods are used to assess the structure and func-
tion of the uterine lining (Table1).

The earliest methods for assessing the endometrium date back to 1950, when the first
issue of Fertility and Sterility published Noyes’ landmark study on endometrial dating via
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Type Methods
Imaging (non-invasive) Ultrasound, 3D, Doppler, MRI
Invasive Histological

Hysteroscopic — diagnostic and/or operative for: polyps, septum,
fibroids, adhesions, tubal occlusion (hydrosalpinx), etc.

Laboratory Immunological

Genetic

Table 1.
Summary of methods for endometrial assessment.

biopsy [9]. This is perhaps one of the most frequently cited methodological articles when
discussing the role of the endometrium in infertility. It examined histological changes in
the endometrium through photomicrographs and clinical correlation with the menstrual
cycle day in 300 women. There are various methods for obtaining endometrial biopsies
for histological examination. For the sole purpose of “dating,” aspiration techniques using
an atraumatic catheter are preferred. The procedure is done on an outpatient basis and
without anesthesia. However, due to the availability of advanced ultrasound diagnostics
and detailed hormonal profiling, this method is now used less frequently.

Furthermore, it is increasingly recognized that a morphologically normal endo-
metrium does not invariably indicate a receptive state. Therefore, it is advisable to
employ the full range of currently available diagnostic modalities for endometrial
assessment, particularly in patients with recurrent implantation failure (RIF).

3.2 Ultrasound evaluation of the endometrium

Ultrasound monitoring of endometrial development is a noninvasive, easily per-
formed, and widely applied method for all patients desiring pregnancy. It is of funda-
mental importance in donor programs for the proper timing of both fresh and frozen
embryo transfers (ET). The dynamic cellular processes in the endometrial glands,
stroma, and blood vessels present typical sonographic characteristics and images.
Additionally, some authors suggest the possibility of cycle-to-cycle variation [10].

Ultrasound evaluation of the endometrium includes measuring its thickness,
determining its echogenicity (pattern), characterizing vascularization (with
Doppler), and identifying pathological abnormalities in the uterine cavity, such
as polyps, submucosal fibroids, and so on. Modern ultrasound equipment and the
capabilities of 3D sonography allow the calculation of uterine cavity volume.

Some authors divide endometrial evaluation indicators into anatomical (thickness
and pattern) and functional (TV-color Doppler: S/D, PI, RI) parameters [11]. The use
of multiple combined parameters has led to the development of composite evaluation
systems, such as the uterine ultrasonographic scoring system [12], similar to scoring
systems used in other OB/GYN subspecialties.

3.2.1 Endometrial thickness

Meta-analyses on this topic identify endometrial thickness (EMT) as a leading sono-
graphic indicator [13, 14]. Precision measurement involves a transvaginal ultrasound
transducer with a 5 MHz frequency and a frozen gray-scale image on the longitudinal
axis of the uterus. EMT is defined as the maximum anterior-posterior distance between
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the echogenic boundaries of the endometrial-myometrial junction [10]. There is
ongoing debate in the literature about the significance of a thin endometrium and its
association with lower implantation rates during IVF procedures. This raises ques-
tions about threshold values—the minimal and maximal EMT at which ET should be
reconsidered or avoided. Results across studies show conflicting data regarding the
correlation between pregnancy outcomes and EMT [15-20]. The validity of conclusions
depends on study design, patient population (age, inclusion/exclusion criteria), stimu-
lation protocols, sample size, and statistical methods. A comprehensive meta-analysis
by Kasius et al. [13] published in Human Reproduction Update included 10,724 women
across 22 cohort studies. An sROC analysis revealed no clear discriminatory capacity of
EMT for predicting pregnancy. A thin endometrium (<7 mm) was present in only 2.4%
of reported cases (260/10724). In this group, lower clinical pregnancy and live birth
rates were observed [OR 0.38 (95% CI 0.09-1.5)]. Clinical pregnancy rates were 23.3%
for EMT <7 mm vs. 48.1% for EMT >7 mm [OR 0.42 (95% CI 0.27-0.67)] with positive
predictive value 77% and negative predictive value 48%. These findings indicate that
EMT has limited capacity to identify women with low pregnancy potential after IVF.
The commonly reported lower threshold of 7 mm is associated with decreased success
but is relatively rare. Another recent retrospective analysis has been conducted on two
randomized phase III clinical trials carried out in Europe and America, involving a total
of n = 1401 patients aged 18-42, BMI <30 kg/m?, <3 previous ART attempts, and > 3
aspirated oocytes after COH with GnRH-agonist or GnRH-antagonist protocol [21].
The endometrial lining was measured on the day of ET, and patients were divided into
groups as follows: EMT < 8 mm, n = 117 (8.35%), EMT 8-15 mm, n = 1200 (85.65%),
and EMT > 15 mm, n = 84 (6%). The predictive value of EMT was tested for each
millimeter, and it was found that at a threshold >9 mm, the probability of pregnancy
was higher compared to patients with EMT of 3-8 mm (odds ratio (OR) = 1.69, 95% CI:
1.23-2.35, p = 0.001; sensitivity 88.89%, specificity 17.52%, positive predictive value
39.02%, negative predictive value 72.64%). In multivariate regression analysis, after
controlling for attempt, women’s age, and the number of oocytes, EMT was a statisti-
cally significant predictor of live birth (OR = 1.05, 95% CI: 1.00-1.10, P = 0.0351).
If EMT is indeed an independent factor influencing outcomes, these data suggest
that with a baseline birth rate of 20%, an increase of 2 mm in EMT should lead to an
increase in birth rate by ~1.6%. The final conclusion of the authors is that EMT can
be ignored in most patients; only extreme values deserve further diagnostic workup.
It must be made very clear that in most publications concerning EMT and clinical
pregnancies and live births, patients with intrauterine pathology such as endometrial
polyps, submucosal or intramural myomas, intrauterine adhesions, septum, and so
forth are excluded. Some of the mentioned are demonstrated below on Figures 3 and 4.
Further in-depth research is needed on the independent predictive value of the
endometrial lining. Success rates are influenced by many factors that have a complex
impact, such as the woman’ age, number of aspirated oocytes, E2 levels, and embryo
quality. The analysis of results for EMT when comparing pregnant and nonpregnant
groups shows a significantly larger diameter of the uterine lining in pregnant women
(10.6 £ 1.8 vs. 9.9 + 1.8 mm) (p < 0.01) [22]. Interesting data are reported in another
large study by Holden et al. from 2017 [23]. Included in the study were 6331 patients
with their first attempt and fresh ET, with EMT determined on the day of ovulation
timing. The thinnest endometrium observed with pregnancy was 3.7 mm, and the
thickest endometrium was 27 mm, both resulting in live births. The author collective
did not find an association between EMT and the level of spontaneous abortions (RR:
0.99; 95% CI: 0.91-1.07), unlike other teams where reported data indicate a dependence
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Figure 3.
Endometrial polyp.

Figure 4.
Hyperplastic endometrium.

of spontaneous abortion and ectopic pregnancy rates on EMT [24, 25]. Wu et al. make
conclusions based on 2106 ETs and find that spontaneous abortions are more frequent
in women with EMT below 7 mm, while Yuan’s team finds an ectopic pregnancy rate

of 24.5% in women with EMT < 8 mm compared to 13.6% in those with EMT > 8 mm.
As a discussion point, it can be noted that with insufficiently prepared or functioning
endometrium, the risk of obstetric complications increases, so it is important whether
a spontaneous cycle or hormone replacement therapy will be preferred in patients plan-
ning pregnancy/ET after cryopreservation for fertility preservation purposes.

3.2.2 Endometrial pattern (type and echogenicity)

In addition to thickness, the endometrial pattern (echogenicity) is an important char-
acteristic. A triple-line (trilaminar) appearance indicates good estrogenization. After this
pattern is observed (typically at ovulatory E2 peak), the endometrium transitions into the
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Pattern Ultrasound characteristics
A Triple-line central hyperechoic line surrounded by two hypoechoic layers
B An intermediate isoechogenic with the same reflectivity as the surrounding

myometrium and a poorly defined central echogenic line

C Homogenous, hyperechogenic endometrium

Table 2.
Different types of endometrium based on echogenicity [27].

secretory phase, becoming progressively more echogenic. However, comparisons across
studies are complicated by the use of different classification systems. In an earlier study,
Sher et al. divided endometrial types into two echogenic patterns: grade I and grade II
[26]. Zhao and colleagues studied 3319 women and divided the patients according to
the type of endometrium as presented in Table 2. However, the relationship between
echogenicity and successful implantation is complex and not always straightforward.
From the conclusions of the authors, it becomes clear that conditions such as
recurrent early and late abortions, preterm births, and delayed intrauterine fetal
growth may partly be associated with poor endometrial preparation for implantation.
Of course, isolated influence of the endometrium on the development of pregnancy
is difficult to prove, as there is a complex set of factors directly related to successful
outcomes. According to Coelho et al., the percentage of clinical pregnancies with a thin
endometrium under 7 mm is high in women who have retrieved over 7 oocytes or have
over 4 developing embryos [28]. This means that ovarian response is a better prognostic
factor than a thin endometrium, especially in young women freezing eggs for delay-
ing motherhood. According to the same author collective, in women with diminished
ovarian reserve, a thin endometrium is encountered more frequently compared to
endometrium with normal thickness (17/57 (30%) vs. 80/460 (17%), respectively,
P = 0.03). Widely adopted in Bulgaria and used in daily clinical practice is classification
of type of uterine lining, proposed by Shterev At [29]. Postmenstrually, in the early
follicular phase, the uterine lining appears as a line, which we call type “L” In the late
follicular phase, the endometrium has a trilinear structure and resembles a mussel shell,
hence, it is defined as type “M” In the early and intermediate luteal phase, the uterine
lining becomes denser, hyperechoic, and resembles a bag filled with pebbles or sand
— “S”. This lining is classified as type “S1”—with thickening only on the lateral lines,
and “S2”—completely hyperechoic, characteristic of the late luteal phase. Any ultra-
sound examination outside the specified parameters should be marked with “X,” and
additional methods of investigation should be used, as ultrasonography is insufficient
regarding oncodiagnostics. All pathological deviations are visualized most clearly in
the late follicular phase of the cycle, when maximum endometrial thickness is achieved.
Here, it is worth noting an interesting fact about the ultrasound examination of uterine
lining type “M” (mussel shell), demonstrated in the presented images (Figures 5 and 6).
The different echogenicity of tissues is explained by the greater fluid content
within them, suggesting that in the presented cases, the morphological substrate
of the functional layer of the endometrium is differently prepared or hormonally
influenced. Whether certain ultrasound characteristics of the uterine lining are asso-
ciated with greater receptivity will be the subject of future studies. Today, in clinical
practice, upon encountering specific ultrasound findings, diagnostic clarification is
preferred before proceeding with ET. Such cases include diagnosing, for example,
endometrial polyps, hyperplastic growths, or other pathologies (Figures 3 and 4).
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Figures.
Endometrium type “M” with similar echogenicity to the myometrium.

Figure 6.
Endometrium type “M” hypoechoic compared to the myometrium.

3.2.3 Blood supply

Another important indicator in assessing the endometrium during ultrasound
examination is the adequacy of its vascularization, evaluated through various types
of Doppler: color, pulsed, and continuous (Figures 7 and 8). Zhang et al. conduct 3D
ultrasound measurement on the day of hCG, combined with color Doppler examina-
tion (S/D, RI, PI) and 3D PDUS histogram analysis to calculate endometrial volume
and vascularization indices (VI, FI, VFI) [30]. The publication considers seven
indicators: EMT, type (echogenicity) of the endometrium, uterine contractions for
2 minutes, Doppler of the uterine artery, power Doppler of the endometrium (do the
vascular zones reach the basal layer), myometrial power Doppler, and echogenicity.
The 562 examined women are divided into groups based on the mentioned indica-
tors, but no significant difference in pregnancy rates was observed. Despite the
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Figure 7.
Demonstration of vascularization using color Doppler of subendometrial zone.

Figure 8.
Transvaginal color Doppler of a. uterina.

comprehensive assessment, the authors conclude that it cannot identify the popula-
tion of patients with altered endometrial receptivity.

To the planned markers for examination, the indices of ovarian stromal vessels
can also be added, and an investigation of VEGF can be conducted. With the accu-
mulation of sufficient results, the Doppler characteristics of spiral arteries could be
interpreted in relation to the development of complications during pregnancy, such
as preeclampsia, fetal growth retardation, elevated blood pressure, and others. This
would be beneficial for predicting the development and outcome of pregnancy and
represents a step forward in preconception care for patients.

Using all the possibilities of ultrasound equipment, an evaluation can also be made
of the peristaltic waves of the myometrium, which depend on the day of the cycle and
the duration of progesterone substitution. On the Table 3 below, some ultrasound
characteristics of the endometrium that favor implantation are presented, thus mak-
ing an optimal choice for the day of ET.
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Studied parameter Values on transvaginal ultrasound

Endometrial thickness >7 mm

Color Doppler indices of subendometrial Pulsatality Index <1.25

Blood flow in Zone III Refractory Index <0.6

Assessment of myometrial peristaltic waves When more than 4 waves/min - need for prolonged

progesterone exposure

Table 3.
Ultrasound characteristics of the endometrium favoring implantation [31].

The application of additional ultrasound techniques, including Doppler examina-
tion, does not require special qualifications and is performed quickly. Despite the low
prognostic value in certain patients, it could aid in an adequate therapeutic approach
and optimal conditions for achieving pregnancy. Figures 9 and 10 demonstrate vari-
ous Doppler assessments for selecting the appropriate time for ET.

SAGBAL SHTEREV

Figure 9.
Pulsed Doppler.

Figure 10.
Color Doppler.
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3.2.4 Limitations of ultrasound assessment

While ultrasound is a useful tool, it has its limitations. It cannot assess the molecu-
lar and genetic readiness of the endometrium. Receptivity is determined at a cellular
level by the expression of hundreds of genes, which is impossible to visualize with
ultrasound. For this reason, more invasive methods exist, such as endometrial biopsy
and molecular tests (e.g., ERA test), which provide more precise information about
the “implantation window.”

3.3 The role of hysteroscopy as a diagnostic and therapeutic procedure

Through the hysteroscopic method, direct visualization and assessment of the
endometrium, its blood supply, and various pathological processes, including the
size and shape of the uterine cavity, are achieved. Some authors describe a wide range
of 18-50% of recorded uterine pathology in patients before IVF, with or without
recurrent implantation failures, and without prior suspicion of anomalies [32, 33].

A higher incidence of adhesions has been described in patients with a history of
curettage or uterine surgery [34]. Let us emphasize, however, that in cases of fertility
preservation, a high incidence of uterine pathology should not be expected, as this is
not a population with infertility of various etiologies.

The hysteroscopic method serves simultaneously for assessment, diagnostic
examination with biopsy, and treatment, including surgical intervention. Cutting
with scissors is preferred over electrosurgery to avoid thermal effects and endome-
trial damage [35]. Various theories are discussed regarding the favorable influence
of hysteroscopy on the success rate in a subsequent attempt. On one hand, a smooth
ET is guaranteed due to passage through the cervical canal, and on the other hand, a
favorable impact on endometrial receptivity is assumed through mechanical hystero-
scopic manipulation and distension of the cavity.

3.4 Immunological methods

According to Sarani et al. [36], the most pronounced morphological changes in the
endometrium are observed around day 6 after the onset of the LH-peak. Buscher et al.
[37] earlier determined, by examining serum HCG concentration, that implantation
in pregnancies resulting in live birth occurred between day 5.9 and 7.5 after follicular
puncture [36, 37]. From this, we should conclude that optimal planning of the embryo
transfer (ET) day is crucial for patients who have cryopreserved embryos or oocytes.
The maximum receptivity of the uterine lining is characterized by the expression of
various endometrial products, some of which are well-studied. These include integrins,
Interleukin-1 (IL-1), Leukemia Inhibitory Factor (LIF), Colony Stimulating Factor-1
(CSF-1), Transmembrane Mucin (MUC-1), Trophinin, L-selectin, and Wnt family
members [38, 39]. These substances control the processes of adhesion to the endome-
trial epithelium and also participate in the division and differentiation of embryonic
cells. Such substances can therefore be used as biomarkers for endometrial receptivity
[40]. Molecular deviations at the endometrial level and disturbances in the embryo-
endometrial dialog are at the root of cases with recurrent IVF/ICSI failures [41]. The role
of CA-125 as a potential marker for endometrial receptivity in assisted reproduction has
also been studied, but no correlation with treatment outcome has been found [42].

Before the widespread adoption of genetic testing, Acosta et al. [43] dated the implan-
tation window by examining serum concentrations of LH, E2, and P, along with vaginal
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ultrasound and endometrial biopsies [43]. More recently, methods have been introduced
into practice that analyze endometrial fluid, and conclusions about its receptivity are
drawn from its specific profile [44-48]. Leading specialists in this field of innovative
endometrial research and its functional characteristics are from Fundacion Instituto
Valenciano de Infertilidad, Valencia, Spain, under the guidance of Prof. Carlos Simon and
Prof. Antonio Pellicer. The advantage of analyzing endometrial fluid is that the method is
practically noninvasive. For instance, these authors have demonstrated that prostaglan-
dins (PGE2 and PGF2x) determine the implantation window: The target patient group
for such investigations is precisely women with RIF. Other teams have found that various
components of the prostaglandin system, such as cyclooxygenase-2 (COX-2), secretory
phospholipase A2 group: IIA, V, and IB (sPLA2-IIA, sPLA2-V, and sPLA2-IB), glypican-1,
PG-E synthase, PG-E receptors, and lysophosphatidic acid receptor 3 (LPA3), are present
in significantly lower concentrations in 85% of couples with RIF [49].

For both preimplantation and recurrent postimplantation losses, thorough
investigations of T-helper (Th) cells and specifically their subgroups (Th1, Th2, Th17,
and T-regulatory (Treg) cells), as well as Natural Killer (NK) cells, are necessary [50].
Published evidence of immune changes in these cases will identify patient subgroups
most likely to benefit from immunomodulatory therapies for a successful pregnancy.
The regulation of the immune response during pregnancy has been studied for a long
time, and data demonstrate the involvement of steroid hormones P and E through
their influence on apoptosis and the cytokine profile of mDCs (monocyte-derived
dendritic cells) [51].

Additional information regarding the intricate mechanisms of the implantation
process can also be obtained from iz vitro studies on human endometrial cells or
cultures of human trophoblasts and placental tissues. N. Macklon used a human co-
culture model, consisting of decidualized endometrial stromal cells and single hatch-
ing blastocysts, to identify the soluble factors involved in the implantation process
and subsequent embryonic development [52]. This practically means an attempt to
“imitate” the phases of the implantation process and identify the mediators involved
in the dialog between the embryo and the endometrium. Researchers have found
that incorrect decidualization can lead to the implantation of a “suboptimal embryo”,
and the expected result may be a spontaneous pregnancy loss. This sheds new light
on the determining role of the endometrium as one of the possible causes of recur-
rent miscarriages. Research on Apo A-I is also of interest. It has been identified as an
anti-implantation protein secreted by the differentiating endometrium, and higher
expression is found in ectopic secretory endometrium in patients with endometriosis.
Thus, a disruption in Apo A-1 secretion could be an important factor in the pathogen-
esis of endometriosis and crucial for clarifying the mechanisms of RIF [53].

There is growing evidence that endometrial function in the stimulated cycle is
adversely affected by supraphysiological estrogen levels and premature progesterone
secretion, leading to immunological dysregulation of the endometrium and subse-
quent implantation failure [54-56]. Furthermore, “omics” technologies have been
used as a molecular tool to determine the effects of stimulating protocols on endome-
trial gene expression and clinical outcome [57].

3.5 Genetic methods

The expression of numerous human endometrial genes has been investigated
during different phases of the menstrual cycle in fertile and infertile women using
transcriptomic methods. Endometrial biopsies were performed, and based on the
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results processed through bioinformatics, an Endometrial Receptivity Array (ERA)
test was developed, which can be applied in clinical practice [58]. The test evaluates
238 selected genes, and their up- or downregulation determines the optimal period
for implantation with high specificity (Sp = 0.8857) and sensitivity (Se = 0.99758).
The ERA test is a reliable method for determining the precise timing of the Window
of Implantation (WOI) and holds an advantage over histological dating of endome-
trial receptivity [59]. When endometrial receptivity in RIF patients is identified using
the ERA test, and embryo transfers are performed according to the ERA data, a 62.8%
pregnancy rate is achieved. The authors have developed a clinical algorithm that
enables the application of personalized embryo transfer for RIF patients [60].

Recently, data from a study on the Human Gene Expression Endometrial
Receptivity database (HGEx-ERdb), which contains 19,285 genes, have been
reported. It was shown that 179 genes can be identified as Receptivity-Associated
Genes (RAGs), which are useful for determining endometrial receptivity [61]. This
approach offers new perspectives for researchers, but there is still along way to go
before its implementation in clinical practice.

For these research methods, the most relevant group comprises patients with
recurrent failures, because it is precisely in these patients that gene array methods
discover altered gene expression. More than 90% of the genes were downregulated,
and these are involved in regulating three main pathways: the cell cycle, cell-to-cell
contact, and the Wnt pathway. On the other hand, at least two genes, “Slug” and
“DKK1,” were upregulated. The DKK1 gene is known as a potent inhibitor of the Wnt
pathway and is a proapoptotic agent. It is evident that there’s a general dysregulation
of gene expression in the endometrium of RIF patients, but the clinical significance of
all changes in gene expression has not yet been proven [62].

The same research group continues to investigate changes in microRNA profiles in
the endometrium of RIF patients. MicroRNAs are known as posttranscriptional regu-
lators of gene expression involved in a range of physiological and pathological events.
Recently, it has been reported that at least 13 miRNAs are expressed quite specifically
in endometrial samples, with 10 of them being upregulated and 3 miRNAs down-
regulated. Since specifically expressed miRNAs appear to regulate over 3800 genes,
subsequent experiments assessing miRNA levels show that members of cell-adhesive
molecules, the Wnt signaling pathway, and cell cycles are lower in RIF patients [49].

It is clear that microarray techniques are highly sensitive and informative, but the
obtained data are difficult to interpret as clinically significant parameters and crite-
ria. New developments in oncotherapy, as well as the impact of applied therapeutic
regimens on the molecular mechanisms of various ongoing processes in the body,
including implantation, should also be considered.

4. Discussion

More information and recommendations on female fertility preservation for
women with cancer, benign diseases, and also transgender patients and women
undergoing elective freezing will be covered in the ESHRE guideline on female fertil-
ity preservation (www.eshre.eu/FFPguideline) [63]. When preserving fertility for
social reasons, no significant changes in the endometrium are expected, apart from
age-related alterations. In modern reproductive medicine, the “freeze-all” strategy
has entered clinical practice and established itself as a highly successful approach
for achieving pregnancy in general IVF population. Therefore, it can definitively

27


http://www.eshre.eu/FFPguideline

Fertility Preservation — Theory and Practice Experience

be asserted that the achievements and practices leading to pregnancy, considering
endometrial preparation whether natural cycles (NCs) lead to a higher live birth rate
after the first FET cycle compared to hormone replacement therapy (HRT) cycles in
women with a regular ovulatory cycle, can also be translated to the population under-
going fertility preservation treatment [64]. Cases involving hormone-dependent
tumors can be considered more unique. In such instances, treatment is conducted by
a multidisciplinary team. Onco-therapy can have various effects on the endometrium
depending on the type of treatment, dose, duration, and the patient’s individual
reaction. Here are the main ways in which different types of onco-therapy can affect
the endometrium:

* If radiation therapy targets the pelvic area, then we can observe thinning and
drying of the lining due to damage to blood vessels and glands and formation of
connective tissue, which can lead to narrowing of the uterine cavity or adhesions
and reduced elasticity.

* Some chemotherapy drugs can affect ovarian function, leading to reduced
estrogen and progesterone production. This can result in amenorrhea due
to endometrial atrophy or irregular cycle. Although the endometrium is not
a primary target of chemotherapy, some drugs can affect rapidly dividing
cells, including those in the endometrium, which can lead to inflammation or
changes in the lining.

* Hormone therapy is frequently used for hormone-sensitive tumors (e.g.,
Tamoxifen) While Tamoxifen acts as an anti-estrogen in the breast, it can act
as an estrogen in the endometrium. This can lead to endometrial hyperplasia or
unusual vaginal bleeding. GnRH agonists suppress hormone production by the
ovaries, leading to temporary menopause and endometrial atrophy.

It is crucial to always discuss potential side effects with the treating physician, as
individual reactions can vary, and strategies exist to manage or reduce these adverse
reactions.

5. Conclusion

Translating all scientifically validated approaches—originally developed for treat-
ing infertile patients—to the population of women planning pregnancy after fertility
preservation can help achieve optimal rates of clinical pregnancies and live births.
However, over-medicalization should be avoided. Most patients undergoing fertility
preservation are not infertile, and in many cases, we are dealing with healthy individ-
uals seeking to delay childbearing due to personal or medical reasons. The ideal study
model for evaluating endometrial function remains the recurrent implantation failure
(RIF) population, although recent debates have raised concerns that this condition
may be overdiagnosed.
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Chapter 3

The Role of Gynaecological
Pathology in Fertility Preservation:
Theory and Practical Experience

Constantina Claudia Mateoiu

Abstract

A developing field that straddles the boundaries of gynaecological pathology and
reproductive medicine is fertility preservation. Around the world, a large number of
women in their prepubertal, postpubescent, and reproductive years receive a cancer
diagnosis. Depending on the patient’s age and the type of treatment, oncological
treatments might impair future fertility in a variety of ways. International associa-
tions advise that cancer survivors should not be dissuaded from getting pregnant
and that cancer patients should be informed about how cancer treatments affect
their reproductive health. The importance of gynaecological pathology in detecting,
diagnosing, and treating illnesses, therapies like chemotherapy, and other variables
that affect fertility is examined in this chapter. It provides a theoretical synopsis of
the pathophysiological processes at play as well as new technologies to inform therapy
choices. In order to improve the outcomes for patients dealing with reproductive
health issues, the integration of histopathological findings into fertility-sparing
strategies is emphasised, along with the value of multidisciplinary collaboration and
the critical role pathology plays in individualised fertility preservation.

Keywords: reproductive pathology, organoid, tissue engineering, viability
assessment, follicle density, i vitro follicle development, multiplexed immunoassays,
immunohistochemistry, malignant cell contamination, gene expression arrays,
vitrification, slow freezing

1. Introduction

For cancer patients of reproductive age, fertility preservation (FP) consultation
is vital in making decisions because it offers vital information and support [1, 2].
Globally, over 2 million women of reproductive age and nearly 9000 women of
prepubertal age received cancer diagnoses in 2020 [3]. While breast cancer is the
most frequent malignancy among women of childbearing age, lymphoproliferative
disorders have the highest prevalence among prepubertal females [3]. A greater
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rate of survival following cancer has been made possible in recent decades by early
diagnosis and improvements in oncological therapy [4]. Surgery [5, 6], radiotherapy
[7], and pharmaceutical treatments [8-10] are examples of oncological therapies that
can negatively impact the ovarian reserve through a variety of mechanisms, thereby
compromising fertility to varying degrees. In order to guarantee these women a high
quality of life and the chance to conceive, interest in oncofertility has skyrocketed in
the recent decades.

Implementation is still deficient even though guidelines advise having appro-
priate conversations about FP prior to cancer treatment [11]. To increase cancer
patients’ knowledge of and access to FP options, a multidisciplinary strategy
including oncologists and reproductive specialists is necessary [11, 12]. Only 12%
of women remember fertility conversations, indicating that oncologists continue to
refer patients at low rates [13].

Personalised consultations, non-directive methods, precise information, and
resource connections are the main focusses of current interventions [1]. The ability to
ask questions, the timing of consultations, and financial considerations are some of
the factors that affect decision-making [2].

The cryopreservation of embryos or oocytes and the cryopreservation and
reimplantation of ovarian tissue are voluntary FP methods [14]. For patients who
must begin cancer treatment as soon as possible or who are prepubescent, the latter
approach is their only choice. Furthermore, ovariopexy is advised in cases of pelvic
radiation therapy, and fertility-sparing surgery is considered when feasible [15]. The
gonadotropin-releasing hormone agonist (GnRHa) is advised for the preservation
of ovarian function if none of the previously listed elective FP procedures can be
carried out [16].

The most popular option among patients is embryo cryopreservation, which
is followed by ovarian tissue and oocyte cryopreservation [17]. With no discern-
ible variations in live birth rates, clinical pregnancy rates vary from 34.9 to 49.0%
across various preservation techniques [18]. However, compared to embryo
cryopreservation, ovarian tissue cryopreservation led to a much lower number of
miscarriages [18].

Despite these positive results, cancer patients usually generate fewer oocytes than
age-matched controls [17]. As survival rates increase, individualised FP techniques
are becoming increasingly important for maintaining the quality of life for cancer
patients [19].

Although the clinical and laboratory elements of FP are the main emphasis of
reproductive medicine, pathology is essential to guaranteeing the efficacy, safety, and
viability of stored gametes and gonadal tissues.

2. Histopathological assessment of ovarian tissue

The histopathological effects of cryopreservation techniques on ovarian tissue
are quantifiable. Compared to vitrification, slow freezing of the human ovar-
ian cortex often maintains follicle density and form more closely [20]. However,
as compared to fresh tissue, both cryopreservation techniques cause some level
of cellular stress and alter vascular indicators, mitochondrial activity, and gene
expression. Differences in cryoprotectant levels, freezing methods, and specimen
characteristics account for the variations observed in the histopathological results.
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The effects of ovarian tissue cryopreservation on cellular viability and integrity
are not entirely consistent. According to a number of studies, tissue function indica-
tors frequently decrease following thawing, while follicle numbers are generally
unaffected [21].

Following tissue transplantation, different people have different reproductive
outcomes. While some studies show tissue function for up to 10 years and significant
functional recovery (93% endocrine recovery; 58% fertilisation rate), others report
that over 90% of patients have low ovarian reserve or premature ovarian failure.
Severe problems are still uncommon, with reported pregnancy rates ranging from 18
to 71% and live birth rates from 18 to 41% [22].

2.1 Pre-cryopreservation evaluation of ovarian tissue: Examination of follicle
density, stromal integrity, and signs of disease

The viability of post-thaw ovarian tissue and the possibility of fertility restora-
tion are greatly impacted by variations in follicle density and stromal integrity.
Within the ovarian cortex, primordial follicle density varies greatly and declines
with age [23]. The survival of ovarian tissue may be compromised by cryopreser-
vation and thawing, which can increase follicle degeneration, decrease hormone
synthesis, and decrease glucose uptake [21]. Nonetheless, follicle viability, shape,
and developmental potential can be preserved using optimised slow freezing
methods [24].

Following thawing, vitrification has no effect on tissue morphology and fol-
licle density; nevertheless, following culture shows decreased follicle density and
survival [25]. With changes in WNT signalling and hormonal regulatory pathways
indicating areas for protocol modification, transcriptomic analysis reveals the
slight impacts of vitrification on gene expression [25]. These results emphasise how
crucial it is to optimise ovarian tissue preservation for fertility restoration by taking
into account factors including follicle density, stromal integrity, and cryopreserva-
tion methods.

2.2 Post-thaw analysis and viability assessment: Structural integrity of preserved
tissues

Human tissue samples that have been cryopreserved may experience structural
alterations and damage that compromise their integrity when they defrost. Research
has indicated that distinct freezing and thawing procedures yield differing levels
of tissue preservation. Compared to slow freezing, flash freezing and the use of
cryopreservation chemicals result in fewer changes to tissue microstructure [26].
Tissue viability and follicle survival were greatly impacted by the protocol selection,
underscoring the necessity of a methodical assessment of clinically applied protocols
in order to maximise preservation results [27].

Molecular and microscopic methods provide complimentary ways to evaluate
tissue viability during freezing and thawing. Cell viability in cryopreserved venous
grafts may be assessed using fluorescence vital dyes and confocal imaging; both slow
and quick thawing procedures produce initial viability above 70% [28]. Propidium
iodide viability assay (PIVA) was found to be more sensitive than trypan blue exclu-
sion (TBE) for identifying dead cells in primordial germ cells [29].

In ovarian tissue, lactate dehydrogenase (LDH) release quantification efficiently
assessed cytotoxicity, while trypan blue and calcein AM/ethidium homodimer-1
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staining produced results for follicle viability assessment that were comparable
[30]. TUNEL-based DNA fragmentation analysis can help assess tissue quality after
cryopreservation [30].

2.3 Viability markers for successful transplantation or iz vitro maturation

In order to improve fertility treatments, viability markers for successful oocyte
transplantation or in vitro maturation (IVM) are essential. Cumulus cells have been
found to contain a number of putative markers, such as HAS2, INHBA, EGFR, and
GREMI1 [31]. ATP5e and ATP50 may be indicators for oocyte viability following
IVM [32], according to RNA-seq research. Follicles, immunocytochemistry, electron
microscopy, and endocrine tests are some of the techniques used to assess oocyte
growth and survival in culture [33].

Glycolytic activity has been demonstrated to be a valid non-invasive indicator of
embryo viability, with mice showing better implantation rates when glycolytic activ-
ity is low [34]. The selection of viable oocytes and embryos for transplantation or
further development may be greatly enhanced by these indicators, which could also
raise the success rates of reproductive therapies and offer important new information
on the molecular mechanisms governing oocyte competence.

For assisted reproductive technology (ART) to be successful, oocyte quality must
be evaluated and optimised. The validity of conventional morphological assessments
of oocytes and embryos is debatable, despite their widespread use [35]. To forecast
oocyte competency and embryo quality, scientists are looking at new objective cel-
lular and molecular markers. These comprise extrinsic indicators like follicular cell
apoptosis and growth factor levels in follicular fluid, as well as intrinsic variables like
mitochondrial state and glucose-6-phosphate dehydrogenase activity [35, 36].

Recent research has examined the apoptosis, transcriptome features, mitochon-
drial quality, and telomere length of granulosa cells as possible sources of biomark-
ers [37]. Even while non-invasive molecular diagnostic methods have advanced, a
completely accurate and reasonably priced test is still elusive [38]. Nonetheless, gene
expression in cumulus cells exhibits potential as a predictor of the quality of embryos
and the results of pregnancies [38].

Recent studies have investigated viability markers for oocytes and embryos
following cryopreservation and in vitro maturation (IVM). Atp5e and Atp5o were
found to be promising indicators for oocyte viability following IVM [32] by RNA-seq
analysis. According to research, freezing immature oocytes does not produce the same
effects as developing them to the MII stage prior to cryopreservation [39]. Numerous
techniques, such as follicular counts, immunocytochemistry, and fluorescent viability
indicators, have been developed to assess follicle growth and survival in culture [33].

Developmentally competent embryos exhibit decreased metabolic activity [40],
and post-thaw amino acid metabolism can predict the blastocyst development with
87% accuracy. The developmental potential of Grade I embryos can be differentiated
by metabolic profile, indicating that amino acid turnover may be a useful criterion for
choosing cryopreserved embryos for transfer in clinical IVF [40].

The LIVE/DEAD assay has been shown to have a strong predictive value for follicle
developmental potential in cryopreserved ovarian tissue, with >85% viability indicat-
ing retained potential with regard to cryopreserved reproductive cells [41].

Despite having equal morphometric parameters, fresh in vitro maturation
(fIVM) of immature oocytes produced higher maturation rates than vitrified-
IVM (vIVM) [42]. Trypan blue (TB) staining outperformed calcein AM/ethidium
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homodimer-1 (CaAM/EthD-1) for assessing the vitality of isolated human follicles
in both fresh and thawed samples in terms of reliability and inter-observer agree-
ment [43]. These results emphasise how crucial it is to use the right viability tests
for diverse biological products because a number of variables might affect how
effective they are [44].

3. Pathological considerations in cancer patients undergoing FP
3.1 Impact of chemotherapy and radiotherapy on ovarian tissues

Premenopausal women with cancer who get high-dose chemotherapy may experi-
ence detectable injury to their ovaries. A range of ovarian alterations were caused by
combined chemotherapy and radiation therapy, ranging from intact function (59%)
with normal hormone levels and ongoing menstruation to severe failure (41% of
cases) with missing follicles and decreased volume. In the ovarian cortex, high doses
of radiation and chemotherapy can cause a gradual, dose-related loss of primordial
follicles [45].

By restarting menstruation, displaying follicular activity on ultrasonography, and
reaching normalised hormone levels, autotransplantation of cryopreserved ovarian
tissue may restore function. Two embryos are produced after in vitro fertilisation.
Ovarian volume, antral follicle count, follicle-stimulating hormone, oestradiol, and
menstruation are among the markers of ovarian function that are measured.

One study found that 59% of participants had preserved function (normal ovarian
volume, presence of antral follicles, normal follicle-stimulating hormone, normal
oestradiol, and continued menstruation), whereas 41% had diminished ovarian
reserve (low ovarian volume, no antral follicles, and high follicle-stimulating hor-
mone) [45].

In one study, all three autotransplanted women restored ovarian function, with
recovery status being reported [46]. According to a different study, ovarian tissue can
be safely and effectively collected from cancer patients using laparoscopic ovarian
biopsy with a round biopter. The absence of malignant cells in the samples analysed
from ovarian cortical tissue from individuals with Hodgkin’s disease supports the
safety of ovarian tissue cryopreservation in this situation. Nonetheless, each disease
should have its risk of malignant cell transmission assessed [45].

The production of two embryos from the cryopreserved tissue following in vitro fer-
tilisation indicates that autotransplantation of cryopreserved ovarian tissue can restore
ovarian function and that post-transplantation gametogenesis is functional [46].

High-dose chemotherapy is consistently linked to both histological and functional
ovarian damage in premenopausal women with cancer, according to the current data.
A limited number of examples support the possibility of functional recovery with
autotransplantation of cryopreserved tissue.

To guarantee the accurate and repeatable results, quality control and assurance are
essential in FP tissue analysis. The integrity of ovarian samples is preserved through
standardised procedures for tissue handling, processing, and storage. Accurate
diagnosis is ensured by routine validation of molecular assays, imaging systems, and
staining methods. Laboratory variability is reduced through internal and external
quality control systems, such as blinded reviews and proficiency testing. In FP
programmes, consistent QA/QC procedures promote clinical decision-making and
protect patient safety.
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3.2 Detection of malignant cells in ovarian biopsies

Multiplexed immunoassays (including bead-based technologies), immunohisto-
chemistry, recursive descent partition analysis, gene expression arrays, and reverse
transcription polymerase chain reaction are methods for identifying malignant cells
in ovarian biopsies.

The most effective approach for directly identifying malignant cells in ovarian
tissue samples is immunohistochemistry using well-selected marker panels, according
to data from several investigations. When used on ovarian tissue, immunohistochem-
istry provides the best proof for detecting cancerous cells in biopsies. About 99.4%
of tumours were found using a panel of claudin-3, cancer antigen 125, and mucin 1,
and this number rose to 100% when vascular endothelial growth factor was included
[47]. Immunohistochemistry strengthens the usefulness of histotypes for tissue-based
diagnosis by increasing their repeatability [48].

Studies utilising molecular methods, such as reverse transcription polymerase
chain reaction and gene expression arrays, on the other hand, found potential bio-
markers but did not specifically disclose clinical diagnostic performance in biopsies.
Similarly, serum-based multiplex immunoassays [49, 50], which were not directly
validated in tissue biopsies, achieved respectable sensitivity and specificity with
panels that included human epididymis protein 4, C-reactive protein, cancer antigen
125, and epidermal growth factor receptor. However, these results apply to blood
samples rather than ovarian biopsies. Multiplexed immunoassay was reported to have
an 82.3% detection rate. Using reverse transcription polymerase chain reaction and
immunohistochemistry, a number of elevated genes (NOTCH3, E2F3, RACGAP1, and
HN1) have been recognised as putative molecular markers [47].

In all investigations, higher reported diagnostic accuracy was linked to the use of
marker panels as opposed to single markers. About 99.4% of ovarian tumours could
be detected in tissue samples thanks to the methodical selection and validation of
marker combinations (claudin-3, cancer antigen 125, mucin 1, and vascular endothe-
lial growth factor) [47]. In the study sample, detection reached 100% when vascular
endothelial growth factor was added. Serum biomarker combinations (e.g., C-reactive
protein, cancer antigen 125, and epidermal growth factor receptor) performed better
than individual markers [49, 50]. Cancer antigen 125 is still a key biomarker, but when
combined with additional indicators, it significantly improved diagnosis accuracy.
Although useful for finding biomarkers, serum-based research might not be entirely
equivalent to tissue-based diagnostic precision.

In summary, studies have demonstrated that immunohistochemistry, especially
when combined with specialised marker panels, is the most successful diagnostic
method for detecting malignant cells in ovarian biopsies.

3.3 Ensuring the safety of preserved tissue use in cancer survivors

The degree of malignant cell contamination in cryopreserved ovarian tissue varies
according to the cancer type and the method of detection. When it comes to tissue
preservation, some safety factors need to be taken into account. Preoperative imag-
ing in pre-preservation screening can stop tissue with obvious disease from being
collected and stored, as shown in the included research on haematological malignan-
cies. Sensitive molecular testing, including RT-PCR for illness-specific markers,
was essential for post-preservation testing in the included investigations in order to
identify minimum residual disease before reimplantation. Due to the possibility of
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reintroducing cancer, the included studies advise against autotransplantation when
it comes to reimplantation regimens for leukaemia and other high-risk malignancies.
Autotransplantation may be an option for low-risk tumours (such lymphoma and
low-stage breast cancer), but only after extensive testing and screening.

Molecular tests (e.g., RT-PCR) and xenotransplantation can identify malignant
cells in as many as 50% of samples in leukaemia (acute lymphoblastic and chronic
myeloid) and Ewing sarcoma; for instance, one study revealed that 2 out of 6 cases
of chronic myeloid leukaemia and 7 out of 10 cases of acute lymphoblastic leukaemia
were positive. On the other hand, specimens of lymphoma and low-stage breast
cancer tissue produce negative histology and immunohistochemistry results. Sensitive
molecular screening and preoperative imaging were demonstrated to help rule out
overt disease, and one haematologic investigation found a 1.7% positive rate by real-
time RT-PCR [51].

A risk-stratified approach describes how tissue preservation techniques affect
recontamination risk in a way that corresponds with the cancer type and the sensitiv-
ity of post-preservation testing methods: low risk with lymphoma and low-stage
breast cancer, where the results support consideration of autotransplantation when
thorough screening protocols are followed [52, 53]; uncertain/variable risk with
colorectal, gastric, endometrial, and cervical cancers [52]; and high risk with leukae-
mia and Ewing sarcoma, in which autotransplantation is contraindicated [51].

For leukaemia, lymphoma, and breast cancer, the quality of the evidence is
regarded as moderate. For Ewing sarcoma, the evidence quality is categorised as low.
The evidence regarding other solid tumours is typically weak or requires a case-by-
case assessment.

Histology, immunohistochemistry, molecular techniques (PCR or RT-PCR),
xenografting, and preoperative imaging are employed as the detection methods.

Histology alone was unable to identify malignant contamination in a number of
the included trials when molecular techniques yielded positive results, suggesting
poor sensitivity [51]. Histology and immunohistochemistry did not find any contami-
nation in breast cancer, although there is still some doubt because molecular testing
was not done [53].

When histology was negative, malignant cells were found using quantitative
reverse transcription polymerase chain reaction (RT-PCR) and real-time RT-PCR,
especially in leukaemia and chronic myeloid leukaemia. In the included trials, PCR-
based techniques that targeted illness-specific markers (such T-cell receptor/immu-
noglobulin clones and BCR-ABL) were crucial for the sensitive detection of minimal
residual disease [51].

The vitality and carcinogenic potential of malignant cells in ovarian tissue from
leukaemia patients were verified by xenografting to immunocompromised mice.
Although xenotransplantation is not commonly utilised in clinical practice, the
included systematic review demonstrates its value as a confirmatory technique [52].

In summary, histology alone is not a suitable detection approach. For a thorough
safety evaluation, particularly in high-risk populations, molecular and functional
tests (such RT-PCR and xenotransplantation) are required.

Regarding ovarian tissue contamination, it should be noted that molecular tech-
niques [51, 52, 54] were used to detect it, but histology and immunohistochemistry
were not used in any investigation. There has been no description of contamination
found in cases of lymphoma or breast cancer.

Autotransplantation in leukaemia survivors was not advised due to contamina-
tion found in leukaemia or Ewing sarcoma [52]. Preoperative imaging and sensitive
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molecular diagnostics before transplantation are preferable [54]. Autotransplantation
is safe in this group, as there was no evidence of contamination in low-stage breast
cancer; nonetheless, additional research is necessary [53].

Since recontamination risks differ depending on the type of cancer and need to be
confirmed using suitable detection tools, tissue preservation procedures necessitate
cancer-specific treatments.

To reduce the risk of cancer recurrence after ovarian tissue autotransplanta-
tion, a multimodal approach to safety is required, including preoperative imaging,
molecular testing, and, when practical, functional assays. Small sample sizes, a lack of
standardised procedures, and insufficient reporting of participant and preservation
characteristics constrain the strength of the evidence basis in the included studies.

Coordination of patient care, particularly when it comes to cancer patients’

FP, depends on efficient ways to communicate between pathologists, reproductive
endocrinologists, and oncologists. Oncologists use the comprehensive diagnostic and
prognostic data that pathologists provide regarding tumours to decide on treatment
plans. Effective communication between pathologists, reproductive endocrinologists,
and oncologists is essential for patient care coordination, especially when it comes to
preserving fertility in cancer patients. Pathologists give oncologists detailed diagnos-
tic and prognostic information about tumours, which oncologists utilise to determine
therapy strategies.

4. Emerging technologies in reproductive pathology
4.1 Use of modern diagnostic techniques to identify viable follicles

The main outcome measures evaluated in reproductive pathology are typically
follicle vitality, follicle count, and follicle presence or identification. AMH expression
in follicles, serum AMH levels, and metastatic detection were further results.

Serum Anti-Miillerian Hormone (AMH) measurement, glucose uptake, neutral
red staining, Haematoxylin and Eosin (H&E) histology, immunohistochemistry,
Full-Field Optical Coherence Tomography (FF-OCT) imaging, ultrasound, semi-
automated image analysis, Proliferating Cell Nuclear Antigen (PCNA) immunohis-
tochemistry, LIVE/DEAD fluorescence assay, and xenotransplantation in Severe
Combined Immunodeficiency (SCID) mice were among the detection techniques.
The main resource needs for each approach vary. Since each approach depends on dif-
ferent resources, it is difficult to compare them directly or use them interchangeably.

The reference standard is haematoxylin and eosin (H&E) histology, which has
been found to have intermediate accuracy and observer variability. Biopsy/histopa-
thology and comparison with other techniques are used for validation [55]. It requires
a typical histology lab and takes a moderately lengthy time to process.

The use of PCNA immunohistochemistry, which reports better accuracy and
consistency than H&E and less observer variability with automation, is employed.

In contrast to hand counts, semi-automated image analysis is used for validation
[55]. Microscopy or image analysis software, immunostaining reagents, and training
(semi-automated PCNA analysis) are required, and the processing time is moderate.

The use of blood AMH and anti-Miillerian hormone (AMH) immunostaining
demonstrates a moderate predictive value (66.7% for positive and 60% for nega-
tive) as well as an association with the presence of follicles. Histology is used for
validation, but it proved insufficient as a stand-alone marker [56]. Enzyme-Linked
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Immunosorbent Assay (ELISA) kits and immunostaining reagents are needed, and
processing time is brief.

The use of the LIVE/DEAD fluorescent assay has been shown to have higher sen-
sitivity than histology post-xenotransplant and high viability detection (87.1 + 3.5%).
Comparison with histology following xenotransplantation [41] served as validation.
It requires dyes and fluorescence microscopy and has a quick processing time.

High-resolution, quick, and noninvasive Full-Field Optical Coherence
Tomography (FF-OCT) imaging is utilised to detect metastases and follicles with-
out sacrificing viability. Validation is done by comparing viability assays and H&E
histopathology [57]. It takes only a few minutes to process, although sterile conditions
and an FF-OCT instrument are needed.

In AMH, LIVE/DEAD, quantitative accuracy (also known as percentage viability
or Positive Predictive Value/Negative Predictive Value) is typically reported. For H&E
and PCNA immunohistochemistry, observer variability is frequently studied, and for
PCNA immunohistochemistry and semi-automated image analysis, automation or
semi-automation is explored. Every technique, with the exception of H&E, is verified
by comparison with histology or other accepted techniques.

Every technique has some technical limitations; none are completely free of them. A
few of these restrictions are especially significant and deserve further investigation. The
main technical difficulties with the methods are highlighted by the following points:

* Haematoxylin and eosin (H&E) histology and Proliferating Cell Nuclear Antigen
(PCNA) immunohistochemistry observer variability.

* Haematoxylin and eosin (H&E) histology involves a laborious procedure and
destructive analysis.

* The need for antibodies for immunohistochemistry of the Proliferating Cell
Nuclear Antigen (PCNA).

* Digital infrastructure and configuration are necessary for semi-automated
PCNA analysis.

* Moderate predictive value for Anti-Miillerian Hormone (AMH) immunostain-
ing/serum (not enough on its own).

* The LIVE/DEAD fluorescence assay’s viability and specialised equipment
requirements were overestimated.

* The imaging technique known as Full-Field Optical Coherence Tomography
(FF-OCT) is expensive and scarce, and requires technical mastery.

The definition of viability varies from study to study. Viability necessitated
an intact oocyte and more than 50% of granulosa cells to be alive [41]; a LIVE/
DEAD assay result of >85% indicated retained embryonic potential. After Full-
Field Optical Coherence Tomography (FF-OCT) imaging, there was no discernible
decrease in viability as measured by glucose uptake and neutral red staining [57].
Anti-Miillerian Hormone (AMH) levels and follicle presence serve as stand-ins for
viability [56]. Instead of emphasising direct viability, another study concentrated
on follicle count [55].
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When identifying viable ovarian follicles, immunohistochemistry and molecular
diagnostics produce results that are different from those obtained using conventional
haematoxylin and eosin (H&E) histology. Research using H&E as a reference [41, 56,
57] reported delayed processing and the modest accuracy with significant observer
variability. On the other hand, compared to manual H&E counts, one study found
that proliferating cell nuclear antigen (PCNA) immunohistochemistry [55] increased
accuracy and decreased observer bias, particularly when combined with semi-auto-
mated image processing. Follicle presence was reported to have a positive predictive
value of 66.7% and a negative predictive value of 60% in one study that used anti-
Miillerian hormone (AMH) immunostaining [56]. Another investigation that used a
LIVE/DEAD fluorescence assay found that the viability rate was 87.1 + 3.5%, which
was higher than the conventional histological evaluation after xenotransplantation
[41]. A proof-of-concept research using Full-Field Optical Coherence Tomography
(FF-OCT) imaging showed that follicles could be found quickly and noninvasively
without sacrificing tissue viability [57].

This section concludes with an integrative analysis that synthesises the main
conclusions to offer a thorough comprehension of the findings:

* When detecting viable ovarian follicles, immunohistochemistry (Proliferating
Cell Nuclear Antigen, Anti-Miillerian Hormone) and molecular diagnostics
(LIVE/DEAD, Anti-Miillerian Hormone) offer more accuracy and/or consis-
tency than conventional histology techniques.

* Semi-automated image processing further improved reproducibility and
decreased observer bias.

* Full-Field Optical Coherence Tomography (FF-OCT) is a noninvasive imaging
technique that allows for quick evaluation while maintaining tissue viability.

* Small sample sizes, inconsistent viability criteria, and a lack of standardised
sensitivity/specificity reporting typically limit the methodology description.

* The generalisability of these findings is limited by the use of animal models, the
emphasis on particular clinical populations (such as cancer or premature ovarian
failure), and the lack of long-term functional outcome data.

* Although there was a tendency towards noninvasive, automated, and objective
approaches, each approach had at least one technical drawback.

In respect to accurately determining viable ovarian follicles, modern diagnostic
methods such as PCNA immunohistochemistry and LIVE/DEAD fluorescence
perform better than conventional H&E histology while lowering processing time and
observer bias.

4.2 Organoid and tissue engineering approaches for iz vitro follicle development

Because organoid-based follicle formation procedures imitate the ovarian milieu
and lower the danger of malignant cell reintroduction, they may provide a solu-
tion to cancer patients’ FP issues. Female cancer patients at high risk of infertility
from gonadotoxic treatments are the main target population in all of the research,
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especially those for whom standard ovarian tissue transplantation is contraindicated
because of the possibility of malignant cell reintroduction. Based on preclinical and
review-level data, the findings of studies describing enhanced iz vitro follicle forma-
tion methods based on organoids for cancer patients’ reproductive preservation are
encouraging.

According to the studies, the technical methods discussed—which range from
organoids and three-dimensional scaffolds to organ-on-a-chip and microfluidic
systems—offer benefits in simulating the ovarian milieu and lowering the danger of
reintroducing malignant cells.

The rapid evolution of in vitro follicle development systems has been demon-
strated by current organoid-based technologies. These include three-dimensional
scaffolds, decellularized ovarian tissue, and organoid technology that mimics the
ovarian microenvironment to support follicle growth and maturation [58, 59].
Additionally, stem cell-derived neo-folliculogenesis and artificial ovary construc-
tion are novel approaches, as are organ-on-a-chip and microfluidic platforms,
which offer dynamic, biomimetic settings that closely mimic iz vivo ovarian
physiology [59, 60].

Oocyte quality improved simultaneously with 62% follicle growth complete and
8-20% of oocytes reaching metaphase II, according to a study that describes three-
dimensional scaffold and pluripotent stem cell induction techniques [58]. Although
two-dimensional systems have technical issues with oocyte maturation, another study
showed that organ-on-a-chip systems allow metaphase II spindle development and
produce up to 90% follicle survival [59]. According to their preclinical models, both
research report encouraging preclinical results, including high follicle survival rates
(up to 90% in some systems) and indications of oocyte maturation (metaphase II
spindle formation). They point out that oocytes’ functional competence (such as their
capacity for fertilisation) is still being determined and that maturation rates are still
below ideal.

Another study presents stem cell-derived neo-folliculogenesis and artificial ovary
structures as novel approaches. The use of three-dimensional scaffolds, decellularized
ovarian tissue, and organoid technology to mimic the ovarian microenvironment
and support follicle growth and maturation has also been described as a technical
approach, as have neo-folliculogenesis [60], artificial ovary (including artificial
matrix) approaches, and multistage iz vitro culture [58]. Other approaches include
hydrogel encapsulation, extracellular matrix biomaterials [59], and biomimetic
models.

According to the included research, the main worry with traditional ovarian tissue
transplantation is the danger of reintroducing malignant cells, which makes in vitro
and organoid-based treatments especially appealing for cancer patients.

The following should be included in the list of benefits of organoid-based technol-
ogies: the capacity to replicate biomimetic physiological circumstances or the natural
ovarian microenvironment; enhancement of oocyte maturation, folliculogenesis, and
overall follicular viability; potential use in clinical settings for regenerative medicine
or functional tissue reconstruction; lower risk of malignant cell reintroduction in
comparison with autologous ovarian tissue transplantation; utilisation of extracellular
matrix (ECM)-based biomaterials and customizable scaffolds to support three-
dimensional tissue architecture.

Though they currently have a number of drawbacks, organoid-based technolo-
gies present encouraging opportunities for reproductive tissue engineering. These
include issues with safety, viability, and scalability; low rates of oocyte maturation
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and competence; and technical difficulties that call for additional Optimisation.
Furthermore, the area is still in its infancy, with little quantitative evidence and
unproven therapeutic effectiveness.

Various methods for preserving and restoring fertility are chosen according to the
clinical circumstances of each patient. Organoid-based approaches, iz vitro follicle
growth (IVG), artificial ovaries, and organ-on-a-chip systems are preferred for can-
cer patients, especially those who are at high risk of metastatic disease, because they
may reduce the risk of reintroducing malignant cells. Nevertheless, these techniques
still have technical limitations, and their effectiveness is still unknown. Although
these technologies need more development and confirmation, stem cell-derived
follicles and in vitro folliculogenesis are seen as promising substitutes in prepubertal
females because they do not require tissue transplantation. Both traditional and
cutting-edge in vitro culture technologies are appropriate for people with general,
non-oncological infertility; they provide a lower risk profile, more options, and the
possibility of improved oocyte yield and quality.

Research indicates that by achieving 62% follicle growth completeness and
reducing the risk of cancer cell reintroduction, organoid-based follicle development
methods can help cancer patients maintain their fertility [60]. Combining organoid-
based techniques may help high-risk cancer patients maintain their fertility while also
drawing attention to technical problems that must be fixed prior to clinical applica-
tion, including safety concerns, insufficient oocyte maturation, and technological
complexity. Oncofertility programmes could include these tactics, particularly for
cancer patients who are unable to undergo standard procedures.

By guaranteeing tissue authenticity, quality, and reproducibility, pathologists play
a crucial role in the development, characterisation, and validation of organoids for
FP. Using their knowledge of tissue architecture and histology, they contribute to the
development of uniform standards for organoid morphology, viability, and matura-
tion. Additionally, pathologists use molecular characterisation and immunohisto-
chemistry to verify that organoids accurately mimic natural reproductive tissues.

They help establish standards for safety, functionality, and the lack of cancerous
contamination during validation. All things considered, their participation guaran-
tees that organoid models are practically and scientifically reliable for use in future
fertility applications.

5. Conclusions

To achieve more accurate prediction of reproductive potential, future pathological
research in fertility preservation must prioritise robust and reproducible assessment
of tissue viability. Advances in molecular profiling, single-cell technologies, and
high-resolution imaging offer unprecedented opportunities to elucidate follicular
dynamics and germ cell integrity at an individual-cell level. Moreover, the establish-
ment of standardised, validated biomarkers and harmonised imaging protocols will
be essential to improve the accuracy, comparability, and clinical reliability of fertility
preservation outcomes across centres, ultimately facilitating broader clinical imple-
mentation and personalised patient management.
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Chapter 4

Expanding the Role of

BNIP3 in Autophagy:
Hypoxia-Induced Primordial
Follicle Loss and Perspectives for
Ischemia-Reperfusion Injury in
Ovarian Tissue Transplantation

Feng-xia Liu, Zhong Lin and Ka-li Huang

Abstract

Ovarian tissue transplantation (OTT) has become an increasingly important
fertility preservation strategy for young women facing gonadotoxic treatments,
particularly cancer therapies. Despite its capacity to restore both fertility and
endocrine function, OTT outcomes are hindered by the substantial loss of primordial
follicles due to ischemic injury after transplantation. This manuscript explores the
underlying molecular mechanisms driving follicle depletion, with a specific focus
on the role of BNIP3-mediated autophagy and mitophagy. Primordial follicles,
established prenatally, are acutely vulnerable to metabolic stress, hypoxia, and
subsequent ischemia-reperfusion events that disrupt mitochondrial function and
cellular homeostasis in ovarian grafts. BNIP3, a hypoxia-responsive protein, emerges
as a central regulator linking hypoxic stress to mitochondrial dynamics, autopha-
gic pathways, and granulosa cell fate in the post-transplant microenvironment.
Experimental evidence from in vivo and cellular models highlights the dual role of
BNIP3-driven autophagy: initially promoting cell survival under moderate stress, but
contributing to excessive follicle loss when overactivated. Pharmacological inhibi-
tion of autophagy reveals potential for mitigating follicle attrition, yet important
mechanistic questions remain regarding the switch from cell survival to cell death
pathways. Understanding the spatiotemporal dynamics and signaling cascades of
BNIP3, autophagy, and mitophagy under ischemic conditions may open new avenues
for targeted interventions, ultimately improving ovarian reserve preservation and
clinical outcomes following OT'T.

Keywords: ovarian tissue transplantation, fertility preservation, primordial follicle
loss, BNIP3, autophagy, mitophagy, ischemia injury, granulosa cells
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1. Introduction

Fertility preservation (FP) is becoming an increasingly important consideration
for women whose reproductive capacity has been prematurely compromised due to
disease or gonadotoxic therapies. It offers these women renewed opportunities to
conceive, carrying significant societal implications. In recent years, the burden of
cancer in young women has grown markedly [1, 2]. According to global cancer statis-
tics, the overall incidence rate of cancer among women reached 186.2 per 100,000 in
2022, with approximately 9.658 million new cases reported [3]. In 2020 alone, nearly
900,000 women aged 0-39 were newly diagnosed with cancer worldwide [4]. These
epidemiological trends and rising cancer survival rates among young females under-
score the growing demand for FP strategies.

Ovarian tissue transplantation (OTT) has emerged as a distinctive FP strategy.
From 2018 to 2020, the American Society of Clinical Oncology and the European
Society of Human Reproduction and Embryology issued clinical guidelines endorsing
OTT as an effective FP method suitable for clinical use [5, 6]. The OTT procedure
involves the surgical retrieval of ovarian tissue, preparation of ovarian cortical strips
for cryopreservation, and subsequent transplantation of the tissue after appropriate
thawing. Compared with other FP techniques, OTT offers several unique advantages
[7]: (1) it preserves both fertility and ovarian endocrine function; (2) it eliminates
the need for ovarian stimulation prior to transplantation, thus making it suitable for
prepubertal girls and women who require urgent cancer treatment; (3) it enables the
transplantation of a large quantity of primordial follicles in a single procedure; and
(4) it permits repeated transplantations, which can further increase the cumulative
pregnancy rate. OT'T has demonstrated substantial effectiveness, with more than
200 reported live births globally—pregnancy rates exceeding 41% and live birth rates
ranging from 21.6% to 30% [8]. Moreover, restoration of endocrine function has been
achieved in nearly all transplanted patients [9].

Despite these positive developments, several limitations persist. The most promi-
nent concern is the significant loss of primordial follicles observed shortly after
transplantation. Alongside this predominant challenge, OTT technology faces other
important obstacles in practical applications [7, 10, 11]. For instance, the process of
ovarian tissue cryopreservation necessitates precise regulation of freezing and thaw-
ing rates to prevent ice crystal-induced cellular damage. In cancer survivors, there is
the added concern that transplanted ovarian tissue may contain residual microscopic
tumors or premalignant cells, posing a potential risk of disease recurrence—a critical
safety issue in current OTT practice. Additionally, the translation of foundational
research into clinical protocols remains challenging. Although OTT has benefited
tremendously from animal models, interspecies physiological differences—such as in
hormonal environments, signaling pathways, and growth factor profiles—may limit
the direct applicability of preclinical results to humans.

Primordial follicles, established prenatally, constitute the foundation of the ovar-
ian reserve and are subject to continuous, irreversible depletion throughout a woman’s
life. The unpredictability and severity of this initial follicular loss compromise the
long-term efficacy of OTT. Several procedural steps—including tissue excision,
processing, cryopreservation, thawing, and autologous transplantation—can contrib-
ute to follicular loss. Nonetheless, it is estimated that 75-80% of primordial follicle
depletion occurs predominantly during the early period following OTT. Gavish et al.
reported that ovarian grafts harvested on day 3 post-transplantation—across mul-
tiple species including marmosets, cattle, and humans—suffered an 83-92% loss of
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primordial follicles, with little further decline thereafter [12]. Unlike transplantation
of other organs, OTT does not require vascular anastomosis. Instead, post-transplant
blood perfusion depends on the formation of new vascular networks. Consequently,
before revascularization is established, ovarian tissue endures extensive and severe
ischemic injury. Current understanding suggests that ischemia following OTT
activates various downstream mechanisms leading to excessive primordial follicle loss
[13]. However, the precise pathways by which ischemic events translate into follicular
depletion remain incompletely understood. Notably, attempts to ameliorate follicle
loss by simply shortening the ischemic duration or improving the ischemic microen-
vironment—such as through the enhancement of angiogenic factors or application of
bioengineering strategies—have thus far proven insufficient [14-17]. These findings
indicate that strategies focused solely on vascular and microenvironmental factors

do not fully resolve the issue of follicle loss; instead, it is likely that ischemic stress
triggers metabolic dysregulation and the activation of cell death pathways, centrally
contributing to the depletion of the primordial follicle pool.

2. Mechanisms of primordial follicle loss after OTT

Compared to the transplantation of other solid organs such as the liver, kidney,
or heart, OTT uniquely does not typically require vascular anastomosis, owing to the
distinct physiological characteristics of ovarian tissue. The ovary, as an organ inherently
adapted to hypoxic conditions, can withstand a certain degree of reduced oxygen supply;
indeed, moderate hypoxia may even facilitate follicular growth and development [18]. As
aresult, transplanted ovarian tissue is capable of surviving for a limited period without
immediate vascular reconnection, with its initial blood supply relying primarily on diffu-
sion from the surrounding host tissue until neovascularization is established [13].

In the early phase following transplantation, before the formation of new blood
vessels, the ovarian graft exists in an avascular state and depends on the diffusion
of oxygen and nutrients from adjacent tissues. During this period, the graft experi-
ences pronounced ischemia and hypoxia. As vascularization progresses, the tissue
transitions into an ischemia-reperfusion phase, wherein restoration of blood flow
and oxygen supply paradoxically leads to the generation of large amounts of reactive
oxygen species (ROS) and heightened inflammatory responses. These pathophysi-
ological changes trigger oxidative stress, tissue injury, and activate multiple cell death
pathways within the graft [14]. Granulosa cells play a pivotal role in this context.
As the somatic cells enveloping the oocyte, granulosa cells maintain intercellular
communication through gap junctions, regulate the oocyte’s energy metabolism and
development, and influence critical processes such as follicular atresia [19]. Owing
to their higher metabolic activity compared to oocytes, granulosa cells are extremely
sensitive to alterations in the graft microenvironment. Consequently, they are rapidly
affected by ischemic insults, rendering them particularly susceptible during the early
hypoxic and subsequent reperfusion stages. This hypersensitivity likely contributes
significantly to the massive depletion of primordial follicles seen after OT'T, as the
compromised granulosa cell environment can no longer support follicular survival.

Ischemic injury during OTT occurs primarily in two critical periods: the initial
ischemic-hypoxic phase and the subsequent ischemia-reperfusion phase [20].
Dynamic monitoring studies have shown that in both human and mouse ovarian
grafts, organized vascular networks begin to form around the primordial follicles and
the ovarian periphery between 3 and 5 days post-transplantation, marking the shift
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from profound hypoxia to the onset of reperfusion [21, 22]. The timeline of revascu-
larization varies by species, occurring as early as day 3 in mice, by day 7 in rats, and
generally requiring about 5 days in humans [23].

As previously discussed, this interval also corresponds to the period of greatest
primordial follicle loss. Integrating histopathological observations and mechanistic
insights, it can be concluded that ischemic-hypoxic injury and the ensuing reperfu-
sion damage constitute the key factors driving the extensive loss of primordial
follicles during OTT.

3. Metabolic stress, mitochondrial dynamics, and autophagy in OTT

Within ovarian grafts following OTT, hypoxia and reperfusion coexist, fashioning
a complex microenvironment fraught with metabolic challenge. Following ischemic-
hypoxic insult, mitochondrial dysfunction results in a significant reduction in ATP
production, triggering a metabolic switch to anaerobic glycolysis. This switch leads
to lactate accumulation and a decline in intracellular pH, creating an acidic environ-
ment that promotes the buildup of potentially harmful metabolic intermediates like
succinate [24]. In response, cells activate adaptive mechanisms, such as increased
mitochondrial fusion and fission or induced autophagy to clear damaged organelles.
During the subsequent ischemia-reperfusion phase, restoration of oxygen and blood
flow induces the rapid oxidation of previously accumulated succinate, generating
abundant ROS that damage DNA, proteins, and membrane lipids, ultimately leading
to mitochondrial dysfunction characterized by compromised membrane potential,
impaired fusion and fission, and defective mitophagy [25]. Mitochondria thus serve
as both arbiters of energy and principal sources of ROS, occupying a pivotal role in
shaping cell fate under ischemic and reperfusion stress.

The canonical autophagy pathway includes four key steps: autophagosome forma-
tion and elongation, lysosome fusion, substrate recognition, and cargo degradation, all
orchestrated by autophagy-related genes (ATGs) [26, 27]. Beyond the ATG machinery,
autophagy is also modulated by several key signaling pathways, notably the AMPK/
mTOR and PI3K/AKT axes, which sense and respond to cellular energy status and vari-
ous stressors. In hypoxic conditions, hypoxia-inducible factor 1a (HIF-1a) emerges as
a central regulator, orchestrating the transcription of ATGs and activating mitophagy
mediators such as BNIP3 and NIX, thus facilitating the selective clearance of dysfunc-
tional mitochondria [28]. Mitophagy, a selective autophagy subtype, removes damaged
mitochondria to maintain energy balance and cell survival. Through mitochondrial
fusion and fission, mitophagy ensures quality control [29]. Under ischemia-hypoxia
or ischemia-reperfusion, mitochondria become vulnerable, triggering membrane
depolarization and mitophagy pathways, initiated via two main routes [30, 31]: (1) The
ubiquitin-dependent pathway: PINK1 accumulation on damaged mitochondria acti-
vates Parkin, which ubiquitinates mitochondrial surface proteins. These proteins inter-
act with LC3 and autophagy receptors like p62, promoting mitophagosome formation.
(2) The ubiquitin-independent pathway: Receptors such as BNIP3, NIX, and FUNDC1
directly bind LC3 and recruit p62 to form mitophagosomes. These pathways enable
autophagy receptors to encapsulate damaged mitochondria into mitophagosomes for
lysosomal degradation, preserving mitochondrial integrity and cellular health [32].

In these contexts, autophagy—including mitophagy—acts as a double-edged
sword. Moderate hypoxia-induced autophagy may assist cell adaptation by facilitating
angiogenesis and clearing injured organelles, thereby reducing follicular loss after
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transplantation. Conversely, prolonged or severe hypoxia disrupts mitochondrial
membrane potential and triggers endoplasmic reticulum stress, instigating a cascade
of cell death signals, including autophagic cell death, apoptosis, necrosis, pyroptosis,
and others [24, 25, 33-36].

Autophagy plays a key role in follicular development and atresia [37-39]. Genetic
mutations in ATGs, such as ATG7, ATG9, and BECNI, reduce the primordial follicle
pool and ovarian reserve [40, 41]. For instance, autophagy stimulation in neonatal mice
increases primordial follicle numbers, while excessive autophagy, such as due to LSD1
loss, leads to oocyte death. Granulosa cells are particularly sensitive to excessive autoph-
agy, which is strongly linked to follicular atresia [42-44]. Indeed, hypoxia-induced
autophagy has been implicated in the elimination of germ cells from mammalian
ovaries, and excessive autophagy—especially mitophagy—is strongly associated with
follicular atresia [45, 46]. BNIP3, a member of the BCL-2 family, is a critical modulator
in this context, promoting mitophagy under hypoxia by dissociating BCL-2 from Beclin
1, initiating autophagosome formation and the selective degradation of dysfunctional
mitochondria [47]. While this process reduces ROS accumulation, its excessive activa-
tion can exhaust mitochondrial reserves, ultimately leading to ovarian cell death.

Notably, abnormal autophagy or mitophagy dynamics have been documented
during ischemia-reperfusion following transplantation in various organs, including
the liver, kidney, and lung [29, 48-50]. Recent findings link autophagy dynamics to
follicular fate during OTT. Increased autophagic flux is observed in granulosa cells of
growing follicles shortly after OTT [51]. Our research also showed rising autophagy
in primordial follicle granulosa cells during the first 3 days post-transplant, with
autophagy inhibition by 3-methyladenine (3-MA) reducing follicle loss. In a hypoxia
model with human granulosa cells, short-term autophagy supported survival, but
prolonged autophagy led to dysfunction and death, highlighting the role of BNIP3-
mediated mitophagy in granulosa cell survival [52].

Collectively, these observations suggest that autophagy and mitophagy play a dual
significant role in ischemia-related excessive primordial follicle loss following OTT,
depending on the degree of mitochondrial damage, stress duration, and the balance
between mitophagy and mitochondrial biogenesis. Understanding these molecular
dynamics offers new perspectives and potential foundations for targeted interven-
tions to better preserve primordial follicles after transplantation.

4. BNIP3: Structure, regulation, and functional role

BNIP3 (Bcl-2/adenovirus E1B 19 kDa interacting protein 3) is a 194-amino acid
protein that belongs to the BH3-only subfamily of the Bcl-2 family. It is characterized
by its multifunctional capabilities and can exist as either monomers or homodimers,
with its function being highly context-dependent [53]. The N-terminal LIR facili-
tates direct interaction with LC3, playing a critical role in initiating autophagy and
mitophagy by promoting the clearance of damaged mitochondria and cellular organ-
elles [54]. Additionally, the PEST sequences serve as degradation signals, modulating
BNIP3’s stability and activity through proteasomal degradation [55].

Under hypoxic conditions, BNIP3 expression is significantly upregulated, pri-
marily due to the binding of HIF1A to hypoxia-responsive elements (HREs) in its
promoter [56, 57]. The atypical BH3 domain enables BNIP3 to interact with Beclin-1
and Bcl-2, thereby regulating both autophagy and apoptosis [58]. The C-terminal
transmembrane domain is crucial for mediating cell death, determining subcellular
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localization, and facilitating homodimerization [47]. When localized to the outer
mitochondrial membrane, BNIP3 retains its pro-apoptotic capabilities even in the
absence of dimerization [59]. The TM domain anchors BNIP3 to the outer mitochon-
drial membrane, regulating mitochondrial dynamics and permeability, which leads to
cytochrome c release and mitochondrial dysfunction. This anchoring enables BNIP3
to shift to actively triggering mitophagy through its LIR domain, facilitating the selec-
tive clearance of damaged mitochondria for quality control and cellular homeostasis
[32, 60-62]. Overall, BNIP3 plays a complex and versatile role in apoptosis, autoph-
agy, and mitophagy, with its regulatory functions being significantly influenced by
the cellular environment and various stress signals (shown in Figure 1).

BNIP3 is essential for cellular health and stress adaptation, notably also linking
it to both folliculogenesis and follicular atresia. Owing to the inherently avascular
nature of ovarian cortical follicles, granulosa cell proliferation and follicular devel-
opment occur under relatively hypoxic conditions. During follicular development,
the expression of HIF1A and BNIP3, as well as autophagy activity, is significantly
upregulated in granulosa cells. This upregulation serves a protective role, safeguard-
ing granulosa cells from apoptosis during the follicular growth phase [18]. Moreover,
HIF1A-BNIP3-mediated autophagy plays an essential part in both luteinization
and luteolysis of granulosa cells: it protects granulosa-lutein cells from apoptosis in
hypoxic environments, while also facilitating cell death during the luteolysis phase
[63, 64]. Increasing evidence suggests that BNIP3-driven autophagic death of granu-
losa cells contribute to follicular atresia and may underlie primordial follicle loss,
particularly in instances such as cyclophosphamide-induced ovarian damage [65].

What, then, is the specific role of BNIP3 in follicular survival during OTT?

. Created with BioRender.com
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BNIP3 structure and functions.
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5. Experimental evidence of BNIP3-induced follicle loss following OTT

BNIP3-mediated mitophagy is well established as a key mechanism in the cel-
lular response to ischemia-reperfusion injury across multiple tissue types [66-69].
Given the similar ischemia-reperfusion challenges faced in OTT, BNIP3 emerges as
a critical regulator in this context as well. Importantly, mere accumulation of BNIP3
in response to hypoxia is not sufficient to induce cell death. Instead, it is prolonged
ischemia-reperfusion injury that robustly activates BNIP3, which through down-
stream signaling cascades—particularly those affecting cellular energy homeosta-
sis—ultimately precipitates cell death. Under conditions of mild hypoxia, mitophagy
orchestrated by BNIP3 serves a protective function, maintaining intracellular oxygen
homeostasis by eliminating dysfunctional mitochondria and suppressing excessive
aerobic respiration. However, when hypoxia surpasses cellular tolerance thresholds,
BNIP3-induced mitophagy becomes excessively activated, manifesting as increased
fusion of mitophagosomes and lysosomes, amplified autophagic flux, and ultimately
the onset of autophagic cell death [62].

Building on this knowledge, emerging studies have begun to clarify the involve-
ment of BNIP3 in primordial follicle loss following OTT. The ischemic microenviron-
ment characteristic of the early post-transplantation period elevates the relevance
of BNIP3, given its established regulatory functions in hypoxia- and ischemia/
reperfusion-triggered autophagy, mitophagy, and cell death. The interaction between
BNIP3 and hypoxia/reperfusion-responsive elements may determine follicular cell
survival—shaping whether autophagic or apoptotic pathways predominate, and thus
influencing the fate of the ovarian follicle pool. Elucidating the precise role of BNIP3
in this setting not only advances our mechanistic understanding under ischemic
stress, but also offers promising new molecular targets for therapeutic intervention to
mitigate primordial follicle loss and enhance OTT outcomes.

An in vivo investigation by our team using murine models of ovarian auto-transplan-
tation further substantiates the pivotal role of BNIP3-mediated autophagy in early fol-
licular loss following transplantation. Administration of the autophagy inhibitor 3-MA
led to a partial restoration of primordial follicle numbers within the ovarian grafts,
while granulosa cells exhibited upregulated BNIP3 expression and increased activation
of the autophagy pathway. Subsequent cell experiments confirmed that under hypoxic
conditions, BNIP3 activates autophagy through the mTOR/ULK1 pathway. These
results provide strong support for the involvement of the hypoxia-BNIP3-mTOR/ULK1
signaling axis in primordial follicle loss after OTT [52]. On the basis of these findings,

a potential mechanism was proposed for primordial follicle loss following OTT: After
transplantation, both BNIP3 and autophagy are markedly upregulated in granulosa cells
of primordial follicles, and this heightened activity correlates with significant follicle
loss. Notably, pharmacological inhibition of autophagy effectively mitigates primordial
follicle depletion, underscoring the pivotal regulatory role of BNIP3—functioning
within the HIF1A-BNIP3-mTOR/ULK1 axis—in hypoxia-induced cellular autophagy.

6. Unresolved questions and translational directions

These insights shed new light on the molecular events driving primordial fol-
licle loss after OTT and highlight the central role of BNIP3-mediated autophagy
as a response to hypoxic stress. Nevertheless, a mechanistic gap persists between
BNIP3-induced autophagy and the final trigger for primordial follicle death. It is
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now well established that BNIP3 is intimately linked to mitochondrial metabolism
and regulates diverse cell fate pathways, including autophagy, mitophagy, and cell
death processes—including apoptosis, necrosis, and ferroptosis. Whether early
ischemia-reperfusion after OTT promotes excessive loss of primordial follicles via
BNIP3-driven mitophagy, and how such protective mechanisms ultimately convert to
pro-death pathways, are critical scientific questions that warrant in-depth explora-
tion. Dissecting the molecular interplay between BNIP3-induced mitophagy and
these death modalities in the OTT setting will be crucial for identifying context-
specific intervention points.

To further investigate the role of BNIP3 in the loss of primordial follicles following
OTT, CRISPR/Cas9 gene editing technology can be utilized to create a conditional
knockout mouse model for BNIP3. Ovarian grafts will be monitored at different
time points post-transplantation (e.g., 6, 12, 24, 48, and 72 hours) and compared
with those from wild-type mice. The indicators to be assessed include: (1) oxygen
partial pressure, the number of new blood vessels, and ROS levels to determine the
stage of ischemia or reperfusion in the grafts; (2) the loss of primordial follicles; (3)
the expression levels of BNIP3 gene and protein; and (4) the activity of autophagy
and mitophagy, as well as changes in ferroptosis and apoptosis. Comparing levels of
biomarkers at different time points post-OTT between the BNIP3 knockout group
and wild-type mice, and correlating the changes in BNIP3 expression, autophagy/
mitophagy, ferroptosis, and apoptosis activity with the loss of primordial follicles
would reveal the impact of BNIP3 deficiency on cell survival mechanisms. Beyond
traditional experimental techniques, single-cell RNA sequencing could be utilized to
analyze mRNA expression profiles of BNIP3 knockout mice and wild-type controls,
identifying differentially expressed genes and regulatory pathways related to autoph-
agy, mitophagy, ferroptosis, and apoptosis. Concurrently, metabolomics analysis
might provide a comprehensive assessment of the relationship between metabolic
changes and cell survival, elucidating the connections between BNIP3, cellular energy
metabolism, and oxidative stress, thereby enriching the understanding of the mecha-
nisms underlying BNIP3’ role in ischemic injury following ovarian transplantation.

From a translational perspective, targeting BNIP3 as a means to prevent follicle
loss holds theoretical appeal. However, several technical challenges persist: (1) the
lack of highly specific BNIP3 modulators that do not perturb physiological mitophagy
and cellular homeostasis, (2) challenges in targeted drug delivery to ovarian grafts
in situ, and (3) the risk of off-target effects, given BNIP3’ role in multiple tissues
and stress responses. Nevertheless, the application of nanotechnology for targeted
delivery holds promise in addressing these challenges.

Emerging nanoregulator technology in OTT has progressed from theoretical
conception to a stage supported by experimental evidence. Through multiple animal
models (such as sheep and mice), nanotechnology has demonstrated significant
effects in inhibiting ice crystal formation, promoting angiogenesis, reducing oxida-
tive stress, and selectively eliminating tumor cells [70]. Researchers have utilized
nanotechnology to deliver angiogenic substances (such as nitric oxide, NO), promot-
ing blood vessel formation in transplanted ovarian tissue, or employed nanoregula-
tors with antioxidant properties to clear ROS in tissues, thereby reducing oxidative
damage and improving transplantation success rates [71, 72]. Zhang et al. developed
AMH-targeted nanobubbles for ultrasound molecular imaging, successfully achiev-
ing real-time monitoring of the survival status of transplanted ovarian tissue [73].
Although nanotechnology has not yet been widely applied in clinical settings, experi-
mental results indicate its vast potential and promising prospects in the field of OTT.
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The mouse OTT model remains the most widely used preclinical model for OTT
[74]. Its advantages are reflected in several aspects: First, mice share a high degree
of genomic homology with humans, reaching 99%, and their anatomical structure
and physiological functions are highly similar to those of human ovaries, allowing
for a good simulation of the physiological and pathological processes of human OTT.
Second, the mouse model allows comprehensive assessment of the transplanted
ovarian tissue post-transplantation, including histological analysis, angiogenesis
density, granulosa cell proliferation activity, and monitoring of hormone levels and
estrous cycles, providing multidimensional evidence for evaluating transplantation
efficacy. Additionally, the mouse model supports diverse transplantation methods,
such as heterotopic transplantation, syngeneic transplantation, and autologous
transplantation, offering flexibility in studying different transplantation strategies.
It also enables the investigation of specific genes’ mechanisms of action during the
OTT process or the effects of various intervention drugs on transplantation outcomes
through genetic engineering techniques. However, there are certain limitations to
the mouse model. Firstly, despite the high genomic homology between mice and
humans, there are differences in their physiological environments, which may affect
the predictability of transplantation outcomes. For instance, the choice of transplan-
tation site (such as subcutaneous tissue or renal capsule) may yield different effects
in mice compared to humans, and the blood supply and microenvironment charac-
teristics of different transplantation sites significantly influence the transplantation
results. Secondly, existing assessment standards have not yet been fully standard-
ized, leading to variations in the timing and methods of evaluating transplantation
outcomes across different studies, which limits the comparability of research results.
Notably, animal experiments face significant challenges in precision translational
medicine, as conclusions drawn from animal models do not necessarily apply directly
to humans. This limitation highlights the necessity for effective translational strate-
gies to bridge the gap between preclinical findings and clinical applications, ensuring
that therapeutic approaches identified through animal research are relevant and safe
for human populations.

Looking ahead, integrating multi-omic technologies (such as single-cell transcrip-
tomics, proteomics, and metabolomics) combined with advanced nanotechnology
and preclinical models will be instrumental in unraveling complex BNIP3-regulated
networks and defining patient-specific risk factors. Furthermore, these platforms can
accelerate the screening and validation of novel BNIP3-targeted interventions. Close
collaboration between basic researchers and clinicians will be essential to translate
these mechanistic insights into clinical strategies, moving from bench to bedside to
optimize fertility outcomes in OTT patients.

7. Conclusions

In summary, primordial follicle loss remains the principal challenge limiting the
long-term efficacy of OTT for FP in young women undergoing gonadotoxic treat-
ments. Accumulating evidence presented in this chapter highlights that ischemic-
hypoxic injury and subsequent ischemia-reperfusion events induce severe metabolic
and mitochondrial dysfunction, activating multiple regulated cell death pathways
in ovarian grafts. Central to these processes is BNIP3—a hypoxia-responsive adap-
tor protein—that orchestrates mitophagy and autophagy in granulosa cells under
ischemic stress. Experimental data consistently demonstrate that BNIP3-mediated
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autophagy is markedly upregulated post-OTT and is closely associated with pri-
mordial follicle depletion, while pharmacological inhibition of autophagy partially
mitigates follicle loss. However, significant mechanistic questions persist regarding
the dynamic switch of BNIP3 from a protective to a pro-death role, its interplay with
other cell death pathways, and the feasibility of targeting BNIP3 for clinical interven-
tion. Moving forward, detailed investigations leveraging multi-omics approaches
and advanced in vitro models are warranted to further unravel the temporal and
molecular regulation of BNIP3 in this context. Ultimately, targeting BNIP3-regulated
mitophagy holds substantial promise for optimizing OTT outcomes and preserving
reproductive potential in affected patients.
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Chapter 5

Fertility Preservation in
Hematological Malignancies:
A Growing Imperative

Georgi Stamenov and Kameliya Kostadinova

Abstract

Advances in successful treatment for hematological malignancies have
dramatically improved patient survival, making fertility preservation a growing
imperative for individuals of reproductive age. This review outlines key aspects of
oncofertility, focusing on the mechanisms of treatment-induced damage, critical
risk factors, and established strategies for preserving fertility in this patient popula-
tion. Chemotherapy and radiotherapy, as forms of cytotoxic therapy, are known to
induce gonadotoxicity by primarily affecting rapidly dividing ovarian cells, which
results in the paradoxical depletion of the primordial follicle reserve. The risk of
premature ovarian insufficiency (POI) is multifactorial, with patient age at the
time of treatment, the specific chemotherapy regimen (e.g., alkylating agents),
and the need for hematopoietic stem cell transplantation (HSCT) being the most
critical predictors. Oocyte or embryo cryopreservation following a short protocol
controlled ovarian stimulation the gold standard as a fertility preservation method.
While medical advances offer viable options, a significant gap in physician-patient
communication regarding fertility risks persists. The effective collaboration between
hemato-oncologists and reproductive specialists is paramount for successful fertil-
ity preservation and enables patients to make informed decisions about their future
reproductive health.

Keywords: female fertility, hematology malignancies, gonadotoxicity, premature
ovarian insufficiency, fertility preservation

1. Introduction

Advances in the successful treatment of various hematological diseases have
dramatically improved patient survival rates, making the crucial question of fertility
preservation a paramount concern for individuals of reproductive age. According to
data from the National Institutes of Health (NIH), five-year survival rates are now
substantial, reaching 70% for chronic myeloid leukemia, 72% for acute lymphoblastic
leukemia, and an impressive 88.9% for Hodgkin’s lymphoma [1]. The Center for
International Blood and Marrow Transplant Research (CIBMTR) has documented a
constant rise in allogeneic hematopoietic stem cell transplantation (AlloHSCT), with
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projections estimating 500,000 AlloHSCT survivors by 2030 [2]. These improved
treatment outcomes have led to a significant reduction in mortality rates among
young adults.

However, the reproductive system is particularly susceptible to the adverse effects
of both cancer itself and its aggressive treatments. The use of cytotoxic treatments,
including radiotherapy, may reduce reproductive capacity and potentially lead to per-
manent infertility in patients [3]. This damage is further complicated by secondary
factors such as graft-versus-host disease (GvHD) after AlloHSCT [4] and the presence
of post-transfusion iron overload. Female cancer survivors exhibit a considerably
reduced rate of childbirth (18% lower) compared to the general population, alongside
a 36-fold lower likelihood of achieving conception following AlloHSCT [5, 6].

Several mechanisms contribute to this cytotoxic damage to the reproductive
system. The extent of ovarian damage is multifaceted, depending on the specific
cancer type, the types and doses of chemotherapy and radiotherapy used, as well as
the patient’s age and baseline ovarian reserve. A critical distinction lies in the unique
ontogenetic development of the female reproductive system: females are born with a
finite number of oocytes, peaking at around 7 million by 20 weeks of fetal develop-
ment. Ovarian follicles naturally undergo continuous atresia; their count decreases
to roughly 1 million by birth and continues to diminish until menopause, which is
defined by the exhaustion of the oocyte supply [7]. Consequently, unlike the virtually
unlimited sperm production in men (provided spermatogonial stem cells are pres-
ent), the fixed number of oocytes in women presents a greater challenge for medical
teams in preserving their reproductive potential compared to men.

Given this critical relationship, the term “oncofertility” has arisen to define a crucial
interdisciplinary area that addresses the overlap between oncology and reproductive
medicine [8]. It employs a comprehensive multidisciplinary approach that necessitates
robust coordination and collaboration among hemato-oncologists, gynecologists, repro-
ductive biologists, and patients. This collaborative model has been shown to significantly
increase the likelihood of conception in young cancer patients. The term “oncofertility”
was notably coined in 2006 by Professor Teresa Woodruff, the founder and director of
the Oncofertility Consortium at Northwestern University, Chicago, Illinois, USA.

In the subsequent sections, we will delve into specific features related to hemato-
logical diseases and the various possibilities for preserving fertility.

2. Hematological malignancies and female fertility: An overview

Hematological malignancies account for a notable 7-9% of all new cancer diag-
noses and deaths in women. Among women of reproductive age, the most common
diagnoses include acute lymphoblastic leukemia, acute myeloid leukemia, non-
Hodgkin lymphoma (NHL), and Hodgkin lymphoma. Current knowledge regarding
the impact of cytotoxic therapies on the gonads of premenopausal women is predomi-
nantly derived from comprehensive studies conducted in lymphoma patients [9]. Our
understanding of the impact of cytotoxic therapies on the gonads of premenopausal
women is largely based on extensive studies of lymphoma patients.

2.1 Fertility concerns in lymphoma and acute leukemias

While initial, standard treatment regimens for these specific diseases might carry
alow inherent risk of gonadotoxicity, it is crucial to consider each patient’s unique
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situation. Factors like the potential for the cancer to resist therapy initially, the chance
of relapse, the need for more intensive treatments, or the possibility of a stem cell
transplantation can significantly increase the risk to fertility. These considerations
necessitate a proactive approach to fertility preservation.

2.2 Fertility in other hematological malignancies

Other forms of blood cancer, like chronic lymphocytic leukemia and multiple
myeloma, typically affect older individuals (usually over 50, often after meno-
pause), so fertility concerns are generally not a primary consideration in these
cases. The standard treatments for Myeloproliferative Neoplasms do not involve
gonadotoxic therapies. Therefore, unless a patient is considering a stem cell trans-
plant, a detailed discussion about fertility preservation is usually not necessary
for MPNE.

3. Mechanisms of gonadotoxicity in cancer treatment

The impact of cancer therapies on female fertility is a significant concern, pri-
marily manifesting as POI. While various mechanisms of gonadotoxicity have been
proposed for different chemotherapy agents, the type and dose of chemotherapy are
the primary determinants of this risk. Radiotherapy is also a significant factor, with
its impact being highly dependent on the area and method of its application [10].
Table 1 summarizes the risk factors for treatment-related gonadotoxicity in female
patients with hematological diseases.

3.1 Chemotherapy’s impact on ovarian cells

Chemotherapy drugs are designed to target rapidly dividing cells, which makes the
ovaries particularly vulnerable:

o Targeting rapidly dividing cells: The cells within maturing ovarian follicles,
especially granulosa cells (which are essential for follicle nourishment) are highly
susceptible to chemotherapy-induced damage due to their rapid division.

* Observed damage: Observed damage encompasses several forms of ovarian injury,
such as apoptosis of primordial follicles, ovarian atrophy (shrinking), and corti-
cal fibrosis (scarring of the ovarian surface).

3.2 The paradoxical depletion of resting follicles

Paradoxically, even the seemingly “resting” oocytes within primordial follicles are
depleted at an accelerated rate when exposed to chemotherapy. This occurs because:

* Unwanted activation: During chemotherapy, primordial follicles are abnormally
activated. They prematurely transition from their dormant state into a more
vulnerable primary or secondary follicle state.

o Increased vulnerability: Once activated, these follicles become susceptible to the
cytotoxic damage inflicted by chemotherapy drugs [4].
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Disease Frequently used therapies Degree of gonadotoxic
risk
e Low <20%
¢ Intermediate —20-80%
* High >80%
Acute lymphoblastic Vincristine Low
leukemia Corticosteroids
Asparaginase
Anthracycline
Tyrosine kinase inhibitors
Acute myeloid Cytarabine Low
leukemia Anthracycline
Fludarabine
Gemtuzumab ozogamicin
Tyrosine kinase inhibitors
Chronic myeloid Tyrosine kinase inhibitors Low but potentially
leukemia teratogenic
Hodgkin’s ABVD Low
lymphoma 2 cycles escalated BEACOPP
6-8 cycles escalated BEACOPP >30 High
Brentuximab Unknown
Nivolumab
Non-Hodgkin’s 6 cycles CHOP # rituximab <35 Low
lymphoma 6 cycles DA-EPOCH <35
6 cycles CHOP >35 Intermediate
6 cycles DA-EPOCH >35
IGEV
DHAP
ICE
Other indications Total body RT High
Conditioning for HSCT (busulfan,
cyclophosphamide, fludarabine, melphalan, thiotepa,
BEAM)
CAR T-cell therapy Unknown but lower than
BMT
Table 1.

Risk factors for treatment-velated gonadotoxicity in female patients with hematological diseases.

* Molecular pathways: Several molecular pathways, including the phosphatidylino-
sitol 3-kinase/PTEN/Akt pathway, are involved in this unintended activation.
This pathway drives irreversible maturation, which, in a normal cycle, would
lead to ovulation or atresia (degeneration). However, under chemotherapy, this

activation makes them targets for destruction.

* Concomitant effects: Studies in mouse models have shown that cyclophospha-
mide, a common chemotherapy drug, triggers this pathway, inducing apoptosis
in maturing follicles. The resultant reduction in inhibitory factors, typically
secreted by maturing follicles, triggers an increased activation of additional
primordial follicles, which ultimately leads to their extensive depletion.
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3.3 Radiotoxicity to the reproductive system

The degree of radiotherapy-induced gonadotoxicity is highly contingent upon
the radiation field, the total administered dose, and the method of its fractionation
(division over time).

* Direct ovarian damage: Radiotherapy can directly harm ovarian follicles and other
supporting ovarian tissues [11].

* Damage to other reproductive organs: Beyond the ovaries, radiation may also cause
adverse effects on other reproductive organs, most notably the uterus. Such damage
can compromise future pregnancy outcomes even if ovarian function is preserved.

4. Factors influencing gonadotoxicity

The risk of treatment-induced gonadotoxicity, particularly POI, in women with
hematology cancer is influenced by a complex interplay of patient-specific character-
istics and disease-related factors. Understanding these elements is crucial for assess-
ing fertility risk and guiding preservation strategies [7].

4.1 Patient-related factors

The patient’s age at the time of treatment stands out as the most critical factor
influencing the risk of gonadotoxicity. For instance, an identical chemotherapy
regimen may result in a high risk of treatment-induced amenorrhea (exceeding 80%)
for patients over 40, compared to a low risk (below 20%) for those under 30 years of
age [12]. Although age is the primary predictor, the influence of other anthropometric
and lifestyle variables, including body mass index (BMI) and smoking status, neces-
sitates further investigation [13].

4.2 Disease-related factors

The specific type of hematology malignancy and the chosen treatment regimen
profoundly affect fertility outcomes.

4.2.1 Hodgkin lymphoma

Chemotherapy regimens for HL often include alkylating agents (e.g., MOPP,
MOPP/ABV hybrid, BEACOPP), which are known for their gonadotoxic potential.
Cyclophosphamide is a widely used alkylating agent with a dose-dependent gonado-
toxic effect.

* Dose-response and age: Observations have demonstrated a distinct linear dose-
response correlation between alkylating chemotherapy exposure and the inci-
dence of Premature Ovarian Insufficiency (POI) [14, 15]. Specifically, the risk of
POI increases by 23% per year of age at the time of treatment. Interestingly, the
predictive effect of age on POI risk was reported to be less dominant in patients
who received alkylating chemotherapy in comparison to those treated with non-
alkylating regimens, despite age typically being a significant predictor [9].
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* Regimen-specific impact: Studies on early HL treatment often show recovery

of regular menstrual cycles in over 90% of women, mostly within 12 months.
Conversely, the BEACOPP regimen carries a substantially elevated risk; the risk
of POl increases markedly in women 30 years or older receiving this treatment,
with 45% of patients reporting subsequent amenorrhea [16].

e Quarian reserve: Levels of Anti-Miillerian Hormone (AMH), which serves as a

marker of ovarian reserve, are noted to decline during the administration of both
ABVD and BEACOPP regimens [9, 16]. One-year post-ABVD, AMH levels typi-
cally return to pre-treatment concentrations. However, age strongly influences
this recovery: full recovery is common in women younger than 35, while those

35 or older often achieve only partial recovery. Overall, patients treated with
BEACOPP exhibit minimal recovery in AMH levels, and the risk of POI is further
compounded in those above 35 years of age [9].

4.2.2 Non-Hodgkin lymphoma and HSCT

Evidence regarding gonadotoxicity in NHL is more limited but generally points to

a higher risk of permanent infertility due to the aggressive nature of treatment.
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* High prevalence of POI: Patients undergoing HSCT for lymphoma (both HL and

NHL) receive intensive conditioning regimens involving high-dose chemo-
therapy (including alkylating agents) with or without radiation therapy. This
specific exposure results in a very high incidence of permanent POI and associ-
ated infertility (risk surpassing 80%), even when total body irradiation has not
been administered. Melphalan is considered one of the most highly gonadotoxic
alkylating agents. It is a key component of high-dose conditioning regimens

for autologous stem cell transplantation in patients with multiple myeloma and
lymphoma. Due to its potent DNA cross-linking ability, melphalan is associated
with a very high rate of permanent gonadal failure in both men and women, with
some studies reporting nearly 100% of female patients experiencing permanent
amenorrhea after high-dose treatment [16].

* Predictors of recovery: The most crucial predictors of ovarian function recovery

in these cases are the patient’s age at the time of transplantation and the number
of chemotherapy cycles received. For example, DA-EPOCH is known for its
dose-adjusted nature, meaning the dose of cyclophosphamide increases with
each subsequent cycle to achieve a certain degree of bone marrow suppression.
Consequently, a patient who receives 6 cycles is exposed to a much higher total
dose than one who receives 3 cycles, which directly correlates with a higher risk
of infertility. A study of patients with primary mediastinal B-cell lymphoma
treated with DA-EPOCH-R shows that although fertility recovery is more
common in young women, even they can experience premature menopause or
reduced ovarian reserve, which increases the long-term risk.

* Transplantation type: Gonadal toxicity may be exacerbated by altered immuno-

modulation in the alloHSCT setting compared to autologous HSCT.

* Menstrual vecovery: Despite these severe risks, recent reports indicate higher rates of

menstrual function recovery (63%) in patients with a median age of 25 years who
underwent intense chemotherapy and autologous HSCT for both NHL and HL [17].
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4.3 Novel immune therapies and fertility

Because these are newer therapies, large-scale, long-term studies on their fertil-

ity effects are still emerging. The current evidence is based on smaller studies, case
reports, and an understanding of the drugs’ mechanisms of action. As these are new
therapies, large-scale, long-term studies investigating their effects on fertility are still
emerging. Current evidence is therefore based on smaller studies, case reports and an
understanding of how the drugs work.
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* Brentuximab vedotin (BV): This is an antibody-drug conjugate (ADC). The
reduced gonadotoxicity is attributed to the mechanism of drug delivery directly
to cancer cells, thereby minimizing systemic exposure and mitigating damage to
healthy, rapidly dividing cells within the gonads [18]. However, some off-target
effects and systemic release of the cytotoxic payload can still occur.

o Immune checkpoint inhibitors: Nivolumab/Pembrolizumab is a type of immu-
notherapy that works by “unleashing” the immune system to attack cancer.
The primary concern for fertility with these drugs stems from their potential
to cause immune-related adverse events (irAEs). In rare cases, these can affect
the endocrine system by causing autoimmune inflammation of the pituitary
gland (hypophysitis) or the thyroid gland. These clinical conditions may induce
a disruption of the hypothalamic-pituitary-gonadal (HPG) axis, which is
responsible for regulating reproductive hormones, consequently causing fertility
compromise [19].

* CAR T-cell therapy: CAR T-cell therapy represents a significant advancement
in the treatment of hematological malignancies and is becoming an increas-
ingly vital option for young patients. Although the efficacy of the treatment
in inducing remission is thoroughly established, long-term data concerning
its side effects, particularly its impact on fertility, remains scarce [20]. Large,
prospective studies are needed to evaluate the long-term effects of CAR T-cell
therapy on male and female reproductive function. The primary gonadotoxic
risk arises from the lymphodepleting chemotherapy (LDC) administered
before the CAR T-cell infusion. This preparatory therapy typically includes
drugs like fludarabine and cyclophosphamide. Although fludarabine and
cyclophosphamide are known for their gonadotoxic effects, the doses used in
CAR T-cell therapy are significantly lower than those in the myeloablative con-
ditioning regimens used for alloHSCT. This results in a lower risk of gonadal
failure. A study in the Journal of Clinical Oncology notes that these low-dose
alkylating agents are less likely to cause irreversible gonadal damage. There
are reports of reproductive function recovering in some patients after CAR
T-cell therapy. Current data compiled from multiple centers confirm reports
of successful pregnancies and live births subsequent to CAR T-cell therapy
[21, 22]. For instance, a study documented in the journal Blood Advances iden-
tified multiple pregnancies resulting in five births, though only two of these
involved the utilization of the patient’s own retrieved oocytes [21]. Clinical
cases have documented pregnancies occurring years post-therapy despite the
continued presence of CAR T-cells; critically, it was observed that the CAR
T-cells did not cross the placental barrier, resulting in the birth of a healthy
infant [22].
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In summary, a comprehensive understanding of both patient-specific character-
istics (primarily age) and disease-related factors (chemotherapy regimen, dose, and
the need for HSCT) is essential for accurately assessing the risk of gonadotoxicity and
informing fertility preservation decisions in women with lymphoma.

5. Fertility assessment

Assessing fertility in premenopausal women is a complex process. A significant
challenge, affecting not only those who have undergone chemo/radiotherapy, is POI.
It has been shown that POI can occur even when the menstrual cycle returns after
treatment, primarily due to the depletion of primordial follicles. It is crucial to under-
stand that amenorhea does not automatically mean infertility. Conversely, women
whose menstrual cycles resume may still experience compromised fertility.

The state of ovarian reserve, as determined by the number of follicles contain-
ing oocytes, provides reliable information regarding fertility. It is hypothesized
that AMH levels and antral follicle count (AFC), as determined by transvaginal
ultrasound, offer superior diagnostic accuracy compared with conventional mark-
ers of female fertility, including estradiol, follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and menstrual cycle analysis. While traditional markers
like FSH and estradiol are used to assess ovarian reserve, they are unreliable in the
context of cancer treatment due to transient hormonal suppression. Chemotherapy
administration may suppress the hypothalamic-pituitary-ovarian axis, resulting in
spuriously low levels of FSH and estradiol that fail to accurately represent the long-
term status of the ovarian follicle pool [4]. AMH concentration directly correlates
with the size of the primordial follicle pool. Research in young cancer survivors has
demonstrated that a considerable post-chemotherapy decrease in AMH levels is a
reliable predictor of subsequent long-term ovarian damage and POI Research in
young cancer survivors has demonstrated that a considerable post-chemotherapy
decrease in AMH levels is a reliable predictor of subsequent long-term ovarian
damage and POI [23]. A sonographic count of follicles, AFC offers a direct morpho-
logical assessment of the ovarian reserve. Studies indicate that a reduction in AFC
following chemotherapy strongly correlates with long-term ovarian dysfunction
and infertility [24].

ESHRE advocates for a robust assessment of ovarian reserve, predominantly via
AMH measurement, prior to gonadotoxic treatment initiation, citing the strong
correlation of AMH with long-term reproductive outcomes, which stands in contrast
to the transient and non-representative nature of FSH and estradiol levels. When
integrated with patient age and specific treatment plan parameters (i.e., type and
dose), this assessment facilitates a more accurate forecast of post-treatment ovarian
function recovery and the individual risk of POI development [25].

6. Ovarian stimulation for fertility preservation in hematological
malignancies: Challenges and recommendations

Ovarian stimulation and egg retrieval for fertility preservation in women with
hematological cancers present a unique set of challenges. This procedure is generally
considered only for women with no obvious contraindications for ovarian stimulation
or egg collection.
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6.1 Navigating time constraints and medical risks

A significant hurdle is the time-sensitive nature of cancer treatment. Typically,
around two weeks are needed to retrieve enough eggs. This timeframe often clashes
with the urgent need to start anticancer therapy, especially given the rapid progres-
sion of hematological diseases. Patients also face risks like thrombosis, hemorrhage,
and infections due to low platelet (thrombocytopenia) and white blood cell (leukocy-
topenia) counts, which can complicate fertility preservation procedures.

6.2 Managing the risk of ovarian hyperstimulation syndrome (OHSS)

Ovarian Hyperstimulation Syndrome (OHSS) is a potential concern for all patients
undergoing ovarian stimulation, particularly young women or those expected to pro-
duce many eggs. Large studies show that the risk of OHSS increases when more than
15 oocytes are collected. Nevertheless, no elevated risks have been documented in
patients with either benign or malignant diseases who underwent ovarian stimulation
for cryopreservation and achieved an average retrieval of 10-12 oocytes [25]. Still,
more extensive multicenter international data are needed for precise risk estimates in
cancer patients.

6.3 Recommended protocols for oncohematological patients

For patients with oncohematological diseases, the GnRH antagonist protocol for
Controlled Ovarian Stimulation (COS) is generally recommended. This protocol is
favored due to its:

* Feasibility in urgent situations: It allows for quicker initiation.
* Short duration: Minimizing delays to cancer treatment.
* Favorable safety profile: Helping to mitigate risks.

This methodology provides advantages such as a reduced duration of stimulation.
Furthermore, it permits the use of a GnRH agonist to trigger oocyte maturation in
high-responder patients, thereby mitigating the risk of Ovarian Hyperstimulation
Syndrome (OHSS) [25].

Additionally, for urgent fertility preservation cycles, ovarian stimulation with
arandom start is an option, meaning it does not have to begin at a specific point in
the menstrual cycle. If chemotherapy initiation allows multiple stimulation cycles
or even double stimulation within the same cycle (DuoStim) can be performed in
cases of low response to increase the number of available eggs. DuoStim leverages
the fact that follicles can be recruited for growth at different times in the menstrual
cycle, not just during the follicular phase [26]. Stimulating the ovaries twice within
a single cycle enables the harvesting of mature oocytes from two distinct follicular
cohorts, consequently doubling the potential yield of retrieved oocytes [27]. Thisisa
critical advantage for patients with limited time before starting gonadotoxic therapy.
Evidence from key studies supports its feasibility and efficacy. Research in oncology
patients has demonstrated that DuoStim can yield a higher number of mature oocytes
compared to a single conventional stimulation cycle. Studies specifically in poor
responders undergoing fertility preservation have shown that the number of oocytes
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and embryos retrieved in the luteal phase stimulation is comparable to or better

than that from the follicular phase, confirming its effectiveness. Careful timing is
crucial. The luteal phase stimulation can be initiated as soon as 2-5 days after the first
oocyte retrieval. This rapid sequencing allows the entire process to be completed in a
condensed period, making it suitable for patients needing to start cancer treatment
promptly [27]. The use of random-start stimulation protocols in conjunction with
DuoStim further enhances its flexibility.

7. Fertility preserving procedures

Fertility preserving options in young women with hematological malignancies
could be divided into established, debatable, and experimental. Nevertheless, each of
those options has both advantages and disadvantages and may not be feasible for all
patients.

7.1 Established options
7.1.1 Oocyte/embryo cryopreservation

The gold standard for fertility preservation in women is cryopreservation of oocytes
or embryos after COCs lasting 10-14 days. It is important to note that there are often
limitations related to the specificity of the hematological neoplasias and extremely
reduced time frame represents an important issue. These factors include the need to
initiate antitumour therapy on an emergency basis, severe cytopenias, and coagulation
disorders that make delaying treatment and oocytes aspiration risky. It is important to
note that the method is not suitable for prepubertal girls. The efficacy of the procedure
depends on several factors, including the age of the woman undergoing the procedure
(given the increasing incidence of aneuploidy with age), the method of cryopreserva-
tion employed (specifically, whether slow freezing or ventilation is used), and the
presence of any concomitant endocrine or gynecological pathology. A US-based study
indicated that the cumulative pregnancy rate post-embryo transfer was comparable
between cancer patients and age-matched controls, with rates of 37% and 43%, respec-
tively [5]. Oocyte cryopreservation is an appropriate procedure for women without a
partner and in countries that have legal restrictions on embryo storage.

Embryo freezing requires prior ovarian stimulation, mature oocyte retrieval,
and sperm for IVFE. Therefore, it is not suitable for prepubertal girls due to inac-
tive hypothalamic-pituitary-ovarian (HPO) axis and not suitable for single women
refusing sperm donation for any reason. The established cryostorage duration for
gametes (eggs and sperm) and embryos is 10 years, though the possibility of extended
storage is subject to variation based on local and national regulatory frameworks [25].
Pregnancy rates subsequent to embryo cryopreservation in women are comparable to
those observed in women undergoing treatment for infertility in other indications.

7.2 Debatable options
7.2.1 Gonadotropin-releasing hormone agonists (GnRHa)

GnRHa provide protection to the ovary during chemotherapy by suppressing ovar-
ian function. The mechanism of action of GnRHa is unclear, and the effect remains
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controversial. The positive effect of agonists has been demonstrated in breast cancer
patients. Most studies evaluating the protective role of GnRHa have included patients
with heterogeneous characteristics, defined different endpoints, and various types,
doses and regimens of the drugs were used. A recent meta-analysis reported a reduced
rate of persistent amenorrhea when GnRHa was co-administered with chemotherapy
(RR 0.60, 95% CI 0.45-0.79) [28]. The protective effect was more pronounced with
low/moderate intensity HT. Subgroup analysis of women with lymphoma revealed
that concomitant use of GnRHa did not result in a reduction in the likelihood of POF/
amenorrhea (RR 0.70; 95% CI: 0.45-0.79) or spontaneous pregnancy (RR 1.13, 95%
CI: 0.66-1.93). Similar outcomes were identified in a 2019 Cochrane review, which
demonstrated an increased rate of menstrual function recovery during a follow-up
period of up to 12 months (RR 1.60, 95% CI 1.14-2.24) [29]. Furthermore, GnRHa is
not an appropriate option in prepubertal girls. The administration of GnRHa remains
an unproven method of fertility protection in patients with malignant hematologi-
cal diseases. GnRH agonists should not be routinely offered as an option to protect
ovarian function and an equivalent or alternative to preserve fertility. They may be
offered after cryopreservation techniques have been implemented or when they are
not feasible. An additional medical benefit of administering GnRH agonists during
chemotherapy is prevention of heavy menstrual bleeding which may be of value

for patients receiving chemotherapy regimens with high bone marrow toxicity.
Observational data suggest that oral contraceptives may also reduce the risk of POI,
but no proper randomized studies have demonstrated their effect.

7.2.2 Oophoropexy

Oophoropexy is the surgical relocation of the ovaries to protect them from pelvic
radiotherapy, typically used for pelvic malignancies like HL. Crucially, the procedure
offers no protection against chemotherapy-induced gonadotoxicity. Therefore, it
is impractical to perform oophoropexy on patients scheduled to receive combined
(concomitant) chemotherapy.

7.2.3 Gonadal shielding

Gonadal shielding offers some protection for the ovaries, particularly for young
patients. However, like oophoropexy, it cannot prevent damage to the ovaries caused
by chemotherapy. Therefore, its use is limited when chemotherapy is part of the treat-
ment plan.

7.2.4 Fractionated radiotherapy

To minimize gonadotoxicity and gonadal damage, the fractionation of radio-
therapy doses should be attempted whenever possible.

7.2.5 Ovarian tissue cryopreservation (OTC)

For some women with hematological disease, cryopreservation of ovarian tissue
may be the only option. It is recommended for patients undergoing moderate/high-
risk gonadotoxic treatment when oocyte/embryo cryopreservation is not feasible, or
at the patient’s preference. One of the major advantages of OTC compared to oocyte/
embryo cryopreservation is the possibility to perform the procedure after starting
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chemotherapy treatment without hormonal stimulation. Patients may benefit from
a first line regimen before OTC or can be referred to for OTC before consolidation
therapy such as conditioning regimen for HSCT or after a limited response to low
gonadotoxic regimen such as standard ABVD (doxorubicin, bleomycin, vinblastine,
dacarbazine) for Hodgkin lymphoma [16]. The interval between OTC and the

last chemotherapy treatment must be taken into consideration for the evaluation

of ovarian reserve testing. Either an ovarian cortex biopsy (the location of the
primordial follicle pool) or one whole ovary can be retrieved at any time during

the menstrual cycle and the cortex cryopreserved for future restoration of ovarian
function. Laparoscopy remains the predominant technique for tissue collection. The
procedure is advantageous as it preserves both fertility and endogenous hormonal
secretion, thereby conferring beneficial effects on cardiovascular and bone health,
as well as sexual function [30]. It is challenging because of the risk of infection

and bleeding, and the possibility of contaminating the tissue with malignant cells.
Cryopreservation of ovarian tissue is not appropriate for patients with low ovarian
reserve (AMH <0.5 ng/ml and/or AFC <5) or for elderly patients. The effectiveness
of the procedure for women over 36 years of age is questionable. Reports of ovar-
ian autotransplantation in Hodgkin’s lymphoma patients exceed 100 cases, with no
documented instances of disease relapse [16]. Reports in non-Hodgkin lymphoma are
more limited. The first baby born after the transplantation of cryopreserved ovarian
tissue in a patient with leukemia was in 2018. This is the only option for preserving
fertility in prepubertal girls. The primary limitation of this technique stems from the
risk of tumor cell contamination within the ovarian tissue graft, a concern particu-
larly relevant in malignancies characterized by hematologic dissemination. The risk
level is highest for leukemia patients, followed by non-Hodgkin’s lymphoma, while
the probability is markedly lower for solid tumors and Hodgkin’s lymphoma [23].

7.3 Future prospects
7.3.1 Artificial ovaries

The artificial ovary concept centers on the development of a biocompatible
scaffold engineered to support the growth and subsequent maturation of primordial
follicles isolated from the patient’s own ovarian tissue [31]. The primary driver for
developing this approach is the need to circumvent a critical risk in hematological
malignancies (such as leukemia) and other cancers with a high propensity for ovarian
metastasis: the potential for inadvertently re-implanting malignant cells along with
the ovarian tissue [32]. Recent preclinical studies, particularly in animal models, have
demonstrated the feasibility of this technology. While the results are promising, there
are major hurdles to overcome before clinical application. Key challenges include
ensuring the long-term viability of the follicles, achieving full oocyte maturation,
and replicating the complex hormonal and vascular environment of a natural ovary
[33, 34]. Currently, no clinical trials of a fully functional artificial ovary are under-
way, and the technology remains in the experimental research phase.

7.3.2 In vitro follicle maturation (IVF-M) and stem cells

In vitro follicle maturation (IVF-M) is the process of growing immature follicles in
alab setting to the stage where they can produce mature, fertilizable eggs [32]. This is
closely related to stem cell technologies, as both aim to create viable gametes outside

82



Fertility Preservation in Hematological Malignancies: A Growing Imperative
DOI: http://dx.doi.org/10.5772/intechopen.1013663

the body, bypassing the need for whole-ovary transplantation [35, 36]. Researchers
are exploring the use of oogonial stem cells (OSCs) and other adult stem cells, such
as those from the bone marrow, to regenerate gonadal function. Research involving
murine models has demonstrated that the transplantation of these stem cells can suc-
cessfully restore oogenesis, leading, in some cases, to the birth of live offspring. This
methodology offers a potential pathway for fertility restoration in patients who were
unable to undergo tissue banking prior to therapeutic intervention [36]. While these
studies are exciting, they are still in early preclinical stages and are not yet ready for
human application. The primary challenge is replicating the intricate cellular inter-
actions and signaling pathways required for full human oocyte maturation in a lab
setting. The risk of cancer recurrence from re-injecting even small numbers of stem
cells remains a significant concern and requires extensive research to ensure safety.
Therefore, these are considered “emerging” technologies and are not yet a standard
clinical option for patients.

8. Outside fertility preservation

If fertility preservation options are rejected, contraindicated, infeasible, unavail-
able, or unsuccessful, adoption and third-party reproduction (egg donation, embryo
donation, and surrogacy) can be offered as family-building alternatives. If third-party
reproduction services are not available or not legally allowed in a country, patients
may travel abroad to obtain them.

9. How long should patients be in remission?

Although conceiving after cancer treatment does not increase the risk of cancer
recurrence, it is still unknown whether short intervals between treatment and con-
ception might cause poor pregnancy outcomes. It is recommended that any attempt
to conceive through assisted reproduction be initiated a minimum of two years after
complete remission of the hematological disease has been achieved. The two-year
timeframe is based on a few key clinical and biological considerations:

* Highest velapse risk: For many cancer types, especially hematological malignan-
cies like lymphoma and leukemia, the highest risk of disease recurrence is within
the first one to two years after achieving complete remission. A significant por-
tion of relapses occur during this period, and a new pregnancy could complicate
or delay essential cancer treatment, potentially jeopardizing the patients life.

* Maternal and fetal safety: The occurrence of cancer relapse during pregnancy
requires navigating complex decisions concerning the continuation of the gesta-
tion in balance with the necessity of resuming aggressive anticancer treatment
[37, 38]. This could lead to poor pregnancy outcomes. Therefore, waiting until
the patient is past this critical relapse window significantly reduces this risk.

* Physical and emotional recovery: Cancer treatment, particularly chemotherapy,
can be physically and emotionally taxing. The two-year waiting period allows
the body to recover, replenish its reserves, and for the patient to mentally and
emotionally prepare for a healthy pregnancy.
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Consequently, leading oncology and fertility organizations, including the
European Society for Medical Oncology (ESMO) and the American Society of
Clinical Oncology (ASCO) [39, 40], advise a minimum waiting period of two years
following complete remission. It is important to note that this is a general guideline.
The final decision should be based on an individualized risk assessment, taking into
account the specific type of cancer, stage, prognosis, and the patient’s overall health.
For some cancers with a very low risk of early relapse, a shorter waiting period might
be considered after a thorough discussion between the patient, their oncohematolo-
gist, and the fertility specialist. This ensures a balance between fertility goals and
long-term survival.

10. Conclusion

Fertility preservation represents a major issue for young women suffering from
malignant hematological diseases. The impact of hematological neoplasia on fertility
varies and depends on several factors. The most important factors are the nature of
the disease, the regimen and dose of chemotherapeutic medication administered, the
patient’s age, and AMH levels. The risk of gonadotoxicity should be assessed for all
patients undergoing gonadotoxic treatment. Despite any concomitant complications
or the need for prompt antitumor therapy, adequate replacement therapy, anti-infec-
tive prophylaxis, and timely consultation with a reproductive specialist can provide
this opportunity. Effective communication and collaboration between the treating
hematologist, the reproductive specialist, and the patient are pivotal to the successful
completion of the process. Unfortunately, reports indicate that 50% of patients state
they have not engaged in a discussion regarding fertility issues with their primary
treating physician [41].

Take-home messages

* The risk of gonadotoxicity should be assessed in every patient undergoing
gonadotoxic therapy.

* Any patient with a hematologic malignancy should be consulted by a reproduc-
tive specialist.

* Fertility preservation in patients with hematologic neoplasia is possible after
careful risk/benefit assessment.

* The gold standard for fertility preservation in hematologic oncology patients is
oocyte/embryo cryopreservation after a short protocol COS.

* Cryopreservation of ovarian tissue is possible but under certain conditions.

* The administration of GnRHa remains an unproven method of fertility protec-
tion in patients with hematologic malignancies. GnRH agonists should not be
routinely offered as an option to protect ovarian function and an equivalent or
alternative to fertility preservation. They may be offered after cryopreservation
techniques have been implemented or when they are not possible.
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Chapter 6

Epigenetic Stability and Genomic
Integrity in Fertility Preservation:
Insights from Genetic and
Reproductive Technologies

Songlin Zhang, Chenglu Wang, Leixiang Yang, Min Zheng,
Xiaohua Tang and Xiaopan Chen

Abstract

Fertility preservation techniques—particularly cryopreservation and thawing—
are essential in reproductive medicine for safeguarding the reproductive potential of
individuals facing medical or elective fertility challenges. However, these interven-
tions expose gametes (oocytes and sperm), embryos, and reproductive tissues to
physical and molecular stress, potentially compromising both epigenetic stability and
genomic integrity. This chapter reviews current knowledge on the maintenance and
disruption of DNA methylation patterns, histone modifications, chromatin structure,
and non-coding RNA (ncRNA) profiles during storage, alongside potential alterations
in nuclear and mitochondrial genomes that may influence developmental competence
and transgenerational health. We summarize technological advances in genetic and
assisted reproductive technologies, evaluate their impact on molecular integrity, and
outline strategies to mitigate damage. Emphasis is placed on the need for standard-
ized protocols, comprehensive genomic and epigenomic assessment, and long-term
monitoring to ensure the safety and efficacy of fertility preservation.

Keywords: fertility preservation, cryopreservation, epigenetic stability, genomic
integrity, mitochondrial DNA, histone modification

1. Introduction

Fertility preservation has become an integral component of modern reproductive
medicine, providing a crucial option for individuals undergoing gonadotoxic treat-
ments, experiencing age-related fertility decline, suffering from autoimmune diseases,
or choosing to delay childbearing for personal or social reasons [1, 2]. Among the various
existing strategies, cryopreservation, especially oocyte cryopreservation, has emerged as
the most widely used and technologically mature method. In the United States alone, the
number of oocyte cryopreservation cycles performed in 2021 exceeded 24,000, showing a
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substantial increase compared to previous years and highlighting its central role in fertil-
ity preservation [3]. This global trend has been fueled by improved vitrification protocols,
expanded clinical indications, and rising public awareness. The cryopreservation of
gametes, embryos, and gonadal tissues has revolutionized assisted reproductive technolo-
gies (ART), enabling individuals to preserve reproductive potential in both medical and
elective contexts [4]. However, as the clinical use of cryopreserved materials becomes
more widespread, growing attention is being directed toward their long-term safety,
particularly concerning epigenetic fidelity, genomic integrity, and potential transgenera-
tional effects on offspring [5].

Epigenetics refers to reversible and heritable changes in gene expression that occur
independently of alterations to the underlying DNA sequence and are influenced
by both internal and external factors [6]. It encompasses a wide range of molecular
mechanisms, including DNA methylation, histone modifications, non-coding RNAs
(ncRNAs), and chromatin remodeling [7]. These processes play essential roles during
germ cell specification, gametogenesis, and early embryonic development. Through
chemical modifications of the genome, epigenetic mechanisms regulate gene accessi-
bility and activity, guiding cell differentiation, parental imprinting, cell-type-specific
gene expression, X-chromosome inactivation, and the preservation of genomic
structure and stability [8-10].

Genomic integrity, on the other hand, refers to the maintenance of both the
structural and functional stability of nuclear DNA (nDNA) and mitochondrial DNA
(mtDNA), ensuring protection against mutations, double-strand breaks (DSBs),
chromosomal aberrations, and oxidative stress. Although DNA is often regarded
as chemically stable, it is inherently a dynamic molecule that remains vulnerable
to a wide range of endogenous and exogenous insults [11]. During cryopreserva-
tion—most commonly involving ultra-low temperature storage in liquid nitrogen
(—196°C)—Dbiological samples are subjected to substantial physicochemical stress,
including osmotic fluctuations, intracellular ice crystal formation, and the accu-
mulation of reactive oxygen species (ROS), all of which can compromise genomic
stability [12]. Notably, hyperosmotic stress has been shown to induce chromosomal
abnormalities and elevate the frequency of sister chromatid exchanges, potentially
via mechanisms such as ionic imbalance, macromolecular crowding, excessive ROS
generation, and alterations in chromatin architecture [13]. These stressors may
increase mechanical strain on DNA or enhance its accessibility to nucleases, thereby
promoting DSB formation. Mitochondrial DNA, which lacks protective histones and
resides close to the electron transport chain, is particularly susceptible to oxidative
damage during cryopreservation, leading to point mutations, large-scale deletions,
and impaired mitochondrial function [14].

This chapter aims to provide a comprehensive overview of how fertility preserva-
tion impacts epigenetic modifications and genomic architecture within gametes,
embryos, and preserved reproductive tissues. We explore how advances in reproduc-
tive and genetic technologies have enhanced our ability to monitor, understand, and
mitigate the molecular alterations induced by cryopreservation, particularly changes
affecting DNA methylation patterns, histone landscapes, chromatin organization,
and mitochondrial genome integrity. Current strategies designed to minimize such
molecular damage are highlighted, alongside a discussion of ethical considerations
and the pressing need for standardized protocols and long-term follow-up studies.

By integrating perspectives from epigenetics and reproductive genetics, this chapter
outlines future directions to better understand transgenerational consequences and
improve clinical outcomes in fertility preservation.
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2. Epigenetic mechanisms in embryos and gametes

Epigenetic reprogramming is a vital process during human gametogenesis and
early embryogenesis, orchestrating a genome-wide epigenome reset to secure devel-
opmental potential [8]. This tightly regulated process governs DNA methylation,
histone post-translational modifications (PTMs), and chromatin reorganization,
facilitating the erasure of parental epigenetic imprints and the establishment of toti-
potent and pluripotent states [15, 16]. Mice are essential models for unraveling human
epigenetic mechanisms, offering critical insights into the molecular foundations of
reprogramming. Disruptions in this process can result in reproductive dysfunction,
imprinting disorders such as Beckwith-Wiedemann syndrome and Angelman syn-
drome, and developmental abnormalities [17, 18].

Following human embryo implantation, primordial germ cells (PGCs) dif-
ferentiate from epiblast cells, exhibiting an epigenetic state similar to neighboring
somatic-fated cells, retaining stable DNA methylation and X-chromosome inactiva-
tion, which pose barriers to achieving totipotency [19-21]. Early PGC development
requires extensive reprogramming to overcome these barriers. The first significant
chromatin changes include the loss of H3K9me2 around Week 4 and a global increase
in H3K27me3 by Week 5 (Figure 1A) [22-24]. Both are repressive modifications;
the increase in H3K27me3 may compensate for the loss of H3K9me?2 to maintain

A
—] s
H3K%me2
HikYmed
I ic heteroch i
Safeguard hypomethylated genome
H3K2Tmed
HZATR3nels
Human -} -~ - L . -
Weeks Weekd WeekS  Weeke  WeekS Week10
B function of DNA demethylation € Genome stability
Impriat ermsare Retratranspasont {evolutionarily oM}
3 202 3 200 A4sACiaMS . 2000010000
?‘ ” != — Q Qéﬁ i' LINE-L2
X eontintion Retrotranspasons (evolutionarily yousg)
X xi -~ - - X Xa !’!!clll’ !!Q!===e=
4 _ g 2 A
X X AN 000y X X BaEt_panr_agart ; epens
e
VYVt VY= Aaad 4G Bd — KL A2 Bk
Daz
& Unmethylated Cp A M ethvlated Cpls

Figure 1.

Ep%'genetic reprogramming in human PGCs. (A) During early development, human primordial germ cells
(hPGCs) undergo genome-wide DNA demethylation from Week 3 to Week 10, accompanied by dynamic changes
in chromatin modifications. Levels of H3K9mez2 decrease, supporting DNA demethylation, while H3K27me3 is
transiently enviched during migration and later declines. H3K9me3 persists at pericentric heterochromatin, and
H2A/H4R3mez2s levels vemain stable. (B) DNA demethylation in hPGCs erases parental imprints, facilitating
germ cell development. Imprinting control vegions (ICRs) are demethylated and subsequently ve-established

in a sex-specific manner. In female hPGCs, the inactive X chromosome is veactivated through the loss of

DNA methylation and H3K27me3. Promoters of germline-specific genes, typically methylated and silenced in
somatic cells, become demethylated, enabling their expression (e.g., DAZL). (C) Despite global demethylation,
transposable elements remain vepressed. Evolutionarily older elements (e.g., LINE-L2) and younger ones (e.g.,
SVA) are silenced through histone modifications and partial DNA methylation at specific sites, maintaining
genome stability during reprogramming.
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transcriptional silencing [25]. In female PGCs, H3K27me3 enrichment on the inac-
tive X chromosome gradually decreases, reflecting X-chromosome reactivation
(Figure 1B) [26].

During the migratory phase, PGCs acquire transcriptional and epigenetic features
resembling embryonic stem (ES) cells and can give rise to embryonic germ (EG) cells
in vitro [27, 28]. At this stage, H2A/H4R3me2s levels increase, catalyzed by PRMTS5,
supporting unipotency and suppressing somatic differentiation programs [29, 30].
Genome-wide DNA methylation (5mC) begins to decline around Week 3, primarily
due to BLIMP1- and PRDM14-mediated repression of Dnmt3a, Dnmt3b, and Uhrfl
[31], possibly with contributions from GLP downregulation (Figure 1A) [32]. Most
genomic regions—including transposable elements, imprinted loci, and single-copy
genes—retain CpG methylation until Week 5, with only partial conversion of 5mC to
5-hydroxymethylcytosine (ShmC) [32, 33]. UHRF2, upregulated during PGC specifi-
cation, may maintain residual 5mC by binding hemi-methylated DNA associated with
H3K9me3 [34, 35].

Upon entering the genital ridges, PGCs undergo rapid, likely active, genome-wide
DNA demethylation, predominantly occurring in the G2 phase. By Week 10, methyla-
tion is almost completely erased, including parental imprints and CpG methylation
at promoters of germline-specific genes [24, 36]. This stage, termed the “epigenomic
nadir,” is accompanied by chromatin remodeling, including transient reorganiza-
tion of linker histone H1, dynamic changes in H3K27me3 and H3K9me3, and stable
alterations in H3K9ac and H2A/H4R3me2s (Figure 1A) [24]. Some retrotransposons,
such as IAP elements, partially evade demethylation [37]. Research suggests that
5mC clearance in PGCs may involve a biphasic yet potentially continuous process.
Compared to zygotic reprogramming, PGC reprogramming is more extensive, as the
latter retains methylation at multiple loci, imprinted regions, and Polycomb-mediated
chromatin modifications [38].

After fertilization, a second wave of reprogramming initiates the transition from
the parental to the zygotic genome. The paternal genome undergoes rapid TET3-
dependent active demethylation, while the maternal genome is passively demethyl-
ated during replication, protected by factors such as STELLA [39]. In humans, zygotic
genome activation (ZGA) occurs at the 8-cell stage, accompanied by chromatin
decondensation, the acquisition of activating modifications (e.g., H3K27ac), and the
loss of repressive modifications (e.g., H3K9me3, H3K27me3) [16, 39]. Chromatin
structure becomes less compartmentalized, with relaxed topologically associating
domains (TADs) and activation of retrotransposons such as LINE-L2, influenc-
ing transcriptional dynamics (Figure 1C). Remethylation resumes at implantation
via DNMT3A/B, with bivalent chromatin domains marked by both H3K4me3 and
H3K27me3 priming lineage-specific genes.

In humans, genome-wide demethylation is mediated by TET1/2/3, which oxidize
5mC to ShmC, facilitating both passive and active demethylation [40]. Incomplete
demethylation in human PGCs results in residual methylation in mature gametes, a
key species-specific difference. During oogenesis, de novo DNA methylation prefer-
entially occurs in actively transcribed regions, guided by H3K36me3 and mediated by
the DNMT3A/3 L complex to establish maternal imprints [40, 41]. During spermato-
genesis, most histones are replaced by protamines, but retained histones at regulatory
sites carry H3K4me3 and H3K27me3 modifications critical for early embryonic gene
regulation. These histone patterns are more broadly distributed in human oocytes
than in mice [42].
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Epigenetic reprogramming is highly sensitive to extrinsic perturbations. Assisted
reproductive technologies (ART) and in vitro culture can alter methylation at
imprinted loci, increasing the risk of disorders such as Beckwith-Wiedemann syn-
drome [17, 18]. Advanced maternal age exacerbates this instability, leading to global
hypomethylation and histone deacetylase-mediated loss of acetylation in ovarian
tissue, impairing oocyte quality [43]. High-resolution single-cell epigenomic map-
ping has revealed unexpected developmental plasticity in human embryos, offering
insights into potential therapeutic targets [44].

In conclusion, epigenetic reprogramming in human germ cell development and
preimplantation embryogenesis maintains a dynamic balance between the erasure
and re-establishment of molecular signatures to ensure developmental integrity.
High-resolution analysis has revealed both conserved and species-specific features,
providing valuable information for translational applications in reproductive
medicine.

3. Impact of cryopreservation on epigenetic stability

The intricate epigenetic reprogramming during gametogenesis and early
embryogenesis establishes critical windows during which external stressors, such as
those encountered during cryopreservation, may disrupt molecular fidelity. These
dynamic phases of DNA demethylation and histone remodeling in primordial germ
cells (PGCs) and early embryos heighten susceptibility to freezing stress, potentially
leading to altered gene expression and developmental outcomes. Cryopreservation—
encompassing slow freezing and vitrification—is a cornerstone of assisted reproduc-
tion, ensuring high survival, fertilization, cleavage, and embryo development rates.
However, its potential to alter the epigenetic landscape of gametes and embryos raises
concerns about long-term offspring safety. This section examines how cryopreserva-
tion affects epigenetic mechanisms.

3.1 DNA methylation alterations

Vitrification-warming can reduce DNA methylation levels at gene promoters,
potentially leading to transcriptional dysregulation [45]. Evidence from bovine mod-
els indicates hypomethylation in essential developmental genes following vitrification
[46]; however, these findings may not directly translate to humans due to species-
specific differences in epigenetic regulation and reprogramming dynamics. For
example, bovine embryos exhibit distinct methylation responses to cryopreservation,
and methodological variability in human studies further limits the generalizability of
conclusions [45]. Emerging technologies such as single-cell whole-genome bisulfite
sequencing (scWGBS) now enable base-resolution methylome profiling, which may
help reconcile these discrepancies. While global DNA methylation levels are generally
maintained after cryopreservation, deviations can occur under suboptimal conditions
[47]. Factors such as cryopreservation protocols, semen quality, and pre-existing epi-
genetic defects during spermatogenesis warrant further investigation [48]. Moreover,
oxidative stress generated during cryopreservation—particularly in morphologically
abnormal sperm—may indirectly disrupt epigenetic regulators, resulting in locus-
specific hypo- or hypermethylation [49]. To ensure the safety of assisted reproductive
technologies, future research should prioritize single-cell epigenomic analyses using
human samples or non-human primate models to validate these findings.
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3.2 Histone modifications

Histone post-translational modifications (PTMs) are critical for chromatin organi-
zation and gene regulation and are susceptible to cryopreservation-induced changes.
Studies in bovine, porcine, and murine oocytes show that vitrification alters histone
acetylation and methylation [50-52]. For instance, vitrification of oocytes is associ-
ated with decreased H3K9me3 and increased H3K9ac in cleavage-stage embryos, as
well as reduced acetylation in blastocyst trophectoderm. Increased H4 acetylation
and H3K9 methylation have also been reported in porcine and murine oocytes post-
vitrification (Table 1) [53]. Current research focuses on H3 and H4, with limited data
on H2A and H2B. Single-cell epigenomic approaches are expected to provide deeper
insights [45].

3.3 Non-coding RNAs (ncRNAs)

Non-coding RNAs (ncRNAs)—including long ncRNAs (IncRNAs), microRNAs
(miRNAs), small interfering RNAs (siRNAs), PIWI-interacting RNAs (piRNAs),
and circular RNAs (circRNAs)—regulate transcription, pluripotency, meiosis,
and early embryonic development [53-55]. miRNAs modulate gene expression
via mRNA 3'UTR targeting, and their dysregulation in oocytes or embryos can
lead to infertility and developmental anomalies [56]. Dicer, essential for siRNA
biogenesis, is required for oocyte meiosis, and its loss causes meiotic arrest and
chromosomal defects [56].

Vitrification-warming alters ncRNA profiles due to their environmental sensitiv-
ity. In mouse oocytes, 22 miRNAs were differentially expressed post-vitrification,
including upregulation of miR-134-5p, miR-210-5p, and miR-21-3p, and downregula-
tion of miR-465¢c-5p, targeting key metabolic genes (Table 1) [57]. PTEN expression,
anegative regulator of the PI3K/AKT pathway critical for DNA repair and follicle
activation, was reduced at transcript and protein levels [58]. Human RNA-seq studies
show significant downregulation of IncRNAs in vitrified oocytes [59], though their
roles in early embryogenesis remain unclear.

Molecular Human Findings Bovine Findings Mouse Findings

Endpoint

DNA Global levels are generally Hypomethylation in Partial demethylation at

Methylation stable post-vitrification; developmental genes imprinted regions; ROS-
locus-specific changes in small induced hypo/hypermethylation
studies

Histone Marks ~ Decreased H3K9me3 and Increased H4 acetylation ~ Increased H4 acetylation and

increased H3K9ac in cleavage- and H3K9 methylation H3K9 methylation
stage embryos

Non-Coding Significant downregulationof ~ Limited data; suspected =~ Altered miRNA expression
RNAs IncRNAs in vitrified oocytes miRNA dysregulation
mtDNA Oxidative damage leading to Higher mutation rate in Point mutations and impaired
Mutations deletions; small heterogeneous  cryopreserved embryos function due to cryostress
studies
Table 1.

Comparison of molecular endpoints in human, bovine, and mouse models following cryopreservation.
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The epigenetic consequences of cryopreservation vary by species and techni-
cal parameters, such as cryoprotectant type, cooling/warming rates, and freezing
stage. In bovine models, cryopreserved oocytes exhibit reduced H3K9 acetylation,
potentially affecting chromatin decondensation post-fertilization (Table 1) [60].
Blastocyst-stage cryopreservation can disrupt global DNA methylation and histone
patterns, correlating with altered placental gene expression [61]. In ovarian tissue
cryopreservation, ischemia-reperfusion injury during transplantation may alter
follicular epigenomes [62]. For detailed impacts on genomic integrity, including DNA
damage mechanisms, see Section 5.

In summary, while cryopreservation ensures high survival and developmental
competence, accumulating evidence indicates it can affect epigenetic integrity via
DNA methylation changes, histone PTM alterations, and ncRNA dysregulation. The
clinical significance of these changes remains to be clarified. Integrating advanced
single-cell epigenomic technologies with well-controlled, species-specific studies will
be essential for ensuring the long-term safety of cryopreservation in reproductive
medicine.

4. Human genome, genetic diseases, and genomic technologies

DNA is inherently vulnerable to chemical and physical insults under physiological
conditions, leading to sequence alterations such as transpositions and base substitu-
tions. These changes may result from replication, recombination, or repair errors, as
well as from the intrinsic instability of nucleotide bonds at physiological temperature
and pH [11, 63, 64]. In eukaryotic cells, genomic stability is maintained through
the chromatin structure, in which DNA is packaged with histone and non-histone
proteins to regulate accessibility and preserve gene function [65].

The mitochondrial genome (mtDNA), a 16.5 kb circular double-stranded
molecule encoding 13 proteins, 22 tRNAs, and 2 rRNAs, is particularly prone
to damage. Lacking histone protection and residing adjacent to the electron
transport chain, mtDNA is highly susceptible to oxidative stress, resulting in a
mutation rate roughly tenfold higher than that of nuclear DNA [66]. Damage to
mtDNA can impair energy metabolism, directly affecting gamete viability and
embryonic development.

According to the Online Mendelian Inheritance in Man (OMIM) database, genetic
disorders such as cystic fibrosis, thalassemia, fragile X syndrome, and chromosomal
abnormalities (e.g., trisomy 21 and trisomy 18) are strongly associated with infertil-
ity and embryonic developmental defects. These conditions may be exacerbated by
environmental or physiological stressors that compromise genomic stability [12]. For
individuals at elevated genetic risk, effective reproductive strategies require stringent
genomic quality control to ensure optimal outcomes.

Advances in genomic technologies have transformed reproductive medicine. Next-
generation sequencing (NGS) enables high-throughput detection of single-nucleotide
variants, copy number alterations, and structural rearrangements across both nuclear
and mitochondrial genomes. Single-cell sequencing provides insights into genomic
heterogeneity, while long-read platforms, such as third-generation sequencing,
enhance the resolution of complex genomic regions and structural variants [44].
Together, these technologies support comprehensive genomic assessment for fertility
preservation and embryo evaluation.
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5. Effects of cryopreservation on genomic integrity

Cryopreservation introduces physical and molecular stressors that may compro-
mise genomic integrity in oocytes, sperm, and embryos, leading to chromosomal
abnormalities, DNA fragmentation, and mutations. This section details these
mechanisms.

5.1 Oocytes

Oocytes are particularly vulnerable to cryoinjury due to their large size (~100 pm
in humans), high lipid content, and dynamic meiotic processes, which distinguish
them from smaller somatic cells (10-20 pm) [67]. During spindle-sensitive meiotic
stages, cryopreservation can disrupt microtubule assembly, resulting in chromosome
misalignment and an increased risk of aneuploidy [68]. Animal studies, especially in
mice, have reported elevated sister chromatid exchange (SCE)—a marker of muta-
genesis—and DNA damage following cryopreservation [69]. Common cryoprotec-
tants such as dimethyl sulfoxide (DMSO), propylene glycol, and ethylene glycol may
exacerbate genomic stress by inducing DNA fragmentation, altering DNA methyla-
tion, or modifying gene expression profiles (Table 2) [70]. In addition, reactive oxy-
gen species (ROS) generated during freezing contribute to spindle disassembly and
DNA strand breaks, which can be detected using assays such as TUNEL and COMET
(Figure 2) [71]. Although human studies using fluorescence in situ hybridization
(FISH) or comprehensive chromosome screening have not demonstrated a consistent
increase in chromosomal abnormalities [72], these investigations are limited by small
sample sizes and incomplete chromosomal analyses. Moreover, while murine studies
suggest that cryopreservation may increase SCE and DNA damage, such findings may
not be fully applicable to humans due to species-specific differences, including oocyte
size, lipid content, and meiotic dynamics. Human studies are further constrained
by limited sample numbers and the absence of long-term follow-up, restricting our
understanding of the sustained genomic impact of cryopreservation.

Vitrification has significantly improved oocyte survival rates (up to 96.9%) and
pregnancy rates (65.2% per embryo transfer) compared to slow freezing, which
historically yielded only a 2.3% pregnancy rate per thawed oocyte [73]. Despite these
advances, clinical variability—stemming from differences in protocols, cryoprotec-
tant exposure times, and embryologist expertise—may amplify genomic risks. For

Typical . . .
Cryoprotectant Concentration Reported Epigenetic/Genomic Effects
Dimethyl Sulfoxide Induces DNA fragmentation; alters histone acetylation in
15-2M
(DMSO) oocytes
Propylene Glycol 15M Elevates intracellular calc1um? leadl?g to.chromat.m changes
and hypermethylation at imprinted loci
Ethylene Glycol 159 M Causes ROS—medla}ted mtDNA mutations; hypomethylation
in developmental genes
Glycerol 19M Affects hlstone-modlfymg.enzymes, resulting in altered
methylation patterns
Table 2.

Summary of cryoprotectants, concentrations, and reported epigenetic/genomic effects.
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The possible biological mechanisms of the effect of cryopreservation on the genome. ROS, reactive oxygen species;
CB cryoprotectants; T° low, low temperature; Ca™, calcium; Zn, zinc molecule incorporated in DNA-protamine
complex; CH;, methylated DNA; ICE, a schematic representation of intracellular crystallization; yellow cylinders
with ved lines, schematic representation of centrosome with microtubules.

instance, prolonged equilibration in propylene glycol increases genotoxicity by elevat-
ing intracellular calcium and altering chromatin structure (Table 2) [74]. Mouse
studies demonstrate that optimized vitrification protocols, such as droplet systems

or precise cryoloop handling, can reduce DNA fragmentation [75]. However, human
data on SCE and COMET assay-based DNA damage are scarce, and no studies have
explored cryoprotectant genotoxicity in human oocytes.

The long-term genomic safety of oocyte cryopreservation remains understudied.
Retrospective data on over 900 babies born from cryopreserved oocytes report a low
congenital anomaly rate (1.3%), but these studies lack standardized assessments and
long-term follow-up [76]. The absence of prospective registries, such as the HOPE
registry, limits our understanding of subtle epigenetic or mitochondrial DNA changes
in offspring [77]. Clinical implications include the need for standardized protocols
to minimize cryoinjury and informed consent addressing potential genomic risks.
Future research should prioritize large-scale human studies on SCE, DNA fragmenta-
tion (via COMET assay), and cryoprotectant effects, alongside longitudinal offspring
health studies to ensure the safety of vitrified oocytes, which are increasingly
reported as comparable to fresh oocytes [78].

5.2 Sperm

Sperm cryopreservation, vital for assisted reproductive technologies, compro-
mises genomic integrity through oxidative stress, osmotic injury, and chromatin
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decondensation. DNA fragmentation post-thaw varies significantly due to differences
in cryopreservation techniques and individual cryoresistance, with sperm from
infertile men showing greater damage due to reduced antioxidant defenses [79, 80].
Freezing may induce apoptosis or activate endonucleases, exacerbating DNA dam-
age [81]. While fertilization capacity often persists, elevated DNA fragmentation is
associated with increased miscarriage risk [82].

Antioxidants in cryomedia, such as melatonin or zinc, show partial protec-
tion against DNA damage in animal studies, but human data are limited [83].
Cryopreservation may also disrupt paternal epigenetic marks and telomere integrity,
potentially affecting embryo development [84]. Long-term impacts on offspring
remain understudied, though animal models suggest risks like aberrant growth [85].
Further research into optimized cryoprotectants and long-term outcomes is essential.

5.3 Embryos

Embryo cryopreservation, a critical component of in vitro fertilization (IVF),
introduces stressors that may compromise genomic and epigenetic integrity, particu-
larly during early cleavage stages when rapid cell division and chromatin remodeling
heighten vulnerability to DNA damage. Both slow freezing and vitrification increase
DNA fragmentation and potentially disrupt chromosomal stability, though vitrifica-
tion is generally less damaging [86]. Cryoprotectants, such as ethylene glycol and
1,2-propanediol, can induce genomic stress independently of freezing, contributing
to DNA fragmentation in animal models (Figure 2) [87]. While embryonic repair
mechanisms may mitigate some damage during culture, the extent of protection
remains unclear, necessitating further research into optimized protocols [88].

Although large studies report no significant increase in congenital anomalies,
subtle epigenetic shifts, such as higher birth weights in babies from vitrified embryos,
raise concerns about long-term effects [89]. Large-scale, prospective studies and
standardized cryopreservation protocols are essential to fully evaluate the genomic
and epigenetic safety of this vital reproductive technology.

5.4 Mitochondrial DNA

Cryopreservation significantly impacts the mitochondrial genome integrity in
reproductive cells, leading to mtDNA mutations and functional impairments in
sperm, oocytes, and gonadal tissue. In sperm, the lack of efficient mtDNA repair
mechanisms results in increased mutation accumulation during cryopreservation,
reducing semen quality, though intracytoplasmic sperm injection (ICSI) outcomes
remain largely unaffected [90-93]. Oocyte cryopreservation, particularly vitrifica-
tion, can disrupt mitochondrial functional gene expression and lower membrane
potential (A¥m), while inducing calcium imbalances that impair developmental
competence (Figure 2) [94-96]. In gonadal tissue, the choice of cryoprotectant (e.g.,
DMSO outperforms glycerol and propanediol) is critical for preserving mitochondrial
morphology and integrity [97]. Optimizing cryoprotectants and supplementing
antioxidants like melatonin or glutathione ethyl ester can mitigate these damages
[98-100]. Mitochondrial genomic integrity is particularly vulnerable. MtDNA lacks
histones and has limited repair, making it prone to deletions and point mutations
during cryopreservation. In cryopreserved oocytes, mtDNA copy number decreases,
impairing energy production and embryo development (Table 1) [101]. Research
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shows that resveratrol promotes mitochondrial recovery from cryopreservation-
induced damage in oocytes and embryos [102]. Studies show that supplementing
oocytes with extra mtDNA can restore function, but transmission efficiency var-
ies [103]. Transgenerational effects are evident, with altered mtDNA in offspring
potentially linked to metabolic issues [104]. Integrating nuclear and mitochondrial
assessments is vital for comprehensive genomic evaluation in fertility preservation.

6. Advances in genetic and reproductive technologies for fertility
preservation

6.1 Female fertility preservation technologies

Recent advances in female fertility preservation have significantly improved
options for women facing fertility-threatening conditions such as cancer treatments
or premature ovarian insufficiency. Oocyte cryopreservation via vitrification is now
the gold standard for post-pubertal women, with live birth rates reaching ~32% [105].
This method avoids ethical concerns associated with embryo freezing (which requires
sperm and has a higher success rate of ~41%) but is less suitable for prepubertal
girls [105, 106]. For these younger patients, ovarian tissue cryopreservation (OTC)
remains the only option, allowing restoration of both fertility and endocrine function
upon transplantation, with reported live birth rates of 21% (IVF) and 33% (natural
conception). Emerging techniques like in vitro maturation (IVM) of immature
oocytes combined with vitrification offer a hormone-free alternative for hormone-
sensitive cancers, though success rates remain low due to suboptimal culture condi-
tions [106]. Additionally, artificial ovary bioengineering and follicle encapsulation
are experimental approaches aiming to improve graft survival and reduce ischemic
damage. Future directions include Al-assisted follicle monitoring and automated
vitrification protocols to enhance efficiency [107].

6.2 Male fertility preservation technologies

For males, sperm cryopreservation remains the most established method, with
post-thaw fertilization rates of 60-93%. However, cryodamage from oxidative stress
remains a challenge; antioxidants like melatonin have shown promise in improv-
ing sperm motility and DNA integrity [108]. For prepubertal boys who lack mature
sperm, testicular tissue cryopreservation and spermatogonial stem cell (SSC) bank-
ing are experimental but promising. SSCs can be cryopreserved and later transplanted
or differentiated in vitro to produce functional sperm. Melatonin supplementation
enhances SSC survival and proliferation, mitigating chemotherapy-induced damage.
Xenografting (transplanting human testicular tissue into immunodeficient mice)
has demonstrated sperm production in animal models, though ethical and safety
concerns limit clinical translation [108]. Emerging gene-editing techniques (e.g.,
CRISPR) may further optimize SSC culture and differentiation, while microfluidic
sperm sorting and Al-based sperm selection could improve assisted reproductive
outcomes [107].

These advances highlight the rapid progress in fertility preservation, though
standardization of experimental techniques and ethical considerations remain
critical for broader clinical adoption. Additionally, recent technological strides
have enhanced our ability to probe and improve epigenetic and genomic outcomes
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in fertility preservation. Next-generation sequencing (NGS) enables detailed
epigenomic profiling, revealing cryopreservation-induced changes in methylation
landscapes [61]. Single-cell RNA-seq and ATAC-seq provide insights into chromatin
accessibility in preserved gametes [109]. In reproductive technologies, mitochondrial
replacement therapies (MRT) like pronuclear transfer mitigate mtDNA defects

[110]. Preimplantation genetic testing (PGT) screens for aneuploidy and mutations,
improving the selection of viable embryos post-cryopreservation [111]. Epigenetic
clocks, based on methylation patterns, assess biological aging in gametes, predicting
fertility outcomes [112]. Advances in cryoprotectants, such as nanoparticle-based
agents, reduce toxicity and preserve integrity [113]. These innovations bridge genetics
and epigenetics, fostering safer fertility preservation.

Importantly, CRISPR-based epigenetic editing offers a promising strategy to
mitigate cryopreservation-induced epigenetic abnormalities [114]. For example,
CRISPR/Cas9-dCas9 systems can precisely modulate DNA methylation or histone
modifications at specific loci, such as imprinting control regions, potentially correct-
ing hypomethylation or aberrant chromatin states caused by cryostorage. In animal
models, CRISPR has been successfully applied to restore developmental epigenetic
marks essential for embryogenesis [115]. However, major challenges remain before
clinical translation, including risks of off-target genomic alterations and the unknown
intergenerational consequences of germline epigenetic editing. Furthermore, strin-
gent global regulatory frameworks (e.g., FDA and EMA) and ethical debates sur-
rounding germline modification necessitate thorough safety validation before clinical
use. Future research should prioritize non-human primate models and integrative
multi-omics approaches to evaluate the long-term safety and efficacy of CRISPR-
based epigenetic interventions in fertility preservation.

7. Strategies to preserve epigenetic fidelity and minimize genomic damage

Mitigating epigenetic and genomic risks in fertility preservation requires a dual
approach combining biochemical interventions and technical optimization. Key
antioxidants demonstrate multi-level protection: Resveratrol significantly reduces
ROS-induced DNA damage [61], while zinc plays a pivotal role in maintaining
epigenetic stability. Post-chemotherapy Zn supplementation restored normal DNA
methylation patterns, preserved spermatogonial stem cells, and reduced sperm DNA
fragmentation by >50% (P < 0.001) (Figure 2). These effects are enhanced when
combined with optimized vitrification protocols employing controlled cooling rates
to prevent ice crystal-induced chromatin damage [45]. Post-thaw recovery benefits
from HDAC inhibitors like valproic acid for histone modification repair [116], along-
side novel mitochondrial interventions such as autologous mitochondrial transfer to
safely restore mtDNA copy number [117].

The strategy hierarchy should prioritize: (1) Pre-preservation preparation through
dietary micronutrients (folate/B-vitamins) and exercise to establish epigenetic resil-
ience; (2) Cryopreservation with antioxidant-fortified media and precision cooling
protocols; (3) Post-thaw epigenetic rehabilitation using targeted modulators. Current
evidence underscores zinc’s unique dual functionality in both epigenetic maintenance
(DNMT support) and structural chromatin protection [61, 118], warranting its
inclusion in standard protocols. Longitudinal studies are needed to establish optimal
antioxidant dosing thresholds and validate the safety of epigenetic modulator cock-
tails [119].
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8. Challenges, ethical considerations, and future directions

Fertility preservation techniques, such as cryopreservation and in vitro matura-
tion, face persistent challenges in maintaining the integrity of epigenetic and genomic
information. Cryopreservation may trigger abnormal epigenetic changes, such as
DNA methylation, in imprinted regions, posing potential threats to embryonic devel-
opment and offspring health [120]. Similarly, in vitro culture can also cause oxidative
stress, potentially leading to DNA damage and chromosomal abnormalities. Factors
such as individual sperm or egg quality differences and the sensitivity of cryopreser-
vation agents further increase the complexity of the results, and currently, there is
alack of long-term data support for potential intergenerational effects and ethical
issues, such as emerging technologies like gene editing [121].

Ethical considerations involve not only the effectiveness of the technology but
also aspects such as informed consent, regulatory oversight, and public participation.
For example, the US Food and Drug Administration (FDA) classifies mitochondrial
replacement therapy (MRT) as an experimental therapy due to potential genetic risks,
while the European Medicines Agency (EMA) allows its use under strict conditions in
specific regions [122, 123]. MRT policies vary greatly around the world - some coun-
tries regulate MRT along with gene editing technologies, while others (such as the
United Kingdom through the HFEA) adopt specific and detailed regulatory frame-
works. Many countries are beginning to involve the public in policy discussions on
MRT, but few have established mechanisms for participatory democracy in the field
of reproductive technology. Informed consent for fertility preservation should clearly
state the potential epigenetic risks, such as: “Cryopreservation may lead to subtle
molecular changes in reproductive cells or embryos, including DNA methylation or
changes in mitochondrial function, which may have unknown long-term effects on
offspring health. Suggest continuous monitoring”

To address these challenges, long-term monitoring through multi-center registra-
tion systems is crucial for tracking the epigenetic and genomic markers of offspring
from assisted reproductive technologies. Advanced tools, such as whole-genome
bisulfite sequencing, single-cell sequencing, and non-human primate models, will
be essential for detecting subtle molecular abnormalities and elucidating intergen-
erational effects [120]. Standardizing cryopreservation protocols across centers will
further reduce differences and enhance data reliability.

Looking to the future, future strategies should focus on optimizing cryopreserva-
tion agents, exploring innovative preservation methods such as freeze-drying or
nano-heating, and leveraging multi-omics data integration with artificial intelligence-
based predictive models. Epigenetic editing based on CRISPR is expected to correct
changes caused by cryopreservation, while stem cell-derived gametes and artificial
reproductive tissues may provide alternative approaches for fertility preservation
[121]. Ultimately, interdisciplinary collaboration among reproductive biologists,
bioengineers, clinicians, ethicists, and policymakers will be crucial for establishing
safe, effective, and ethical fertility preservation practices and minimizing risks to
epigenetic and genomic integrity.

9. Conclusions

Fertility preservation techniques, while transformative, pose risks to epigenetic
stability and genomic integrity through mechanisms like altered DNA methylation,
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histone modifications, and mitochondrial damage. Advances in genetic and repro-
ductive technologies offer tools to mitigate these effects, with strategies emphasizing
protective agents, refined protocols, and monitoring. By prioritizing epigenetic
fidelity, we can enhance the safety and efficacy of these practices, safeguarding
transgenerational health. Continued research is imperative to standardize approaches
and address emerging challenges, ultimately empowering individuals in their repro-
ductive journeys.
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