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The increasing prevalence of marital infertility and the persistent desire for
offspring have become more significant issues over past decades. Considering
the potential genetic, hormonal, and anatomical causes, it is evident that the
analysis of infertility is complex, necessitating the development of innovative
therapies to address various challenges and dilemmas. The interdisciplinary
collaboration of multiple fields fosters scientific progress, such as the
development of new research models, reproductive mini-organoids, enhancing
the chances of successful parenthood even in challenging cases. Since the fifth
decade of the 20th centurymarked by the in vitro fertilization of an egg cell,
the birth of Louise Brown (the first test-tube baby), the methods of embryo
cryopreservation, the discovery of induced pluripotent stem cells (iPSC), and
the genetic editing technology CRISPR-Cas9-research has been advancing
towards promising directions for studying infertility causes and testing potential
therapeutic interventions in controlled conditions. Gene therapy stands as a
significant pillar, with 2017 witnessing promising experimental advancements
in repairing mutations responsible for hypertrophic cardiomyopathy. Attempts
were also made to create Human Immunodeficiency Virus (HIV) immunity by
disabling the CCR5 gene, leading to the birth of twinswith this variation. Progress
in innovative therapies has kept pace with advancements in artificial intelligence,
poised to revolutionize reproductive medicine by minimizing human errors.
Machine learning (ML) algorithms are being integrated into embryo selection
processes, predicting their implantation potential, raising concerns among
various nations about eugenics and the interference with human nature.
These concerns form a highly debated legal and political pillar. The growing
automation is driven by arguments related to the increasing problems of
future challenges, such as environmental changes or declining gamete quality.
Scenarios under consideration include the development of advanced assisted
reproduction technologies and support programs. Theoretical possibilities of
alternative methods for organism development are being explored, though they
remain constrained by the necessity of rigorous human studies.
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1 Introduction

The increasing prevalence of infertility has a significant
impact on both individual wellbeing and society as a whole.
According to recent data, 8%–12% of couples struggle with this
issue (Agarwal et al., 2021). In recent years, infertility has gained
considerable attention, and the resulting consequences necessitate
immediate action, which has led to extensive research in this
field (Zarinara et al., 2016). Growing interest in the subject
and increasing demand have contributed to the development of
therapies and new preventive methods, some of which are directly
linked to the hope of eliminating certain diseases and managing
their manifestations even before birth. Fertility issues have been
recognized since ancient times (Kumar and Singh, 2015). The
concept of artificial insemination,which involves the introduction of
semen into the female reproductive system,was already documented
in antiquity (Sharma et al., 2018). The introduction of genetic
engineering in the 1970s (Rahbaran et al., 2021) was perceived
as a breakthrough in overcoming reproductive difficulties. Over the
past decade, the use of assisted reproductive technologies (ART)
in economically developed countries has increased by 5%–10%
annually (Benhabbour, 2025). Data indicate that by 2023, nearly
10 million children had been born through in vitro fertilization
(IVF) (Hariton et al., 2023). However, there remain cases in which
science continues to be ineffective (Anwar and Anwar, 2016).
Technological advancements in medicine have led to increasingly
innovative solutions, which, due to their complexity, often face
challenges in clinical implementation—primarily due to rising costs.
Despite the existence of numerous modern techniques that appear
promising from a scientific standpoint, their practical benefits do
not always align proportionally with expectations. This discrepancy
represents a significant barrier to further progress in embryonic
engineering (Ma et al., 2021). Standard methods, such as embryo
transfer—a widely practiced assisted reproduction technique—do
not always guarantee success, with an average success rate of
approximately 35% (de Santiago and Polanski, 2022), which may
be considered a relatively disappointing outcome. These challenges
are not the only obstacles in the field. A broader examination
of the issue reveals difficulties affecting individuals as well. The
literature suggests that infertility in women may be associated with
other medical conditions and should raise concerns. According
to data, infertile women are more likely to develop endometrial
cancer and experience mental health disorders (Hanson et al.,
2017). The emotional burden of infertility, which can serve as
a precursor to severe health issues, underscores the need for
psychological support. Recent studies indicate that psychological
interventions play a crucial role in reducing stress among women
and increasing pregnancy rates (Rooney and Domar, 2018). The
current state of knowledge has been shaped by interdisciplinary
influences.The success of assisted reproduction is attributed, among
other factors, to extensive collaboration between embryology and
endocrinology (Hariton et al., 2023). Furthermore, biotechnology,
genetics, and bioinformatics play a crucial role, enabling the
analysis of gametes and intervention through pluripotent stem
cells (Liu et al., 2022; Wu et al., 2022; Sang et al., 2023). Given
the growing and inevitable demand, infertility is now a challenge
not only for biotechnology but also for artificial intelligence.
Increasingly, AI-based tools are being utilized for data analysis

and decision support for both physicians and patients in infertility
treatment (Bulletti et al., 2024). Despite the recognized value
of interdisciplinary collaboration in infertility research and
embryonic engineering, uncertainties remain regarding the long-
term consequences and potential effects of complex reproductive
technologies. Additionally, further research is essential—not only
from a medical perspective but also considering ethical and legal
implications. Our focus is on the role of an interdisciplinary
approach in understanding infertility, its prevention, and treatment.
We believe that a thorough evaluation of the problem—combined
with an analysis of existing methods, technologies, and research
outcomes—will help define the future direction of embryonic
engineering and fertility studies. We emphasize the necessity
of extensive research through interdisciplinary cooperation and
highlight the potential long-term benefits of such collaboration,
which may ultimately improve public access to medical knowledge
and services. This, in turn, serves as a strong altruistic
motivation to advance scientific research and continue progress in
the field.

2 The role embryology in
understanding the causes of infertility

Causes of infertility may stem from genetic, hormonal, or
anatomical factors affecting gametogenesis, fertilization, or early
embryo development. Oxidative stress is considered the most
significant pathological factor in infertile men. Studies have shown
that an increase in reactive oxygen species (ROS) can lead to
substantial disruptions in the redox balance within sperm cells.
Oocyte maturation arrest is a key cause of female infertility linked
to PABPC1L function. Targeting MOS overexpression may rescue
affected oocytes, and in vitro gametes from stem cells offer future
therapeutic potential (Wang et al., 2023). Reproductive mini-
organoids, introduced as novel research models, enable the in
vitro study of cellular and molecular processes. They show great
promise and provide an ideal platform for investigating the causes
of infertility and testing potential therapeutic interventions under
controlled conditions.

Infertility is clinically defined as a disorder of the reproductive
system characterized by the inability to achieve pregnancy after
12 months or more of regular, unprotected sexual intercourse
(Makar and Toth, 2002). Research indicates that male factors
contribute to 30%–50% of infertility cases (Eisenberg et al., 2023).
The factors contributing to infertility are highly complex. Among
them are physical inactivity, poor nutrition, chronic stress exposure,
and excessive physical and psychological strain. These factors can
lead to hormonal imbalances in both sexes, resulting in anovulatory
cycles in women and decreased semen quality in men (Głowacka,
2018). Oxidative stress is a contributing factor not only to infertility
but also to neurodegenerative diseases (such as Alzheimer’s and
Parkinson’s disease) and cancer (Grosicka-Maciag, 2011). A low
concentration of ROS is an essential component for the proper
functioning of male reproductive cells. ROS play a crucial role in
DNA condensation and regulate apoptosis and proliferation, which
are key mechanisms in controlling spermatogenesis productivity
(Tafuri et al., 2015).Thehumanbody produces antioxidant enzymes,
such as glutathione peroxidase (GPx), superoxide dismutase (SOD),
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TABLE 1 Summary of studies.

Study Year Methods n Aim Outcomes

1 Lee et al. 2018 CRISPR-based
gene editing, done
by CRISPR-Gold
delivered by
intracranial
injection

total of 11 mice
(6- control, 5-for
CRISPR-Gold)

CRISPR-Gold is
to deliver Cas9
and Cpf1 into the
brain, and then
lower activity of
mGluR5,
therefore treating
fragile X
syndrome

CRISPR-Gold treated
neurons did not show any
adverse effect caused by the
treatment. Behavioural
changes has been observed
that led to the conclusion
that this method may be able
to treat neurological diseases

2 Raposo 2019 CRISPR-based
gene editing, done
by CRISPR-Cas9

2 (twins) To immunize
twins from HIV
by utilizing
CRISPR-Cas9
technique that
modify the CCR5
gene

Still to be fully delivered, but
it is belived that the trial was
a success

3 Briski et al. 2024 CRISPR-based
gene editing done
by CRISPR-Cas9

Not applicable To modify the
embryonic pigs
genome in order
to make pigs
tissues less likely
to be rejected by a
human host after
transplantation

CRISPR-Cas9 technique
surpasses traditionally
obtained tissues through in
vitro methods or ICSI

4 El Hachem et al. 2014 Cryotechnology
is employed to
freeze oocyte

1 Cryopreserved
oocytes were used
for fertilization
and pregnancy

Both pregnancy and
childbirth was successful

5 Vuong et al. 2020 One group was
randomized to
undergo standard
oocyte
maturation and
the other was to
undergo
capacitation in
vitro maturation

80 (half into each
group)

To evaluate which
technique is safer
and superior

Use of capacitation in vitro
maturation system was
associated with better results
such as improved maturation
and clinical pregnancy rates
than standard oocyte
maturation

6 Donnez et al. 2004 Cryotechnology
is employed to
freeze a fragment
of ovarian tissue

1 Cryopreserved
ovarian tissue is
used for treating
ovarian failure
due to cancer
treatment

Ovary regained its functions,
enabling the patient to
conceive naturally, even after
chemotherapy

7 Long et al. 2024 Sperm was
collected from
infertile men,
then
intracytoplasmic
sperm injection
was administered

7 To enable couples
in which men
suffer from
primary infertility
to have children

Three out of seven couples
have given birth to five
healthy babies

8 Wang et al. 2018 516 oocytes were
fertilized by
intracytoplasmic
sperm injection

516 (286 – fresh
embryos, 230 –
frozen-thawed
embryos)

To evaluate which
source of an
embryo is
superior

Frozen-thawed embryos
showed less complications
with the pregnancy, but also
the rate of miscarriage was
significantly less than the
other group
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and catalase, which neutralize ROS and protect cells from oxidative
stress. SOD catalyzes the conversion of superoxide radicals into
hydrogen peroxide, which is subsequently broken down by GPx
and catalase into water and oxygen, preventing the accumulation
of toxic byproducts. The proper functioning of these mechanisms
is crucial for maintaining the structural and functional integrity of
sperm cells. Their impairment can lead to reduced motility and,
consequently, decreased fertilization capability and severe DNA
damage (Netherton et al., 2020; Vozdova et al., 2022). Elevated
ROS levels are among the most significant endogenous factors
causing DNA damage (Xu et al., 2024). They negatively impact
sperm motility and further reduce ATP levels (Thomas et al.,
1997). Due to the condensed chromatin structure and limited
availability of repair mechanisms, the repair of single- and double-
strand breaks is highly restricted. Oxidative stress induces sperm
DNA fragmentation, reducing genetic integrity and increasing the
risk of miscarriages, implantation failure, and the transmission of
genetic defects to offspring (Wang et al., 2025). ROS generated
during oxidative stress include malondialdehyde (MDA), protein
carbonyl (PC), and glutathione disulfide (GSSG), which have
detrimental effects on the body (Valko et al., 2007). The sperm
plasma membrane differs from that of somatic cells due to its
specific functions. Its susceptibility to oxidative stress results
from the high content of unsaturated fatty acids, particularly
docosahexaenoic acid (DHA) and polyunsaturated fatty acids
(PUFAs), which play a critical role in human sperm function
(Henkel, 2010). Due to their unique structure and function,
sperm cells are particularly vulnerable to ROS. They have low
levels of reduced glutathione and minimal antioxidant enzyme
activity, limiting their ability to neutralize ROS. Unlike other
cells, spermatozoa possess impaired mechanisms for repairing
DNA damage (Bauché et al., 1994; Aitken, 1995). Studies indicate
that increased ROS concentrations can cause oxidative-reductive
imbalance in sperm, leading to structural damage and potential
pathological alterations (Walczak-Jędrzejowska, 2015). Disruptions
in spermatogenesis can lead to premature apoptosis of sperm cells,
adversely affecting sperm count and quality (Grosicka-Maciag,
2011). ROS can cause DNA strand breaks, leading to base loss or
modifications, such as the formation of 8-oxo-G lesions. Sperm
DNA damage is positively correlated with lower fertilization rates
in IVF, impaired implantation success, increased miscarriage rates,
and a higher incidence of childhood diseases, including cancer
(Lewis et al., 2008). In ART, the presence of fragmented DNA
further hampers successful fertilization and increases the risk of
embryonic developmental disorders (Wang et al., 2025). Oxidative
stress arises due to an imbalance between ROS production and the
follicular fluid’s capacity to detoxify these species in the environment
surrounding the developing oocyte in the ovary. This condition
is associated with reduced oocyte quality and lower fertilization
rates, potentially leading to decreased pregnancy success rates
(Zaha et al., 2023). Redox signaling can be utilized inmale infertility
therapy to develop new diagnostic tools. ROS, such as superoxide
anion, hydrogen peroxide, nitric oxide, and peroxynitrite, regulate
redox signaling during sperm capacitation by activating protein
kinases and inhibiting protein phosphatases, leading to specific
phosphorylation modifications (O’Flaherty, 2025). A key role in this
process is played by peroxiredoxin 6 (PRDX6), which possesses both
peroxidase and calcium-independent phospholipase A2 (iPLA2)

activity. Additionally, PRDX6 regulates the lysophosphatidic acid
signaling pathway, which is essential for maintaining sperm viability
(Ryu et al., 2017). Models that mimic tissues and organs, developed
through advances in organoid research, currently serve as a bridge
between in vitro and in vivo studies. Organoids replicate numerous
biological and pathological characteristics of organs, including
organ-specific functions and the presence of multiple specialized
cell types (Lancaster and Knoblich, 2014). Organoids exhibit the
features of various reproductive organs such as the uterus, ovaries,
fallopian tubes, and even trophoblasts. They present an attractive
alternative to animal and conventional in vitro models due to their
genetic stability and prolonged adherence to the tissue of origin
during extended cultures (Heidari-Khoei et al., 2020). Research on
in vitro pregnancy modeling has focused on the use of trophoblasts.
However, the results of primary trophoblast isolation and culture
have been insufficient for their application in organoids. This
limitation arises because trophoblasts are highly mature cells that
neither differentiate nor proliferate efficiently in vitro. Even when
successfully isolated, they tend to fuse, forming multinucleated cells
(Park et al., 2023). Male organoids derived from human pluripotent
stem cells (hPSCs) follow the developmental pathway of the
embryonic gonad, differentiating into multipotent progenitors and
subsequently specializing into testicular support cells and interstitial
cells. Studies have confirmed the activity of these generated
cell types through marker expression analysis, demonstrating the
architectural organization of tissues (Pryzhkova et al., 2022). A
significant breakthrough was the discovery of persisting ovarian
stem cells (OSCs) in adult ovaries, which enabled the development
of an alternative approach to the rare OSCs pool with the aim
of obtaining fertilization-capable oocytes. Oocyte growth and
maturation were achieved through supplementation with estrogen
receptor antagonists, bone morphogenetic protein 15 (BMP15),
follicle-stimulating hormone (FSH), growth differentiation factor
9 (GDF9), fibroblast growth factor (FGF), epidermal growth
factor (EGF), and human chorionic gonadotropin (hCG) (Haider
and Beristain, 2023). Studies show that dark colour of the
cytoplasm, homogeneous cytoplasmic granularity, refractile bodies,
or a fragmented first polar body do not affect the process of
diagnosis and treatment. Negative impact on the treatment process
infertility treatment has been indicated to presence of cytoplasmic
vacuoles clusters of smooth endoplasmic reticulum and centrally
located cytoplasmic granularity (Nikiforov et al., 2022). One of the
most important causes of female infertility is oocyte maturation
arrest. PABPC1L, the predominant poly(A) binding protein in
Xenopus, mouse and human oocytes, plays an important role in
the translational activation of maternal mRNAs (Wang et al., 2023).
Studies which implicatingMOS overexpression in PABPC1L variant
oocytes are a good direction for therapeutic progress.The oocytes or
early embryos from awoman bearing pathogenic PABPC1L variants
might be “rescued” by introducingMOS siRNA orMAPK inhibitors
(Ding and Schimenti, 2023). In the future, unlimited gametes
developed in vitro from induced pluripotent stem cells generated
from parental skin cells may replace the low number of natural
oocytes maturing after hormonal stimulation (Murakami et al.,
2023). An overview of the relevant elements is presented in
Figure 1.
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FIGURE 1
Infertility factors.

3 History

The history of fertility research dates to XVII century, when
Antonie van Leeuwenhoek for the first time in history observed
human spermatozoa under microscope. Another pioneer in
discovering fundaments of embryology was Karl Ernst Von Baer,
who first described dog oocyte and its role in reproduction
(Heape et al., 1981). In the XIX century, researchers started to put
interest in manipulating the embryos. In 1890 a first successful
transfer of mammalian embryo was conducted. Walter Heape
managed to carry out an embryo transfer between two rabbits does
(Heape, 1891; Biggers, 1991). This experiment created a foundation
for initial experiments in IVF. Animal research was conducted,
one of the most notable being Pincus and Enzmann achieving
the first fertilization outside of the body of a female rabbit. This
concept was picked up in 1940s by Miriam Menkin, who then
extended the research to human subjects. In collaboration with
John Rock, they collected human oocytes from women scheduled
for hysterectomy. The result of the research was Menkin performing
the very first human egg fertilization outside the body (Menkin
and Rock, 1948). Despite the success in fertilizing the oocyte, the
zygote was not transferred into uterus. In 1960s–1970s Edwards
and Steptoe undertook the issue with the aim of developing a
complete IVF procedure that would also involve the transfer of
fertilized eggs, leading to successful pregnancy. Back then, egg
collection for IVF posed a significant challenge, for accessing
woman’s ovaries was highly invasive and took a considerable amount
of risk. Steptoe introduced a new method of retrieving oocytes via
laparoscopic needle aspiration. Having collected the oocytes, they
fertilized the eggs with sperm cells and cultured them on a special
medium. Methods Edwards and Steptoe used, made it possible to
extend the embryo culture to the blastocyst stage, while prior to
their work embryos could only last for 2–3 days. Longer culture
period had its advantage, as it allowed researchers to select most
viable embryos. They developed microscopic methods for tracking
embryonic cell division, assessing the cleavage rate and evaluating
the quality of the embryo based on parameters such as number of
cells, evenness of the cells and lack of fragmentation (Steptoe, 1978;

Edwards et al., 1980; Edwards et al., 1981). In 1978, after combining
all the advances in fertility research, Edwards and Steptoe’s work
culminated in birth of Louise Brown, the first baby born with the in
vitro fertilization method (Kamel, 2013). Such achievement has
opened a new era of assisted reproduction technology as well
as for whole branch of modern embryonal engineering. Only
6 years later in the Netherlands, twins were born following embryo
cryopreservation (Zeilmaker et al., 1984), which had a massive
impact on reproduction, as later fertility would be able to be
preserved as one struggledwith conditions detrimental to possibility
of pregnancy, such as ovarian failure by high estrogen levels in breast
carcinoma patients (Oktay et al., 2003; Baynosa et al., 2009). In 1990,
first clinical use of Preimplantation Genetic Diagnosis was reported.
Team at Hammersmith Hospital in London utilised polymerase
chain reaction, to analyse the embryonal DNA for X-linked diseases
(Handyside et al., 1990). Two years later, theywere able to implement
preimplantation testing for cystic fibrosis (Handyside, 1992). The
same year brought another milestone invention in IVF procedure.
Gianpiero D. Palermo and his colleagues from Vrije Universiteit in
Brussels observed that the sperm they were using had difficulties
fertilizing the oocyte in a traditional method, which back then
was culturing egg cell with sperm on a Petri dish. This led the
team of scientists to attempt to inject a single sperm cell inside the
ovum, which happened to be successful, resulting in four live births
(Palermo et al., 1992). A new method of Intracytoplasmic Sperm
Injection (ICSI) was developed and to this day it is a procedure of
choice in cases of IVF, where the man has low sperm count, severely
impaired motility or abnormal morphology (Chen et al., 2022). In
1998, James Thomson derived the first embryonic stem cell lines
from human blastocysts (Thomson et al., 1998; Yu and Thomson,
2008). This was a critical breakthrough, fundamentally changing
the landscape of biomedical research, regenerative medicine and
genetics. Thomson’s work demonstrated that human embryonic
stem cells (hESCs) could be cultured for an indefinite period
in the lab without losing their pluripotency, allowing for long-
term cell studies. As to create stem cells, human embryo must be
destroyed, Thomson’s discovery has triggered numerous ethical
debates, whether it is moral to manipulate embryos, which by
some are morally considered to be equivalent to an adult human
being (Juengst and Fossel, 2000; De Wert and Mummery, 2003;
de Miguel-Beriain, 2015). An alternative to hESCs was invented
in 2006 by Shinya Yamanaka of Kyoto University. He and his
team discovered that four transcription factors: Oct4, Sox2, Klf4,
and c-Myc are the key ones for pluripotency at early embryonic
cells. Using these factors, Yamanaka’s scientists team managed
to reprogram adult mouse fibroblasts into iPSC (Takahashi and
Yamanaka, 2006). Only a year later, the same reprogramming was
applied to human fibroblasts, successfully creating human iPSCs.
Stem cells obtained this way are considered to be an ethically
acceptable source of pluripotent cells, as their acquisition do not
require destruction a human embryo (Takahashi et al., 2007).
To this day, iPSCs are used in variety of instances, for example
disease modelling or regenerative medicine. Clinical trials for using
iPSCs in regenerative therapies have been initiated, with promising
results in areas such as retinal degeneration and neurodegenerative
diseases (Mandai et al., 2017; Beghini et al., 2024). The methods
mentioned above are only the milestones of reproductive medicine
and embryonal engineering. From the birth of Louise Brown in
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FIGURE 2
History.

1978, those branches of science have exploded with new concepts
coming year after year and brand new innovations keep coming
nowadayswith increasing tempo. Figure 2 outlines the chronological
development of the issue.

4 From fertilization to embryo
screening: ICSI and PGT in
contemporary IVF practice

According to a WHO report from 2023, it is estimated that
approximately 17,5% of the adult population worldwide experience
infertility [1 in 6 people]. IVF, while still triggering a considerable
dose of controversy, has already become a standard procedure for
couples unable to conceive naturally, as well as a core procedure
in today’s assisted reproductive medicine. Since the birth of Louise
Brown in 1978, it has been used for decades with a view to
treat a whole range of infertility issues, including male infertility,
fallopian tube occlusion, ovulatory disorders like polycystic ovary
syndrome (PCOS) as well as idiopathic infertility (Elder, 2001;
Niederberger et al., 2018). According to a 2019 report by European
Society of Human Reproduction and Embryology (ESHRE), 1 077
813 ART cycles were reported from 40 countries with an estimated
rate of 1581 cycles per million inhabitants (Smeenk et al., 2023).

In 2019 the number of total cycles increased to 784192, with a
constantly increasing trend (Wyns et al., 2022). The IVF procedure
routinely incorporates techniques related to embryo handling and
genetic testing, as they are used throughout the process–from
gamete collection and fertilization to embryo assessment, selection,
and uterine transfer.

ICSI is a widely used method in IVF procedure, predominantly
used in male factor infertility including cases with low sperm count,
poor sperm motility, abnormal sperm morphology or high DNA
fragmentation (Hamberger et al., 1998; Van Steirteghem et al., 2002;
Haddad et al., 2021). ICSI is also indicated after two or more
conventional IVF attempts. Moreover, ICSI is also necessary if
sperm is obtained through surgical methods like testicular sperm
extraction (TESE) or epididymal aspiration (Hamberger et al., 1998;
Esteves et al., 2015). ICSI is sometimes used in cases of unexplained
infertility or low ovarian response to stimulation (Haddad et al.,
2021). As of today, ICSI effectiveness has been proven to be
higher for severe male factor infertility. In cases, where males
present with normal sperm parameters or mild infertility, studies
do not show clear benefit over classic IVF procedure in terms
of live birth rates, clinical pregnancy rates or miscarriage rates
(Esteves et al., 2018; Cutting et al., 2023). Despite being used
in non-male infertility factors, it is a subject of controversy, as
studies do not indicate explicitly that ICSI brings better results
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in such cases. A meta-analysis by Ting Geng et al. did not find
any clear benefit over conventional IVF for couples with non-
male factor infertility. Numerous meta-analysis studies, including
European multicenter analysis indicated that while ICSI may have
a slightly higher fertilization rate, it does not translate into better
clinical outcomes such as pregnancy or live birth rates (Li et al.,
2018; Drakopoulos et al., 2019; Geng et al., 2020). ICSI, however,
may be associated with a higher risk of perinatal outcomes, which
should be considered when choosing this method (Li et al., 2018).
Children conceived through ICSI may have an increased risk of
epigenetic disorders congenital malformations and chromosomal
abnormalities compared to naturally conceived children (Sciorio
and Esteves, 2022). A meta-analysis by Zan Zheng et al. reported
higher relative risk of chromosomal defects, urogenital (notably
hypospadias) and circulatory system malformations with 1.36; 1.18
and 1.22 RR value accordingly. The same study points out, though,
that other types, such as cleft lip/palate, musculoskeletal, nervous,
and digestive system malformations, do not show significant
differences between ICSI and natural conception (Zheng et al.,
2018).The potential cardiovascular risk is also supported by another
meta-analysis by Xiao-Yan et al., as it states that children and young
adults conceived via ICSI show higher systolic and diastolic pressure
on average in comparison to naturally conceived peers. While the
increase in blood pressure is minor (SBP ∼2–5 mmHg higher and
DBP ∼1–3 mmHg higher), it remains statistically significant, yet its
impact is still a question to be answered (Guo et al., 2017). Contrary
to studies presenting increased risk, some of the large studies and
meta-analyses show no significant increase in de novo chromosomal
abnormalities in ICSI offspring compared to natural conception,
though some unadjusted data suggest a small increase; overall,
the absolute risk remains low (Berntsen et al., 2021; Yuan et al.,
2022). Interestingly, the increased risk of congenital malformations
is more pronounced in multiple pregnancies. When analyses are
restricted to singletons, the difference is smaller (Wennerholm et al.,
2000; Chen et al., 2018). Many chromosomal abnormalities and
some malformations are linked to underlying parental genetic
factors, especially male infertility, rather than the ICSI procedure
itself (Simpson and Lamb, 2001; Van Steirteghem et al., 2002).
The question of ICSI’s epigenetic impact is still a subject of
debate. Literature reviews and observational studies show that both
ICSI and IVF can alter methylation at imprinted gene regions,
which are critical for normal development. These changes may
be linked to the increased risk of certain imprinting disorders
in ART-conceived children (Sciorio and Esteves, 2022). Rare
cases of imprinting disorders, such as Angelman syndrome,
have been reported in ICSI-conceived children, possibly due to
interference with the establishment of maternal imprints during
early development (Cox et al., 2002). While ICSI is associated with
small but significant differences in DNA methylation at thousands
of CpG sites in cord blood compared to natural conception, these
changes generally remain within the normal range of variation
and do not unanimously translate to adverse clinical outcomes
(Estill et al., 2016; El Hajj et al., 2017). Several meta-analyses also
indicated higher risk of obstetric outcomes in singleton pregnancies
resulting from IVF/ICSI, including both spontaneous and iatrogenic
preterm birth below 37 weeks. The odds ratio vary from 1.7
to even 2 times higher than natural conception, depending on

the study (Pandey et al., 2012; Cavoretto et al., 2018; Cavoretto
et al., 2020; Salmeri et al., 2024).

Prior to the implantation, embryos are tested for potential
disorders, that might have resulted from previous steps, as well
as from genetic factors such as parents having positive family
history towards genetic disorders. Procedures of testing the embryos
for genetic disorders widely go by the name of Preimplantation
Genetic Testing (PGT). It covers two stages: cell biopsy and then
subjecting it to genetic analysis. Currently, three main methods of
collecting the testing material are conducted: blastomere biopsy,
trophectoderm biopsy (TB) and polar body analysis (Aoyama and
Kato, 2020; de Rycke et al., 2020; Greco et al., 2020). The first
one is performed on day 3 of the embryonal development, as
6-8 cell stage is reached. The zona pellucida is opened using
either mechanical drilling, acid Tyrode’s solution or laser-assisted
hatching (LAH), the last of which being the method of preference in
modern clinical practice. The studies do not unanimously indicate
domination of a certain method, while some of the papers’ results
are in favour of LAH. A study by Gabrielsen et al. points out
that laser drilling resulted in more intact blastomeres than acid
Tyrode (98.3% vs. 95.2%, p = 0.02), while not having statistically
significant differences in implantation rates (Joris et al., 2003).
Contrary to that, some studies show that LAH method results
in higher implantation rates as well as precision and consistency
compared to chemical or mechanical techniques (Balaban et al.,
2002; Makrakis et al., 2006; Nishio et al., 2006). After opening of
the zona pellucida, one or two blastomeres are extracted for genetic
analysis. Studies show, however, that blastomere biopsy might affect
viability and potential of development of the embryo, leading to
mosaicism (Cimadomo et al., 2016). Another method is TB, which
is conducted on day 5 or 6, during the blastocyst stage. Cells from
the trophectoderm layer are removed for genetic analysis, while
leaving the inner cell mass (ICM) intact (De Vos and De Munck,
2025). The method is reported to provide a more comprehensive
genetic assessment, reducing the risk of mosaicism (Coll et al.,
2018). Compared to earlier-stage biopsies, TE biopsy is reported
to have a minimal detrimental effect on implantation potential,
as well as relatively high live birth rates; thus, having significant
clinical utility (Cimadomo et al., 2016). A meta-analysis by Mao
et al. indicated that while there might be a moderate increase in
the risk of preterm delivery, TE biopsy for PGT does not affect
other obstetric and neonatal outcomes in comparison with standard
IVF (Mao et al., 2024), therefore making it a standard method of
biopsy today (Coll et al., 2018). Last mentionable method is polar
body (PB) analysis. The first and/or second polar body is aspirated
via a micropipette and then transferred into a tube for genetic
analysis. This method is primarily used for aneuploidy screening
and monogenic disorder detection especially in cases where embryo
biopsy is not preferred for legal, ethical, religious or technical
reasons. PB analysis is efficient for detecting single-gene disorders
with a study by Kuliev and Rechitsky reporting an accuracy rate
exceeding 99% for PB-based PGT (Kuliev and Rechitsky, 2011). PB
analysis has its use especially concerning meiotic abnormalities of
maternal origin, which, according to a randomized clinical trial by
Verpoest et al., account for approximately 90% of oocyte meiotic
errors (Verpoest et al., 2018). According to a review study, PB
analysis has an aneuploidy detection rate of 67% (Van Der Ven et al.,
2008). While effective for errors of maternal origin, this type
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of analysis has its limitation, as it does not include paternal
genetic contributions; therefore, not fully predicting the resulting
ploidy status of the embryo after fertilization (Salvaggio et al.,
2014). PGT has been found to have several clinical implications
while selecting embryos for an IVF procedure. It can be used
to test embryos for aneuploidy, monogenic disorders, structural
rearrangements or polygenic risk, with testing methods being called
accordingly: PGT-A, PGT-M, PGT-SR, PGT-P. PGT-A is often used
for screening for numerical chromosomal abnormalities, which are
a leading cause of implantation failure and miscarriage. Despite
some debate over its efficiency, it is applied in clinical settings,
especially among patients with repeated IVF failures or advanced
maternal age (Aydin et al., 2019; Fesahat et al., 2020; Campbell-
Forde et al., 2024). PGT-M on the other hand, is particularly
beneficial tool for couples at risk of passing monogenic disorders
to their offspring. PGT-M has been successfully applied in genetic
conditions such as beta thalassemia, cystic fibrosis and muscular
dystrophies like Duchenne Muscular Dystrophy (Aktuna et al.,
2019; Mamas et al., 2022). PGT-M has also been found to be able
to detect rare conditions such as early infantile encephalopathy
5 (EIEE5), xeroderma pigmentosum, congenital merosin-deficient
muscular dystrophy and phenylketonuria (Aktuna et al., 2019;
Prokhorovich et al., 2019). Interestingly, PGT-M can also be
used for screening genetic predisposition to cancer, particularly
BRCA1/2 mutations (Madjunkova et al., 2024). PGT-SR is a
technique used to identify and select embryos with balanced
chromosomal structures, which is particularly helpful for couples
with known chromosomal rearrangements (Christianti and Legiran,
2024). Studies have shown a live birth rate of 66.6% per embryo
transfer in couples using PGT-SR (Shetty et al., 2022). As far
as efficiency of PGT is concerned, PGT-A has been shown to
improve implantation rates and reduce miscarriage rates. However,
its impact on live birth rates in general population remains less
clear with some studies indicating no significant improvement. Due
to potential misdiagnosis or biopsy-related damage it might lead
to embryo wastage (Pagliardini et al., 2020; Simopoulou et al.,
2021). Additionally, the efficiency is negatively impacted when using
frozen-thawed oocytes (Martino et al., 2024). Studies have shown
that embryo selection and clinical outcomes can be enhanced, if
PGT-A is used alongside PGT-M and PGT-SR. Results show higher
pregnancy and live birth rates, as well as lower miscarriage rates
(Campbell-Forde et al., 2024; Madjunkova et al., 2024).

Apart from combining different methods of PGT, introduction
of new molecular diagnostic methods had an important influence
in efficiency of embryo testing. Primary methods of testing
classically included fluorescent in-situ hybridization (FISH),
array comparative genomic hybridization (aCGH), quantitative
polymerase chain reaction (qPCR), single nucleotide polymorphism
microarray (aSNP). FISH was widely used for detection of
chromosomal abnormalities and was a method of preference
for PGT, especially for identification of aneuploidies and gender
selection (Piyamongkol, 2020; Takeuchi, 2021; Moustakli et al.,
2024). However, it had its limitations in detecting complex genetic
issues and mosaicism (Gontar et al., 2019; Moustakli et al., 2024).
aCGH was then introduced as a more sophisticated method,
being able to provide detailed copy number variations across all
chromosomes, allowing for more complete chromosome screening.
It was used for both aneuploidy and segmental rearrangement

testing. While offering a broader analysis compared to FISH, it
was eventually replaced by next-generation sequencing, which
revolutionized PGT (Sekhon et al., 2017). Next-generation
sequencing (NGS) technologies operate on principle of massively
parallel sequencing, where spatially separated, clonally amplified
DNA templates or single DNA molecules are sequenced in a flow
cell. The process involves iterative cycles of polymerase-mediated
nucleotide extensions or oligonucleotide ligations, producing
sequence outputs ranging from hundreds of megabases to gigabases
(Voelkerding et al., 2009;Wang, 2021). Study byW.Niu et al. showed
that NGS-based PGT-A resulted in higher clinical pregnancy
rates, lower miscarriage rates and higher healthy baby rates in
comparison with SNP array-based methods. NGS offers higher
resolution and broader diagnostic capability, as unlike traditional
methods, NGS can simultaneously assess aneuploidies, monogenic
disorders and structural rearrangements from a single biopsy. What
is more, NGS can be more effective when it comes to expenses.
With vast automation and the ability to process multiple samples
simultaneously, results are provided quickly and the whole workflow
is significantly enhanced (Tan et al., 2023). Studies have also
presented high concordance rates between NGS results and initial
diagnoses; thus, the technique provides considerable reliability
and accuracy (García-Pascual et al., 2020).

While offering potential benefits, PGT also carries certain dose
of risk. A large cohort study found that pregnancies achieved with
PGT (specifically using trophectoderm biopsy) had a significantly
higher risk of preeclampsia compared to IVF pregnancies without
PGT (10.5% vs. 4.1%; aOR = 3.02). This increased risk remained
even when only singleton pregnancies were analyzed (Zhang et al.,
2019). A systematic review and meta-analysis also reported that
PGT pregnancies have a higher risk of hypertensive disorders
of pregnancy, including preeclampsia, compared to spontaneously
conceived pregnancies (RR = 3.12) (Zheng et al., 2021). In
opposition, a large multicenter retrospective cohort study by
Cozzolino et al. found that, after adjusting for confounding factors,
PGT-A was not associated with an increased rate of preeclampsia
in singleton pregnancies compared to IVF/ICSI without PGT
(Cozzolino et al., 2023). There is also a noted increase in risk of
placenta previa in PGT pregnancies, although the evidence is not
consistent across all studies (Zhang et al., 2019; Hou et al., 2021).
It has been observed by some studies that PGT pregnancies have
a higher risk of preterm delivery and low birth weight compared
to spontaneously conceived pregnancies, though these risks remain
lower in comparison to other IVF/ICSI pregnancies (Hou et al.,
2021; Zheng et al., 2021).Overall PGTdoes not significantly increase
risks of adverse obstetric and neonatal outcomes in comparison to
IVF/ICSI pregnancies, though hypertensive disorder risks should be
considered, as they remain higher (Cozzolino et al., 2023).

5 Cutting-edge therapies and the
evolution of reproductive
technologies

The advancement of technology and progress in innovative
therapies are revolutionizing reproductive medicine. Significant
developments, particularly in the field of artificial intelligence (AI),
are being observed. AI-based tools enhance the accuracy of semen
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analysis by automating the assessment of sperm morphology and
motility, therebyminimizing human error. Similarly, ML algorithms
contribute to improving IVF by optimizing embryo selection
processes. The integration of informatics and big data analysis
enables the personalization of treatment, optimizing decision-
making and paving the way for precision medicine in reproductive
care. Over the past decades, the potential of AI in medicine has
been widely theorized. However, only recently have physicians
and computer science specialists begun to uncover its real-world
clinical applications, driven by recent technological advancements
(Chu et al., 2019). Data provided by European countries for the
studies, include treatments with IVF, ICSI, IVM, frozen oocyte
replacement (FOR), IUI with husband’s/partner’s semen (IUI-H),
and with do-nor semen (IUI-D), preimplantation genetic testing
(PGT; pooled data), frozen embryo transfer (FET), egg donation
(ED) (Smeenk et al., 2023). Research findings indicate that phthalic
acid (PA) and its isomers exhibit toxic properties toward the
reproductive system both in vitro and in vivo. They particularly
affect sperm motility and induce cytotoxicity in testicular cells.
Among the analyzed isomers, PA demonstrated the highest toxicity,
suggesting its potential use as a surrogate biomarker for reproductive
toxicity in cases of exposure to phthalate mixtures (Kwack and
Lee, 2015). AI has the capability to analyze vast amounts of data,
particularly video and images, making it especially useful in the
assessment and selection of gametes and embryos. Various AI
models have been developed for this purpose, some of which
have demonstrated high efficiency (Si et al., 2023). Among the
widely used and well-performing AI models are ML algorithms,
including decision trees (DT), support vector machines (SVM),
and neural networks (Kohli et al., 2017). ML utilizes computer
programs to learn from training datasets and to generate predictions
within the scope of a predefined task. By providing the computer
program with datasets and desired outcomes, ML algorithms
are developed. This enables the prediction of future outcomes
for specific tasks. Due to its ability to handle large volumes of
complex medical data—an area where traditional algorithms often
struggle—this technique has achieved significant success in the field
of medicine (Lustgarten Guahmich et al., 2023).

In ML based on neural networks, algorithms are created in
which machines learn and solve problems in a manner similar to
the human mind (Iqbal et al., 2021). Imaging was obtained using
three fundamental techniques: cone-beam computed tomography
(CBCT), digital imaging of embryos after egg release, and magnetic
resonance imaging (MRI) (Lasota, 2023).

Research demonstrates that a neural network used for fertility
data analysis can predict Sperm Penetration Assay (SPA) and
Penetrak test outcomes based on semen analysis.Theneural network
outperformed traditional statistical methods (LDFA and QDFA),
accurately predicting Penetrak test results in over 80% of cases and
SPA test results in nearly 70% (Lamb and Niederberger, 1993).

The causes of infertility may stem from one or both partners,
and in some cases, the cause remains unknown due to its
often multifactorial nature. The complexity of treatment arises,
among other factors, from the influence of numerous variables on
gamete quality, embryo development, and the embryo’s ability to
implant (Cybulska, 2019). Clinical data, as well as microscopic-level
visualizations, undergo objective analysis through the application
of artificial intelligence algorithms in IVF laboratories (Jiang and

Bormann, 2023). To maximize pregnancy rates and optimize IVF
procedures, a precise assessment of embryo viability is essential
(Saeedi et al., 2017). AI algorithms, with their ability to analyze and
synthesize large datasets, represent a promising tool for assessing
sperm quality, thereby enhancing the objectivity and precision of
analytical methods (Panner Selvam et al., 2024). The combination
of AI with automated analysis of embryos and blastocysts is
highly promising (Filho et al., 2012). According to studies, the
use of the SVM method with a polynomial kernel can achieve an
accuracy of approximately 95%. Based on the results, it can be
concluded that SVMdemonstrates greater stability and effectiveness
in analyzing small datasets (Septiningrum et al., 2022). Computer-
assisted sperm analysis systems (CASA) play a significant role in
semen evaluation (Goodson et al., 2017). To obtain more objective
and precise results, the development of automated image-based
methods is essential. Moreover, research indicates that up to one-
third of male infertility cases are idiopathic (Gudeloglu et al.,
2014). Successful fertilization requires proper spermmotility.Highly
decorated doublet microtubules (DMTs) form the backbone of the
sperm tail, which is responsible formotility.The use of cryo-electron
microscopy (cryo-EM) and AI has enabled the determination of
the DMT structures of mouse and human sperm. Additionally, an
atomic model of a 48-nm DMT repeat unit in mouse sperm has
been developed (Zhou et al., 2023). AI has played a significant role
in the analysis of sperm morphology and motility, as well as in
ART, aiming to select the most suitable sperm for reproduction
(Wang et al., 2019). In reproductive medicine, AI research primarily
focuses on image-based analysis of sperm cells and embryos, as
well as on predicting ART outcomes. In some medical areas, AI
has demonstrated effectiveness comparable to or even surpassing
that of clinical specialists (Filho et al., 2012), which raises concerns
about the potential replacement of professionals. However, AI
should be viewed as a tool that enhances the work of clinicians
(Kohli et al., 2017). Surgical sperm retrieval in men with non-
obstructive azoospermia (NOA) enables the isolation of sperm
from testicular biopsies for use in ART procedures, such as
IVF or ICSI. Thanks to advances in AI, there is hope for the
development of tools that enable the identification of sperm within
testicular tissue (Bachelot et al., 2023). Treatment for patients
with NOA often involves a procedure known as microdissection
testicular sperm extraction (m-TESE), which has demonstrated a
high sperm retrieval success rate of up to 64% (Glina and Vieira,
2013). In men with NOA undergoing TESE, successful sperm
retrieval can be predicted using ML algorithms, with promising
outcomes (Qi et al., 2021). Research emphasizes the value of ML
models in preoperative predictions of sperm retrieval. These models
support better patient counseling and surgical decision-making.
They also offer more precise identification of patients most likely
to benefit from m-TESE (Jamalirad et al., 2025). For successful
fertilization and proper embryo development, it is most important
to assess the maturity of oocytes. Mature oocytes in metaphase
II have a higher fertilization rate compared to immature oocytes
(Sciorio et al., 2024). For oocyte donation cycles during oocyte
freezing for fertility preservation, morphology evaluation is very
useful. It can serve as a tool to explain very poor treatment results
(Nikiforov et al., 2022). Morphokinetics, which relies on time-
lapse imaging, allows for continuous observation of embryonic
development (Anagnostopoulou et al., 2022). The predictive ability
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of time-lapse monitoring (TLM) selection algorithms is affected
by patient characteristics, the quality of the data included in
the analysis and the statistical methods used (van Marion et al.,
2023). Infertility clinics are using TLM as an attempt to improve
their ability to select embryos with the highest potential for
implantation used. Many markers of embryo morphokinetics have
been incorporated into decision-making algorithms for embryo
(de)selection (Bayram et al., 2024). Pre-implantation genetic testing
for aneuploidy (PGT-A) using whole-genome amplification (WGA)
combined with next-generation sequencing (NGS) techniques has
made it possible to create opportunities to identify embryo biopsies
that are dictated by mosaicism (Surrey, 2021).

6 Overview of clinical case studies

Extensive laboratory studies and clinical cases widely present in
scientific literature highlight the immense significance of embryonic
engineering and fertility research in modern medicine (Francés-
Herrero et al., 2022).

In 2015, a Chinese research team under the supervision of
Junjiu Huang edited the HBB gene, which encodes beta-globin, in
non-viable tripronuclear embryos using the CRISPR-Cas9 genetic
engineering method (Liang et al., 2015). This breakthrough paved
the way for further research, bringing therapeutic prospects of
this method closer to reality. Just a year later, on 28 October
2016, Lu You at Sichuan University in Chengdu, as part of
clinical trials, administered modified cells to a patient suffering
from aggressive non-small-cell lung cancer. These cells were
previously extracted from the patient’s blood, and the defective
genes encoding the PD-1 immunoglobulin were removed using
CRISPR-Cas9 technology (Cyranoski, 2016a; 2016b). This study
marked a milestone in genetic engineering, offering hope for
cancer patients who do not respond to conventional oncological
treatments. In 2018, a team of scientists from the University of
California, Berkeley, presented a study in which they successfully
cured a mouse with fragile X syndrome using CRISPR-Cas9 by
modifying genetic material present in its brain (Lee et al., 2018).
They employed gold nanoparticle ions as carriers for the DNA-
cutting enzyme, known as CRISPR-Gold, which led to changes in
the expression of the metabotropic glutamate receptor 5 (mGluR5)
gene. This resulted in behavioral improvements related to autism
spectrum disorder, associated with the aforementioned condition.
These studies revolutionized modern medicine, opening up new
possibilities for treating neurological diseases through safe gene
editing in brain tissue. In November of the same year, the first
twins with genes modified using the CRISPR-Cas9 method were
born. This technology was utilized to modify the CCR5 gene in
embryos obtained via in vitro fertilization, aiming to make them
resistant to HIV infection. This experiment sparked significant
controversy while simultaneously opening further possibilities
for therapeutic interventions in the human genome (Raposo,
2019). Additionally, CRISPR-Cas9 has increased the effectiveness
of combating hereditary heart diseases by repairing the MYBPC3
gene responsible for hypertrophic cardiomyopathy (Nie et al., 2023).
CRISPR-Cas9 has also revolutionized the field of transplantation.
Tissues grown from pigs for xenotransplantation purposes, in which
the embryonic genome was previously modified using this method,

demonstrate a lower risk of rejection by the human host. This
technique significantly surpasses traditionally obtained transplant
tissues through in vitro methods or ICSI (Briski et al., 2024).

In recent years, numerous studies have focused on the
future of fertility in women suffering from cancer or hormonal
disorders such as PCOS, which prevent conception and lead
to permanent infertility. To address this, oocytes were collected
from patients with PCOS and allowed to grow further using
in vitro methods. Subsequently, cryotechnology was employed
to freeze them, enabling their future use for fertilization and
pregnancy through embryo transfer (El Hachem et al., 2014;
Vuong et al., 2020). This technique resulted in successful births
for previously infertile women with PCOS who underwent the
procedure (Li et al., 2016). This method has also gained popularity
among individuals using it for non-medical reasons. Published
findings indicate that oocyte cryopreservation via vitrification
does not impair their development or quality after thawing.
It’s equally satisfactory effectiveness has opened a new pathway
for reproductive possibilities and further research in this field
(Garcia-Velasco et al., 2013). Similarly, a successful live birth was
achieved for a womanwith stage IV aggressive Hodgkin’s lymphoma
undergoing gonadotoxic chemotherapy. Before treatment, not only
single ovarian cells but an entire fragment of ovarian tissue was
extracted and cryopreserved for safe storage. Several years later,
after completing cancer treatment and discontinuing hormone
replacement therapy, the patient was diagnosed with ovarian failure.
An autotransplant of the previously preserved ovarian tissue was
performed to restore its normal functions and enable pregnancy.
Over the following months, the ovary gradually regained its
functions, allowing the patient to conceive naturally (Donnez et al.,
2004). This case opened numerous new perspectives for preventing
the adverse effects of infertility in women undergoing aggressive
oncological treatments, giving them renewed hope for having
children. Over the past few years, scientists have examined
various methods of collecting ovarian tissue, embryos, and oocytes
subjected to freezing processes in greater detail. These studies
have shown promising results while emphasizing the continued
necessity of research and exploration of specific techniques to
assess their real potential, benefits, as well as possible complications
and failures (Ní Dhonnabháin et al., 2022). Each of these methods
should be individually tailored to the patient, considering both its
advantages and limitations.

Male fertility restoration techniques utilizing cryotherapy have
also gained popularity recently. Available processes include sperm
freezing for future IVF, allowing patients to become biological
fathers (Tran et al., 2022). However, this procedure is not feasible
for young boys undergoing gonadotoxic therapy due to immature
sperm before puberty. As a result, efforts have been made to
freeze testicular tissue containing spermatogonia, representing
a promising solution that has initiated further progress and
development in this field (Practice Committee of the American
Society for Reproductive Medicine, 2019; Jensen et al., 2022).

During fertility research, a clinical research team from
Chongqing, China, emerged with significant findings. Between
2019 and 2022, they gathered a group of men suffering from
primary infertility caused by morphological abnormalities in sperm
flagella. These patients were diagnosed with defective variants of
the DNAH1 gene, confirming its role in sperm flagellar structure.
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They were offered the ICSI method to achieve fertilization and
subsequent pregnancy. This approach led to several successful
births, demonstrating the potential of this technique in treating
male infertility caused by sperm flagellar abnormalities (Long et al.,
2024). This study represents yet another milestone, encouraging
further exploration and advancements in human reproductive
science. The ICSI procedure mentioned above can also be combined
with cryotechnology methods, utilizing thawed embryos that were
previously frozen after their initial retrieval. The combination of
these two procedures has resulted in a higher live birth rate and a
lower miscarriage rate, as demonstrated in a clinical retrospective
study conducted by the First Affiliated Hospital of Anhui Medical
University (Wang et al., 2018).

Peroxisome proliferator-activated receptors (PPARs) have
also proven their significance. They influence various processes
occurring in the body, including metabolic, inflammatory, and
cellular differentiation mechanisms, which play a crucial role in
reproductive processes. Their interaction ensures homeostasis
in the human body and regulates gene expression (Berger and
Moller, 2002). One of the fertility treatment strategies for the
previously mentioned PCOS is based on these receptors. They
participate in the synthesis of steroid hormones in the ovary,
directly inducing aromatase through their role in steroidogenesis.
As a result, modulating their activity may yield the desired clinical
effect (Suriyakalaa et al., 2021). The importance of PPAR receptors
in determining fertility is further emphasized by research on
the toxicity of Mn3O4 in the male reproductive system through
their signaling pathways (Zhang et al., 2020). These receptors also
regulate spermatogenesis, directly affecting sperm function and
quality. Systemic metabolic disorders can lead to the dysregulation
of the PPARγ signaling pathway, which exists as a heterodimer
with the retinoid X receptor (RXR) and is activated by various
natural and synthetic ligands such as prostaglandin derivatives,
PUFAs, and thiazolidinediones, all of which significantly impair
male fertility. Biological and pharmacological interventions,
such as the use of PPARγ agonists, constitute an important
therapeutic strategy for men struggling with metabolic-related
fertility issues (Santoro et al., 2020).

A review of clinical cases highlights interdisciplinary
collaboration among scientists as a necessity for treating
male infertility (Dissanayake et al., 2019). Personalized
treatment strategies and the integration of various therapeutic
methods contribute to increasingly successful clinical outcomes.
Advances in andrology also impact the quality and course of
pregnancy (Calogero et al., 2023).

Also noteworthy are new methods and ideas, not yet fully
implemented in common clinical and laboratory practice, which
create a number of new opportunities and avenues for development
in germline engineering in the course of fertility research.

Female infertility may soon become a thing of the past thanks to
innovative 3D printing methods (Alzamil et al., 2021). Regenerative
therapies are being developed for women with impaired ovarian
function, for example, following aggressive chemotherapy. Research
is focused on obtaining various materials that can enable the
integration of ovarian cells to ensure stable growth and restore full
tissue function, achieving proper folliculogenesis and endocrine
efficiency with the help of printed scaffolds (Laronda, 2020;
Nair et al., 2024). However, interdisciplinary collaboration

between biotechnologists, genetic engineers, biologists, and clinical
physicians is necessary to develop fully functional and effective
therapeuticmodels that are safe for clinical practice (Ferronato et al.,
2024). Virtual printing also demonstrates potential in treating
male infertility. With its assistance, organoids related to male
testes have been successfully created (Patrício et al., 2023). These
organoids can serve as in vivo models formed using printed
scaffolds and specialized culture conditions. The recreated natural
testicular niche provides an excellent foundation for studying the
process of spermatogenesis through the long-term maintenance
of early-stage germ cells and controlling their entry into meiosis.
Moreover, this structure represents another starting point for
the further development of regenerative male fertility therapies
(Ghanbari et al., 2020; Richer et al., 2021).

Preimplantation diagnostics is also a crucial aspect that cannot
be overlooked in fertility research. Its precise execution significantly
increases the effectiveness of reproductive therapies. Genetics also
plays a key role in this process (Yahaya et al., 2020). This has
been demonstrated by scientists from Shandong, who conducted
a cohort retrospective study between 2014 and 2022 at the
local Center for Reproductive Medicine, proving the efficacy of
preimplantation genetic testing focused on monogenic disorders
(PGT-M) related to hereditary nephropathy in preventing the
inheritance of this disease. This procedure has proven effective
in successfully delivering children free of monogenic kidney
pathology in affected couples. This study highlights the potential
of both genetics and preimplantation diagnostics, offering the
possibility of eliminating hereditary diseases and giving affected
individuals a chance for healthy offspring (Liu et al., 2025).
A groundbreaking advancement in this field has also been the
development of diagnostic systems based on AI. Using only a single
time-lapse image, an AI algorithm can select embryos with the
best potential for further development. In an automated manner,
with remarkable efficiency, it surpasses the work of contemporary
embryologists (Kanakasabapathy et al., 2020). However, this study
focuses solely on blastocyst development, though it serves as a
breakthrough foundation for further research, analyzing pregnancy
efficiency and live birth rates. AI sequences based on time-
lapse imaging have also been developed, allowing for a thorough
analysis to select embryos with the highest implantation potential
based on their morphological characteristics and developmental
dynamics (Berntsen et al., 2022). These approaches have shown
promising results, which are crucial for future clinical applications.
However, the use of AI in medicine raises numerous ethical
concerns, making it essential to develop models that explain AI-
driven decision-making. Scientists emphasize the importance of
AI transparency to ensure collaboration with clinical physicians
and facilitate its broader application in key decision-making
processes (Urcelay et al., 2023).

Additionally, emerging studies analyze the future potential of
embryonic engineering methods and fertility research concerning
reproduction in space. Researchers highlight the importance
of exploring these technologies, which may ensure fertility
for astronauts, particularly during long-term missions, and
serve as a cornerstone for development in the era of space
exploration. The key challenges include the unique extraterrestrial
conditions and the safety of conducted procedures (Chaplia
et al., 2024; Sharma et al., 2024).
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7 Ethical and legal aspects

Interdisciplinary collaboration, the continuous advancement of
science and technology, and the growing interest and awareness
of society contribute to the increasing progress in fields related
to fertility and genetic engineering of embryos. However, these
research directions also give rise to numerous controversies
and contradictions, often challenging well-established ethical and
legal norms.

A survey conducted in Japan in 2019 found that, on average,
one in four respondents strongly opposed genome editing for
research purposes, regardless of its application. In contrast,
approximately half of the respondents expressed acceptance of
germline genome intervention for research on diseases, such as the
elimination of chronic illnesses. A slightly smaller proportion of
respondents approved genome editing in basic research aimed at
gaining biological knowledge.The scientific community and experts
participating in political and bioethical debates demonstrated a
higher percentage of approval for genome intervention. However,
their assumptions and views are not always fully understood
by the general public (Akatsuka et al., 2023). A global survey
on human genome editing was also conducted recently through
social media. This approach allowed researchers to reach a highly
diverse, multicultural group and gather their opinions. Nearly
60% of respondents supported gene editing for the purpose of
eliminating life-threatening and debilitating diseases. However,
this approval dropped to approximately 40% when the genetic
modifications were intended for non-medical purposes. The study
also highlighted the influence of ethical and moral perspectives,
particularly in relation to upbringing and religious beliefs. For
example, individuals identifying as Christians were significantly
more likely than others to oppose any form of gene editing. On
the other hand, Muslim respondents showed greater support for
genetic modifications for non-medical purposes compared to non-
religious respondents (McCaughey et al., 2016). An article published
on 26 July 2018, by the Pew Research Center presented the views of
Americans on gene editing in children. A statistical majority of U.S.
citizens expressed approval of genome editing for the elimination
of hereditary congenital diseases. However, this percentage declined
when the modifications aimed to reduce the risk of severe illnesses
over a lifetime, although approval still remained dominant. Notably,
an overwhelming 80% of respondents expressed strong disapproval
of gene editing for the purpose of creating “enhanced” children,
such as those with higher intelligence quotients. At this stage,
survey participants accused such technological advancements of
being a severe misuse of medical science. This sentiment was
also overwhelmingly reflected in responses regarding opinions
on further research involving human embryos, with two out of
three Americans rejecting such practices. Additionally, religious
Americans and those without scientific knowledge of the subject
expressed greater reluctance toward genetic modification methods.
Furthermore, the study revealed that most Americans primarily
perceive negative aspects of gene editing, overlooking or failing to
recognize its potential benefits. This tendency is more prevalent
among individuals with lower awareness and knowledge in
this field (Funk and Hefferon, 2018).

The wide range of public opinions, coupled with significant
concerns about the integrity of the human genome and the diverse

consequences of its alteration, necessitates the development of
a standardized, generalized, and transparent set of ethical and
legal regulations, placing considerable responsibility on governing
institutions (Delhove et al., 2020).

Over recent decades, certain legal guidelines have already been
established concerning technological advancements in medicine,
based on ethical principles (Andrews, 1986; Wilson, 2018).
However, with recent developments, genetic engineering has
advanced far beyond its previous scope, securing a position in
increasingly widespread clinical applications, as demonstrated by
the extensive use of CRISPR-Cas9 methods (Vassena et al., 2016;
Khan et al., 2018). This progress carries numerous implications
and moral dilemmas (Bilir et al., 2020). Genetic alterations
may be perceived as a limitation of the embryo’s autonomy,
and consequently, that of the individual it will develop into.
A real risk exists regarding the transmission of uncontrolled
hereditary mutations to future offspring or the emergence of
unintended mutations in other parts of the genome, known as
off-target effects (Mulvihill et al., 2017). The inability to fully
influence subsequent embryonic genetic processesmay also result in
mosaicism (Mehravar et al., 2019; Mohiuddin et al., 2022). Experts
emphasize the importance of transparency and interdisciplinary
collaboration to ensure maximum safety and public acceptance
of embryonic engineering methods, supported by full awareness
of both the benefits and potential complications. More cohesive,
preferably internationally established, ethical and legal guidelines
are necessary to continue research and improve existing techniques.
This would help eliminate any ethical uncertainties regarding
genetic interventions while ensuring the highest possible level
of protection for embryonic eugenics (European Commissionand
European Group on Ethics in Science and New Technologies, 2018).

Ethics is an integral part of our lives, as well as the field of
medicine in the broad sense, shaping and responding to moral
dilemmas. It is important that it be constantly subjected to criticism
and review, continuously evaluated and accepted not only by the
professional community in general, but also by society, in order
to prevent its bias (Hofmann, 2025). This complexity can lead
to an overwhelming number of dilemmas, particularly concerning
advancements in research and the emergence of new scientific
technologies in medicine. However, the absence of progress is not
a desirable predictive factor for humanity. Morality dictates that we
should utilize emerging solutions to foster future improvements, yet it
is crucial to consider safety concerns and existing risks.This necessity
calls forcontinuousdiscussions,meetings,andtheconstantrefinement
of established guidelines to ensure the most rational approach—one
that preserves as many ethical values as possible while also being
grounded in scientific convictions based on obtained results (Harris,
2010). It is important to emphasize that law does not always alignwith
ethics. While legal frameworks often derive from ethical principles,
in some cases, they can be entirely separate, failing to conform to the
moral expectations of the society they govern (Fuchs, 2024).

Existing legal norms vary significantly between countries,
leading to considerable controversy and inconsistencies on the
international stage. Researchers from the United States highlight
the difficulties associated with embryonic research, pointing out
the wide divergence in legal standards across different states.
In some regions, fundamental research activities are prohibited,
with restrictions such as the time frame within which embryo
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intervention is permissible—an issue that poses no legal challenges
in other parts of the country. Furthermore, federal law does not
distinguish significantly between an embryo and a fetus, despite this
distinction being highly relevant in scientific contexts. Additional
regulations, such as the Dickey-Wicker Amendment, attempt
to address these issues, yet many inconsistencies remain. These
regulations fail to generalize guidelines concerning embryonic
research, necessitating the case-by-case evaluation of each
experiment’s principles and funding. Consequently, financial
support for such projects often comes from private entities, as they
are then subject only to state-specific legal restrictions. Researchers
continue to call for updates and standardization of current legal
norms to facilitate the smoother development of embryonic
engineering and the acquisition of more reliable knowledge about
embryos (Matthews andMorali, 2022).The legal-scientific conflict is
also evident in Europe, where the permissibility of human embryo
research varies by country, with some nations allowing it while
others impose strict prohibitions. Germany has one of the most
restrictive legal frameworks concerning reproductive medicine,
with numerous limitations and prohibitions on embryo exploration
(Burfoot and Waldschmidt, 2019). Only basic procedures enabling
pregnancy through in vitro methods are permitted (Advena-
Regnery et al., 2018). European policies are subject to ongoing
changes and numerous debates, yet they do not always keep pace
with the rapid advancements in reproductive medicine. France
serves as an example of this discrepancy; although embryonic
cell research has been legally permitted since 2013, it remains
heavily constrained by extensive legal restrictions. The primary
ethical concern revolves around the destruction of embryos and
the lack of control over their further development. Over the
years, various methods for acquiring embryonic cells for research
have been considered, including obtaining them from couples
undergoing IVF who consent to donating non-viable embryos
designated for elimination. A persistent debate has emerged over
whether these cells are merely biological constructs or constitute
a human being (Duguet et al., 2018). In contrast, China does
not legally recognize human embryos as human beings, resulting
in fewer legislative restrictions or prohibitions concerning them
(Raposo and Ma, 2020). However, in 2014, during a court case
concerning frozen embryos, it was acknowledged that embryos
represent a special structure with the potential to develop into
a human life, necessitating a respectful and moral approach to
their handling. The destruction of embryos is therefore strongly
condemned and regarded as unethical. Nonetheless, the lack of legal
recognition of embryos as human beings has facilitated significant
advancements and widespread research on embryonic cell lines.
However, in 2019, the Chinese scientists responsible for the birth
of the world’s first genetically edited children the previous year
were sentenced to heavy fines and 3 years in prison. Despite the
country’s leniency toward embryonic research, China does not
permit genetic interventions in living human organisms. Due to
legal loopholes, the verdict was issued solely for unauthorized
medical practices, but it served as a catalyst for stricter legal reforms.
The Civil Code, established in 2020, mandated compliance with all
existing legal standards while explicitly prohibiting interference
with fundamental bioethical and moral principles. The law also
strictly banned reproductive human cloning (Peng et al., 2020).
Despite differences in legal regulations, Chinese researchers and

those responsible for embryonic studies worldwide are guided by the
same moral and ethical norms, as well as concerns about issues such
as eugenics in developing organisms. These ethical considerations
resonate across societies worldwide (Zhai et al., 2016). Thus spoken,
it is imperative to establish universally accepted international
regulations and guidelines to ensure the safe and socially acceptable
advancement of human reproductive medicine.

8 Anticipated challenges and future
directions–a discussion

We are undertaking a literature review to determine the
current state of knowledge on infertility and potential methods of
addressing this issue. The observed correlation of multiple factors
contributing to difficulties in natural conception highlights the need
to explore new therapeutic possibilities from an interdisciplinary
perspective. Our aim is to assess the impact of developments in
various fields on discoveries in this area and their potential societal
implications. Reports from professionals and individuals directly
affected by infertility from 40 countries have raised the question
of whether it is even possible to define strategic goals in infertility
research. Respondents emphasized the importance of focusing,
among other things, on environmental factors and comorbidities
(Duffy et al., 2021). Indeed, of the more than 186 million
people affected by infertility, the majority are from developing
regions (Vander Borght and Wyns, 2018). The findings support
the significant impact of environmental factors on reproductive
health. These include elevated temperatures beyond optimal ranges,
atmospheric pollution such as tobacco smoke, and heavy metals
with high atomic mass. Notably, many of these exposures can be
limited by modifying the behaviors of at-risk individuals (Kumar
and Singh, 2022; Wdowiak et al., 2024). As a result, addressing the
infertility issue in an interdisciplinary manner also encompasses
domains unrelated directly to medicine, as the mitigation of
the aforementioned factors should be overseen by specialists in
environmental protection and remediation. Researchers highlight
the need to develop efficient, modern methods—such as the use
of microorganisms in bioremediation and detoxification processes
(Nnaji et al., 2023). Alongside biological determinants, economic
factors are also recognized. Changes in this area began in the early
20th century and have led to a dramatic decline in reproductive
rates in some industrialized regions, falling below replacement levels
(Skakkebæk et al., 2021).Theperception of a higher reproductive age
in women due to changing lifestyles and social norms, combined
with the aging of many societies, increases the likelihood of
conception difficulties (Bala et al., 2020). Geographic location,
considered broadly as part of environmental factors, further
translates into documented inequalities in access to infertility
therapies due to the economic status of individual countries. This
remains the case despite the fact that male infertility diagnostics are
relatively simple and inexpensive. This leads to the conclusion that
certain restrictions limit access to assistance in cases of infertility
and generate stress amongpotential patients. Passet-Wittig andGreil
have urgedmedical professionals to acknowledge this and undertake
efforts to expand support in this field (Passet-Wittig and Greil,
2021; Di Bello et al., 2022). Researchers emphasize the importance
of interpreting physiological changes through a psychological lens
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in future studies and the need to develop standardized tools to
assess the mental and emotional state of patients, which could
serve as valuable support in infertility treatment (Zhu et al., 2022).
The involvement of nutrition specialists is also crucial. A balanced,
unprocessed diet with a low glycemic index, sometimes combined
with supplementation of vitamins (e.g., B12) and minerals (e.g.,
iodine, iron), not only enhances the effectiveness of ART but
also directly supports fertility (Łakoma et al., 2023). Geneticists
also advocate for interdisciplinary cooperation. Considering the
impact of environmental factors on sperm epigenome—such as
DNA methylation, which affects fertilization—they argue for
closer integration of epigenetic analysis into clinical practice.
Enhanced tools for phenotype analysis and genomic testing may
significantly expand future knowledge in this field (Salas-Huetos
and Aston, 2021). Genetic causes of male infertility are confirmed
in approximately 4% of cases (Houston et al., 2021). Infertility
can also result directly from various diseases or as a side effect
of treatment. Relevant questions are being raised about which
conditions and therapies contribute to infertility. Massarotti et al.
examined this issue in the context of multiple sclerosis. Due
to the inability to eliminate the disease’s effect on fertility and
its association with sexual dysfunctions, they underscore the
necessity of collaboration among specialists from multiple fields.
They point to a shortage of data and the need to document
the impact of novel immunotherapies on semen quality. They
propose selecting treatments that minimize negative reproductive
consequences (Massarotti et al., 2021). Infectious diseases also play a
significant role. In the case of HIV, the infection itself reduces sperm
motility and ejaculate volume, and antiretroviral therapy further
compromises semen parameters. Emerging techniques, such as
spermwashing, showpromise andmay become effective alternatives
in the future, though they still require refinement (Guo et al., 2024).
Research directions in the field of infertility appear promising.
Currently utilized techniques are sufficiently advanced to serve as
a foundation for innovative approaches. ART has contributed to a
new understanding of embryological processes by elucidating the
correlation between the oocyte and the sperm. The future may bring
promising developments for azoospermic men through the use of
stem cells and other assisted reproduction methods (Schlegel et al.,
2021). In vitro culture of iPSC, reprogrammed from somatic cells, has
the potential to generate reproductive cells. Scientific advancements
have reached a point where genetic material can even be modified
to eliminate identified anomalies (Gul et al., 2024). Undoubtedly,
these advancements will be supported by digital systems and
modern technologies. AI already supports medical practice and is
expected to play an integral role in future developments. Beyond
semen analysis, diagnosis, and therapeutic recommendations, AI is
projected to contribute to ultrasound analysis of semen and mTESE
procedures (Venishetty et al., 2024). However, the effective use of AI
depends on access to vast amounts of data, which must be efficiently
processed and analyzed. Medenica et al. emphasize the importance
of improving data accessibility, viewing this as a prerequisite
for integrating AI into routine clinical practice (Medenica et al.,
2022). To validate the efficacy of modern techniques, numerous
randomized trials and registries are needed. These may confirm the
greater effectiveness of integrating human expertise with AI systems
compared to either approach alone (Abdullah et al., 2023). Future
research is expected to focus heavily on the use of ultrasound to

FIGURE 3
Future interdisciplinary approach.

identify sperm production sites, as well as the selection and analysis
of sperm through CASA (Diaz et al., 2022).

Our reflections suggest that an effective fight against infertility
requires a well-prepared multidisciplinary task force capable of
conducting comprehensive diagnostics and implementing advanced
therapies. Ideally, this team would include experts not only in
medicine but also in environmental protection and socio-economic
development (Yopo Díaz and Watkins, 2025). We believe that the
commitment and collaboration of professionals from these domains
could lead to transformative progress, benefiting both patients and
healthcare providers. Improvements in this fieldmay also contribute
to better mental health outcomes, reinforcing the need for a holistic
and interdisciplinary approach to infertility and the exploration of
new treatment pathways. Figure 3 illustrates the potential directions
for a future interdisciplinary approach.

9 Conclusion

The key to developing new, potentially more widely accessible
therapeutic interventions is the involvement of interdisciplinary
teams of specialists, who, in addition to medical determinants,
also take into account economic, environmental, and psychosocial
factors, due to the impact of environmental pollution and unhealthy
lifestyles on fertility. Ethical and legal controversies require coherent,
international regulations.

Future perspectives indicate progress in the fields of
biotechnology and gene therapies, supported by AI; however, the
collection of relevant data is essential for this purpose, with registries
and multicenter studies serving as potential sources.
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