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Abstract

In vitro fertilisation (IVF) has revolutionised assisted reproductive
technology, offering hope to couples struggling with infertility. Despite all
advancements, IVF outcomes remain variable and are, influenced by
numerous factors, including genetic variations such as polymorphisms.
This thesis explores the role of various polymorphisms in determining the
success rates of IVF procedures, by mainly focusing on studies published
since 2017. Through an extensive review of the literature, genetic
databases, and clinical data, this thesis aims to study the relationship
between specific polymorphisms and key IVF outcomes, including
fertilisation rates, embryo quality, implantation success, and live birth
rates. Additionally, this thesis explores the underlying mechanisms by
which these genetic variations impact reproductive processes, shedding
light on potential biomarkers for predicting IVF success and guiding
personalised treatment strategies. By providing insights into the genetic
determinants of IVF outcomes, this thesis contributes to the optimisation
of assisted reproductive techniques, ultimately improving the chances of

success for couples undergoing IVF procedures.



NepiAnwn

H eEwowpaTtikn yovipgonoinon (IVF) €xel enavacTaTthoel oTnv TeEXVOAoyia
unoBonBoupevng avanapaywyng, npoopepovtac einida oe (guydpia rnou
avTigeTwniCouv npoBAnuata unoyovidoTnTag. Mapd TIg €&eAi&eig, ol
eKBACEIC TNG eEwowMaTIKNG yovipgonoinong (IVF) napapévouv PeTaBANTEG,
ennpealopevec and NoAAoUG NapdyovTeg, CUKNEPIAAUBAVONEVWY YEVETIKOV
napaAAaywv onwc ol NOAUPOpPIoHOoi. AUTH n SINAWHATIKN €pyacia avaAuel
TO pOAo O1IaPOpwWV MOAUHOPPIOHWY OTOV KaBoplopd TNG sniTuxiag n Tng
anoTtuxiac Twv Oladikaciwv IVF, eoTialovrtac Kupiwg O HEAETEG Mou
dnuoaleuTnkav and 1o 2017. Méow MIag oAOKANPWHEVNG avaokonnong TG
BiBAloypagiag, YeVeETIKwWV BACewv OedOPEVWV Kdal KAIVIKOV O£JOUEVWY,
auTn n MEAETN oTOXeUEl va OIAAEUKAVEI TN OXEON METAEU OUYKEKPIUEVWV
NOAUNOPQIOHWV Kal KUplwv ekBacewv TnG IVF, oupnepiAauBavouevwy Twv
NOCOOTWV YOVIJonoinong, Tng noldTnTag Twv €UBpUwWY, TNG ENITUXIAag TNG
eUPUTEUONG Kal TwVv (WVTWV YEVVNOEWV. EnminAgov, n diatpifn €€epeuva
TOUGC UMNOKEIPMEVOUG MNXAVIOHOUC HE TOUC OMOIOUC AUTEC Ol YEVETIKEG
napailAayec ennpealouv TIC avanapaywylkeg dladikaoieg, avadeikvuovTag
neavoug PBlodeikTeg yia Tnv npoBAewn Tng emtuxiag Tng IVF kal
KaBodnywvTac oc €EATOMIKEUMEVEC OTPATNYIKEC Oepaneiac. MapéxovTac
NANPOQPOPIEC YIA TOUC YEVETIKOUGC KaBopioTIkoUC napdyovTeC TwV
anoTEAEOPATWY TNG €EWONUATIKNG YOVILOMNOINONG, AUuThn N €PEUVA CUVTEAEI
oTn BeATiwon Twv TEXVIKWV unoBonBoUpevng avanapaywyn, BEATIovVoOvVTAg
TIG MIBavoTNTEG eniTuXiag yia Ta {euydpia nou unoBailovTtal og d1adikacieg
IVF.



Introduction

Embryonic development

Mammalian embryo development starts when a female’s haploid cell, the
oocyte, and a male’s haploid cell, the spermatozoon, fuse to make the
diploid zygote. The oocyte and the sperm are the gametes of the female
and male respectively. The union of the two gametes, is called
fertilisation and is achieved through the fusion of their membranes. For
the fertilisation to be successful, both the female and male DNA are

necessary.

The haploid gametes derive from diploid cells through a process called
gametogenesis. Gametogenesis in females is called oogenesis and in

males spermatogenesis.

I humans, oogenesis starts before birth. Approximately 8-20 weeks after
fertilisation, the cells that will potentially become mature oocytes are
proliferating. By the time the female is born, all the oocytes that will be
released during the active reproductive years of the female are already in
the ovaries. Those primordial ovum are about 400.000 and they will
remain dormant until ovulation when only 1 oocyte is released from the
ovaries. The egg will remain a primordial oocyte until its release from the
ovary. Then it undergoes cell division. The nucleus is divided and so half
of its chromosomes goes to one cell and half to another. One of these
new cells usually is bigger than the other and is also known as secondary
ovum. The smaller cell is known as the polar body. The secondary ovum
will remain in the ovary until it reaches maturation. It then is released in
the fallopian tubes. Once in the tubes the oocyte is ready for fertilisation
[1, 21.
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Fig 1: Maturation of human oocyte
(https://www.quora.com/What-is-the-difference-between-oogenesis-and-folliculogenesis)
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Spermatozoa, in the male reproductive system, begin and finish their
development in the testes. The testes are composed of many thin tightly
coiled tubules, known as seminiferous tubules. Sperm cells are produced
on the walls of those tubules. In the seminiferous tubules, are numerous
scattered Sertoli cells, whose function is mainly to support and nourish
immature sperm cells. As the young immature gametes grow, Sertoli
cells help them transport from the outer space of the seminiferous tubule
to the central channel. One immature germ cell needs about 74 days to
reach its final maturation stage. The process initiates with spermatogonia,
immature cells originating from stem cells situated in the outer
seminiferous tubule wall. Through mitosis, the stem cells duplicate, with
half of the new cells evolving into future sperm cells and the remainder
persisting as stem cells to maintain a continuous supply of germ cells.
The spermatogonia designated for maturation, termed primary sperm
cells, migrate from the outer to the central seminiferous tubule regions,
attaching themselves to Sertoli cells. These primary cells undergo
development by increasing cytoplasmic content and the presence of
organelles. After a resting phase, the primary cells undergo division,
resulting in the formation of secondary sperm cells. During cell division,
the nuclear material undergoes splitting, reducing the chromosome count

from 46 in the primary sperm cells to 23 in each secondary sperm cell

[3].

The eventual union of egg and sperm during fertilisation combines their
chromosomes, leading to a blending of characteristics from both

individuals and the commencement of growth in the new organism.
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Fig 2: Spermatogenesis (left) and Spermatozoa structure (right)
(https://www.researchgate.net/figure/The-process-of-spermatogenesis-and-the-structure-
of-spermatozoa-During-spermatogenesis_fig1_366009879

Infertility and In-Vitro Fertilisation

Human infertility refers to the inability of a couple to conceive a child
despite regular, unprotected sexual intercourse for at least 12 months.
Infertility can affect both men and women, and it may result from a
variety of factors. Common causes in women include ovulatory disorders,
issues with the fallopian tubes or uterus, endometriosis and age - related
decline in fertility. Male infertility can be due to low sperm count, poor
sperm motility, abnormal sperm shape, or issues with sperm production
and ejaculation. In many cases, infertility results from a combination of

male and female factors or unexplained causes.



Infertility is categorised into primary and secondary. Primary infertility
pertains to a couple unable to achieve pregnancy after a year of regular
sexual intercourse during their childbearing age. On the other hand,
secondary infertility is recognised when attempts to conceive are
unsuccessful for 6-12 months. Secondary infertility specifically refers to
the challenge of conceiving or sustaining a pregnancy after previously
giving birth. Notably, the prior pregnancy should have occurred naturally,
without the use of fertility drugs or procedures such as in vitro
fertilisation, for it to be classified as secondary infertility. A longitudinal
study spanning from 1993 to 2017 revealed a global trend wherein the
prevalence of primary and secondary infertility was lower among men
compared to women. Additionally, there was a decline in infertility rates,

particularly in high-income countries.

Treatment options for infertility depend on the underlying cause.
Common interventions include fertility drugs, assisted reproductive
technologies (ART) such as in vitro fertilisation (IVF), intrauterine

insemination (IUI) and surgery to address structural issues.

In vitro fertilisation (IVF) is a complex assisted reproductive technology
that helps individuals and couples overcome fertility issues by facilitating
the conception of a child outside the body. IVF involves several key
steps. First of all the woman undergoes hormonal treatments to stimulate
the ovaries to produce multiple eggs. Fertility medications, such as follicle
- stimulating hormone (FSH) and Iluteinising hormone (LH) are
administered. Once the eggs reach maturity, a minor surgical procedure
known as egg retrieval or follicular aspiration is performed. A thin needle
is inserted through the vaginal wall into the ovaries to extract the eggs.
On the same day as egg retrieval, the male partner or a sperm donor

provides a semen sample. The sperm is then processed to isolate healthy,
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motile spermatozoa. In the laboratory, the eggs and sperm are combined
in a culture dish for fertilisation. This can be done through traditional
insemination, where sperm is added to the eggs, or through
intracytoplasmic sperm injection (ICSI), where a single sperm is directly
injected into each egg. Fertilised eggs, now embryos, are cultured for a
few days. The embryologist monitors their development and selects the
healthiest embryos for transfer. One or more selected embryos are
transferred into the woman’s uterus through the cervix.  This is typically
done 3 to 5 days after egg retrieval. The number of embryos transferred
depends on factors such as the woman’s age and/or the quality of the
embryos. Hormonal medications are often prescribed to support the luteal
phase of the menstrual cycle and enhance the chances of successful
implantation.  Finally, about 10 to 14 days after embryo transfer, a

preghancy test is conducted to determine if the procedure was successful.
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Fig. 3: A complete IVF cycle
(https://selectivf.com/ivi-process-georgia/)
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IVF is used to address various fertility issues, such as blocked fallopian
tubes, male factor infertility, endometriosis, and unexplained infertility. It
offers a viable option for individuals and couples who have not achieved
pregnancy through other fertility treatments, such as IUI. It is important
to note that the success of IVF can vary based on factors such as the age
of the patients, the cause of infertility and the overall health of the
individuals involved. Additionally, IVF carries ethical, emotional and
financial considerations and individuals often work closely with

reproductive specialists to navigate the process.

One common stimulation protocol used in IVF is the long GnRH Agonist
protocol: A GnRH agonist is administered to suppress the natural
hormonal cycle. After suppression, gonadotropins (FSH and/or LH) are
given to stimulate the ovaries. Ovarian response is monitored through
ultrasounds and hormone levels. When the follicles of proper size, human
chorionic gonadotropin (hCG) is administered to trigger their final
maturation and ovulation. Another protocol is the so-called GnRH
antagonist protocol. Gonadotropin stimulation begins on day 2 or 3 of
the menstrual cycle and a GnRH antagonist is added later to prevent
premature ovulation. Gonadotropins are continued until the eggs are
mature. Ovarian response is monitored, and hCG is administered when
proper for the final maturation trigger. Another commonly used protocol
is the natural cycle or minimal stimulation protocol. Low doses of
gonadotropins are used to stimulate the developments of a few eggs.
Ovarian response is also monitored and hCG will be used to trigger
maturation. [4]

The choice of the stimulation protocol, is individualised based on the
patient’s specific characteristics and the fertility clinic’'s protocols. Close
monitoring throughout the process is essential to adjust medication doses
and timing as needed. The goal is to retrieve a suitable number of mature

eggs for fertilisation during IVF
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Challenges of IVF

In vitro fertilisation (IVF), a groundbreaking assisted reproductive
technology, has offered hope to countless couples facing infertility.
However, the journey towards successful conception through IVF is not
without its formidable challenges. Understanding and addressing these
challenges are crucial for enhancing the efficacy of IVF treatments and
ensuring the well-being of both patients and offspring. One of the
foremost challenges in IVF is the variability in success rates. Numerous
factors, including maternal age, underlying causes of infertility, and the
quality of embryos, contribute to the outcomes of IVF cycles. Couples
often face the emotional rollercoaster of repeated attempts, underscoring
the need for research to identify factors influencing success and refine
treatment protocols. The financial cost, in addition associated with IVF
remains a substantial hurdle for many prospective parents. Multiple
treatment cycles, medications, and associated medical expenses
contribute to the overall financial burden. Limited insurance coverage
exacerbates the strain, making accessibility a significant challenge for a
broader demographic. The emotional toll on couples undergoing IVF is
profound. The combination of uncertainty, repeated disappointments, and
the demanding nature of the treatment process can lead to heightened
stress and anxiety. Acknowledging and addressing the emotional well-
being of patients is paramount to comprehensive fertility care. While IVF
increases the likelihood of successful pregnancies, it also elevates the risk
of multiple pregnancies. This presents medical challenges for both
mothers and infants, including a higher incidence of complications during
preghancy and childbirth. Balancing the desire for a successful pregnancy
with the associated risks requires careful consideration. Also, Ovarian
Hyper - Stimulation Syndrome (OHSS) is a potential complication arising

from the use of fertility medications to stimulate egg production. This
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syndrome can manifest with symptoms ranging from discomfort to severe

complications, underscoring the need for precise hormonal management.

The success of IVF hinges on the quality and quantity of retrieved eggs.

Women with diminished ovarian reserve or poor egg quality (see Fig 4)
may face challenges in producing viable embryos. Understanding the
factors influencing egg quality and developing strategies to optimise it are
critical aspects of IVF research. Even with the availability of high-quality
embryos (see Fig 5), successful implantation remains uncertain. Factors
such as uterine abnormalities, endometrial receptivity, and the overall
health of the uterus contribute to the complexity of the implantation
process. Advancements in understanding and improving the implantation
phase are essential for enhancing IVF success rates. Despite pre-
implantation genetic testing (PGT), IVF does not eliminate the risk of
genetic abnormalities in embryos. The ethical implications and the

potential impact on the health of the offspring necessitate ongoing
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research into refining genetic screening methods and addressing

associated concerns. In the pursuit of advancing IVF as a reliable solution
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for infertility, navigating these challenges requires a multidisciplinary
approach. This thesis aims to contribute to this ongoing dialogue by
exploring the intersection of IVF and pharmacogenomics, shedding light
on potential avenues for improvement in treatment outcomes and patient

experiences.
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Fig 4: Different human oocyte morphological abnormalities (arrows) observed by light
microscopy: (A) scarce cytoplasmic granularity, (B) centrally located cytoplasmic granular
area, (C) smooth endoplasmic reticulum clusters, (D) vacuoles, (E) abnormal zona pellucida
shape, (F) large perivitelline space with fragments.
(https://www.researchgate.net/figure/Different-human-oocyte-morphological-abnormalities-
arrows-observed-by-light-microscopy fig2 45271886)
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Fig 5: Gardner’s blastocyst grading system assigns 3 quality scores to each blastocyst:
1)Blastocyst developmental stage, expansion and hatching status, 2)inner Cell Mass (ICM)
quality, 3) Trophectoderm (TE) quality
(https://fertilitysolutions.com.au/choosing-embryos-for-transfer-or-freezing/)

Possible causes of infertility

Polycystic Ovary Syndrome, PCOS

Polycystic Ovary Syndrome (PCOS) is defined as an endocrine disorder
that impacts around 1 in 10 women of reproductive age.
Hyperandrogenism, insulin resistance, enlarged and often dysfunctional
ovaries are some of the problems that are caused by PCOS. The precise
aetiology and pathology of the syndrome has not been fully described,
although it's main causes seem to be the abnormally high ratio of
luteinising hormone to follicle-stimulating hormone (LH/FSH) and the
increased frequency of gonadotropin-releasing hormone (GnRH). Type 2
diabetes mellitus, metabolic syndrome, cardiovascular diseases, obesity
and many others have been mentioned as further complications of PCOS.
Therefore, regular exercise and weight loss seem as an important
precaution that is recommended to every woman with PCOS. Apart from
that physicians use antiandrogen agents, insulin sensitisers, oral
contraceptives and ovulation inducers as an off-label medication to fight
the negative effects of PCOS. There is no specific medication for PCOS.
Many women suffering from PCOS tend to use assisted reproductive

technology in order to have the chance of becoming parents.[5]

Premature Ovarian Insufficiency, POI

Premature Ovarian Insufficiency (POI) is defined as the loss of ovarian
function before the age of 40 and is mostly characterised by amenorrhea
or secondary oligomenorrhoea and serum FSH levels more than 25 IU/L.
The chance of spontaneous conception for women diagnosed with POI is

about 5-10%. The clinical symptoms may include amenorrhea,
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oligomenorrhoea, vasomotor instability (hot flushes, night sweats),low
libido, sleep disturbances, vulvovaginal atrophy, altered urinary
frequency, dyspareunia, and lack of energy. All these are due to estrogen
deficiency. 1:10,000 women before the age of 25, 1:1000 before 30 and
1:100 before 40, suffer from POI. The cause of POI remains mainly
undefined but potential aetiologies can be divided into different groups:

idiopathic, genetic, autoimmune, environmental or iatrogenic [6].

Male infertility

Around 72.4 million people worldwide have some sort of fertility disorder.
Male factor accounts for about 50% of cases. Although genetic mutations,
modern lifestyle and medications can be contributing factors that can lead
to male infertility, idiopathic sperm abnormalities are blamed for about
30% of male sub-fertility cases. Obesity can play a crucial role on sperm
parameters and as shown overweight or obese men have higher chances
of oligo-azoo-teratospermia (OAT) than men with normal body mass index
(BMI). In addition, higher DNA fragmentation index has been associated
with obesity. As a result lower pregnancy rates and many pregnancy
losses are observed in couples which undergo IVF and the man is
overweight or obese. Until now studies were focused on maternal age and
how it can negatively affect pregnancy rates and outcome. However,
paternal age has recently been associated with infertility since sperm
parameters seem to be worse in older men. Moreover, offspring of older
men have been shown to have increased risk for various conditions [7].

Idiopathic male infertility is diagnosed when there are unexplained sperm
abnormalities, without any female factor infertility, as opposed to
unexplained male infertility, where sperm parameters are normal.
Oxidative stress has been identified as a potential mechanism for

idiopathic male infertility. Previous research indicates that spermatozoa

19



with morphological defects are more likely to produce excessive reactive
oxygen species (ROS) and have a diminished antioxidant capacity.
Additionally, oxidative stress is frequently observed in males with
idiopathic infertility, showing an imbalance in ROS levels and antioxidant
capacity compared to fertile males. Despite recognising the association
between oxidative stress and idiopathic infertility, there remains a lack of
definitive treatment. For example, there is uncertainty about which
patients should undergo screening for oxidative stress and what tests
should be employed to measure ROS levels in semen samples.
Furthermore, there is controversy surrounding the type, dosage, and
duration of antioxidant treatment for individuals with elevated ROS levels.
[8]

Male infertility is a complex condition that impacts approximately 7% of
the general male population. Recent classifications of impaired male
reproductive function emphasise the undeniable significance of genetic
factors, constituting around 15% of male infertility cases across various
causes [9]. Notably, men with non-obstructive azoospermia face a
heightened risk (20%) of carrying numerical and structural chromosomal
anomalies, such as Klinefelter syndrome and Y chromosome-linked
Azoospermia Factor deletions (AZF) [10]. Standard genetic diagnostic
procedures, including karyotype and AZF deletion screening, also
incorporate mutational analysis of the CFTR gene for individuals with
congenital agenesis of vas deferens (CAVD) [11].

Despite these advancements, about 40% of cases involving oligo/
azoospermia are categorioed as idiopathic infertility, where the cause is
unknown. Genetic factors are strongly implicated in these instances, given
that approximately 2000 genes are projected to be involved in spermato-
genesis pathways, though only a minority have been identified thus far.
Previous attempts using Sanger sequencing to uncover recurrent
monogenic causes were largely unsuccessful. However, the recent

widespread adoption of Next-Generation Sequencing (NGS) has facilitated
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the validation of previously identified candidate genes and the discovery of

novel genetic causes across all four aetiological categories

The Hap - Map project

The deciphering of the complete human genome has enabled our ongoing
endeavor to create a haplotype map of the human genome, known as the
"HapMap." This tool facilitates the identification of genes and genetic
variations associated with health and disease.

While the DNA sequence of any two individuals is 99.5 percent identical,
variations in single DNA bases, known as single nucleotide polymorphisms
(SNPs), can significantly influence an individual's susceptibility to disease.
SNPs located close together on the same chromosome are inherited in
blocks, forming distinct haplotypes. Although these blocks may contain
numerous SNPs, only a few are necessary to uniquely identify the
haplotypes within them. The HapMap catalogs these haplotype blocks,
with specific SNPs—referred to as tag SNPs—serving as markers for
identifying the haplotypes.

The HapMap's value lies in its ability to reduce the number of SNPs
needed to explore the entire genome's association with various
phenotypes, from approximately 10 million SNPs to roughly 500,000 tag
SNPs. This streamlines genome-wide scans for regions harboring disease-
related genes, making the process more efficient and inclusive of all
genomic regions.

Beyond its role in studying genetic disease associations, the HapMap
serves as a robust resource for investigating genetic factors affecting
responses to environmental stimuli, susceptibility to infections, and the
efficacy and adverse reactions to drugs and vaccines. These studies rely
on the premise that individuals with a particular disease or response
exhibit higher frequencies of contributing genetic components compared

to those without. By utilising tag SNPs, researchers can identify
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chromosome regions with divergent haplotype distributions between
affected and unaffected groups, leading to detailed investigations into
specific gene variants contributing to diseases or responses. This
knowledge aids in the development of more targeted interventions and
predictive tests for drug efficacy based on individuals' genotypes for genes

involved in drug metabolism.

Pharmacogenomics

Pharmacogenomics, a groundbreaking discipline within the broader realm
of pharmacology, represents a paradigm shift in the way we approach and
administer medications. This field delves deep into the intricate
relationship between an individual's genetic makeup and their response to
pharmaceutical interventions. By examining genetic variations that
influence drug metabolism, efficacy, and potential side effects,
pharmacogenomics seeks to unravel the complexities of inter-individual
differences in drug response. The realisation that genetic factors play a
pivotal role in determining how individuals react to medications has paved
the way for a more personalised and precise approach to healthcare. The
key premise of pharmacogenomics is to tailor medical treatments based
on a patient's unique genetic profile, thereby optimising therapeutic
outcomes while minimising the risk of adverse reactions. This emerging
field is propelled by advancements in genomics, bioinformatics, and high-
throughput technologies, enabling researchers and healthcare
professionals to identify genetic markers associated with drug response
variability. The ultimate goal is to move away from the traditional one-
size-fits-all model of drug prescribing, allowing for a more nuanced and

individualised treatment strategy.
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One of the primary applications of pharmacogenomics lies in guiding drug
development and prescription practices. Understanding how specific
genetic variations influence drug metabolism pathways allows for the
identification of individuals who may be more or less responsive to certain
medications. This knowledge can be particularly crucial in the
development of drugs with a narrow therapeutic window, where small
variations in drug concentrations can lead to either inadequate therapeutic
effects or increased toxicity. Additionally, pharmacogenomics has the
potential to enhance the safety profile of medications by identifying
patients who may be predisposed to adverse reactions based on their
genetic predisposition.

In clinical settings, pharmacogenomic testing is increasingly being
integrated into patient care to inform treatment decisions. By analysing a
patient's genetic profile, healthcare providers can predict how an
individual is likely to respond to a specific drug and adjust dosage or
choose alternative medications accordingly. This personalised approach
not only improves the overall efficacy of treatments but also mitigates the
risk of adverse drug reactions, ultimately leading to better patient
outcomes.

Despite its transformative potential, challenges remain in the widespread
adoption of pharmacogenomics in clinical practice. Issues such as cost,
accessibility, and the need for standardised guidelines for interpreting
genetic data pose hurdles to its integration into routine healthcare.
However, ongoing research and technological advancements are steadily
addressing these challenges, paving the way for a future where
pharmacogenomics plays a central role in revolutionising drug therapy,

making it more tailored, effective, and safer for each individual.
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Luteinising Hormone (LH)

Luteinising Hormone, is a glycoprotein. It is composed of the same a-
subunit as FSH, TSH and hCG and a unique, specific for the hormone
subunit. The LHP gene is located on chromosome 19 and it consists of 3
exons and 2 introns. LH has a fundamental role in follicular maturation
and ovulation and its participation in ovarian and testicular regulation is
also very important. Furthermore, it has a distinct impact on the
modification of synthesis of growth factors, steroid hormones and
cytokines.[11]

Some polymorphisms in the LHB gene have been studied and were shown
to have an impact on the fertility of men and women. For instance, in an
meta-analysis performed by Alviggi et al. they found in 2 studies that the
minor allele carriers of the LHB c.82 A>G Trp8Arg (rs1800447) had used
significantly higher FSH dosage during controlled ovarian stimulation
(COS) [13]. Nevertheless, the meta-analysis could not find a significant
difference between the genotypes, concerning the rs1800447, probably
due to the small amount of studies associating this polymorphism with

infertility.

Luteinising Hormone Choriogonadotropin
Receptor (LHCGR)

The B subunit of LH gives the hormone the ability to interact specifically
with its receptor, luteinising hormone choriogonadotropin receptor
(LHCGR) LHCGR is a G-protein coupled receptor and is expressed in

several tissues such as the fallopian tubes, the uterus, the gonads, the
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placenta and even the fetus. Its expression is increasing just before
ovulation, when FSH and E2 increase the pituitary LH and LHCGR
expression in the ovaries. The receptor seems to have an impact on
follicle maturation, luteinisation and ovulation so its role in female fertility
is crucial. [13]. Inactivation of the LHCGR gene in mice embryonic stem
cells can affect the fertility of both males and females [15]. 172 patients
of several ethnicities that underwent IVF procedures were recruited and
genotyped in a study trying to associate several polymorphisms in LH and
LHCGR genes with ovarian hyperstimulation syndrome. The two
polymorphisms that were studied were the following; the insertion of 6
base pairs CTGCAG at position 54 of the LHCGR (insLQ, rs4539842) and
+28G>C (rs4073366). Although the first polymorphism could not be
linked with OHSS, the minor allele “C” carriers of the rs4073366 were
shown to have 3 times higher chance of developing OHSS compared. It is
concluded that this is happening probably due to the alterations caused by
the rs4073366 to apolipoprotein E, which is an important factor of
cholesterol uptake and steroidogenesis and has been associated with
reproductive efficiency.[14]

Recently, in 2019, a study on Iranian women was published. This study
included 100 women undergoing IVF procedures and compared the results
of the IVF with their genotypes. Three polymorphisms were tested. The
insLQ rs4539842, the LHCGR ¢.827A>G Asn291Ser (rs12470652) and the
LHCGR c¢.935A>G Asn312Ser (rs2293275). An association has been
observed between the G allele of rs2293275 and PCOS [16,17] and higher
testosterone levels. The results showed a significant association between
women carrying the rs2293275 and/or the rs4539842 and their success
rate in IVF. Concerning the rs4539842, failure in IVF was observed in the
group of women having no insertion of the 6bp CTGCAG while women
heterozygous or homozygous for the insertion had higher chances of
success. As for the c935A>G p.Asn312Ser, the A allele seemed to have

an positive impact on the IVF success rate since 18% of women carrying
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the AA genotype had successful results and 0% of them had failed results
in IVF . On the contrary 46% of women having the GG genotype were
unsuccessful compared to 18% in the successful group [15]. Although,
the GG genotype was associated with higher clinical pregnancy rate when
it comes to fresh embryo transfer and compared to the heterozygous AG.
[18]. In 2016 it was shown that women with the AA genotype needed
lower doses of rFSH in order to achieve adequate response while
undergoing IVF procedures [19]. These results were supported from data
in a later study on OHSS. Genotyping women with OHSS and normal
ovarian response resulted in an association of the GG genotype of
rs2293275 with higher chances of OHSS, thus supporting that the A allele
may increase the sensitivity of the receptor to the hormone [20]. In a
later study by the same authors, a significant association between the GG
genotype and poor ovarian response was observed. Another study by
Lindrigen et al. in 2019, combined two polymorphisms, the FSHR
Asn680Ser (rs6166) and the LHCGR Asn312Ser (rs2293275) and the
results supported that women carrying the Serine residue for both SNPs
had a higher chance of a live birth. So, if a woman was homozygous S for
both polymorphisms, she had the highest chance of a live birth[21]. On
the contrary, no significant difference occurred in a later study of 2022
concerning the LHCGR rs2293275 and the live birth rate of the outcome
of ART among people of various ethnicities [22]. Different studies seem
to have contradictory results associating these polymorphisms and ART
procedures. However, these statements should be studied more
extensively. In order to have a better understanding of what could affect
the fertility and the IVF procedures and more data associating different

variants and ART would be very helpful.
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Estrogen Receptors (ERs)

Estrogen is a steroid hormone, one of the most important of the sex
hormones. It is produced by the gonads and the adrenal cortex. Estradiol
(E2) is the most common of estrogens and plays a crucial role in the
fertility of both females and males. Development of the secondary female
sex characteristics, regulation of the menstrual cycle and growth of the
endometrial lining starting from the menarche to menopause and also
regulating spermatogenesis in males are some of the basic functions of E2
[23]. Estradiol effects are mediated by transcription factors and estrogen
receptors (ER)a and (ER)B. Those receptors are encoded by distinct
genes ESRI and ESRZ2 respectively. ESR1 gene is located on
chromosome 6, includes 8 exons and encodes for a 66 kDa protein of 595
amino-acids. ESR2 gene is located on chromosome 14 also consists of 8
exons and is translated into a 60 kDa protein of 530 amino acids [24].
Several polymorphisms in both genes have been associated with
conditions that have a huge impact on female fertility. These conditions
include endometriosis, PCOS, recurrent pregnancy loss, the result of the
ovarian stimulation and even the result of the ART procedure. Although
many studies have been conducted and observed the possible association
of polymorphisms in the ESR genes, the results are contradictory. Women
homozygous for the G allele of ESR1 -351A>G (rs9340799), for example,
seem to have 4 times higher chance of endometriosis [25]. This
association was also observed in a case-control study from 2021, in which
women with the GA genotype for rs9340799 seem to have e prevalence
for endometriosis. In the same study, another polymorphism was
associated with endometriosis. The ESR2 +1730G>A (rs4986938) was
observed to have a significant effect on the occurrence of endometriosis.
[26]. These results are confirmed by another study of 2020 that recruited

100 women with endometrioses and 100 controls and the results showed
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a decreased risk of endometrioses in women with the AA genotype for the
rs4986938 [28] Furthermore, in a recent narrative review published in
2022 the rs9340799 was associated with endometriosis as well as
migraines only in the Asian population whereas the association was not
observed in Caucasians. On the contrary, endometriosis and migraine in
the Caucasian population were associated with the rs4986938 while
Asians showed no significant association. Another polymorphism, the
ESR1 -397T>C rs2234693, was shown to have a significant association
with endometriosis in both Asian and Caucasian populations [27]. A trend
towards the lack of association of rs2234693 and endometriosis was
stated in a systematic review by Mear et al. published in 2020. Although
it is also stated that further studies are needed in order to find a possible
association between these polymorphisms and endometriosis[29].

Polymorphisms on the genes of estrogen receptors have been strongly
associated with PCOS as well, with controversial results. The GA genotype
of rs9340799, for instance, have been associated with a decreased risk of
PCOS and in the same study an intron substitution of guanine with
adenine on chromosome 6 (rs1999805) was associated with an increased
risk of developing PCOS in Chinese population[30]. Recently, in 2020, in
a study concerning Tunisian women, several ESR SNPs were included in
the list of polymorphisms associated with PCOS. The ESRZ2 rs1256049,
ESR1 rs3798577 and rs2234693 were correlated with higher chance of
PCOS The strongest association, however, was that of the latter, where
the C allele seemed pathogenic while the T protective. In addition,
haplotype combinations of SNPs in the ESR1 gene (rs2234693 C/T,
rs9340799 G/A, rs3798577 T/C, rs3020314 T/C) were observed to have
an important impact on some of the effects of PCOS. TATC were strongly
associated with obesity, CGTT and CATC with high blood pressure and
some seemed to have a trend towards association with insulin resistance
(TACT), dyslipidemia (TATT) and cholesterol levels (CACC)[31]. Higher

levels of testosterone were observed in women homozygous for the minor
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allele of 1730 G>A rs4986938 than heterozygous or homozygous for the
major allele [32].

Pregnancy loss is another issue that increases the problem of infertility in
couples. Many studies have found correlations between polymorphisms
on the ER genes and recurrent pregnancy loss (RPL). 444 Tunisian
women that had at least 3 or more consecutive pregnancy losses and 446
controls were enrolled in a study of 2020 and genotyped for three
polymorphisms on ER genes, ESR1 rs2234693, ESR1 rs3020314 and ESR2
rs928554. No association was found for the last two. However, the C
allele of rs2234693 had a significant impact on the pregnancy result.
Women homozygous for this allele were more likely to have a pregnancy
loss than the other genotypes[33]. Another interesting finding was that
the same polymorphism can have extremely different results when
population groups are compared. Seven case-control studies were
combined in a cohort by Yin Quian-Xun et al. the rs9340799 was shown to
have an association with an increased risk of RPL in non Asian group in
the homozygous genetic model. The same SNP, in heterozygous and
dominant genetic models, was associated with a decreased risk of
spontaneous abortion[34]. In two meta-analyses, published in 2021 and
2022 an association between the rs4986938 (in Caucasian population)
and rs2234693 respectively with recurrent pregnancy loss was observed.
[35]. A finding that was supported by a cohort in Egyptian women,
published in 2021 that found an association between the rs2234693 and
rs9340799 with RSA [36]. On the contrary, in a case-control study
recruiting 258 women who had experienced 3 or more miscarriages and
264 healthy controls with 2 or more successful pregnhancies, no
association was found concerning three polymorphisms of the ESR1 genes
(ESR1 rs9340799, rs2234693 and rs3798759) and recurrent spontaneous
abortion. However, for these SNPs, a haplotype analysis showed that the
haplotype ACA had an increased risk of RSA, whereas the haplotype GCA

had lower chance RSA in the Chinese population [37]. Controversial
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results from different studies increase the need for more studies recruiting
bigger populations for significant results.

One of the most important issues concerning ART procedures is the
ovarian response to gonadotropins. A significant association of the CT
genotype of rs2234693 and poor responders was revealed in the Egyptian
population [38]. In 2020, a correlation of ESR2 +1730 G>A rs4986938
and the ovarian response in IVF cycles was studied. No association was
revealed, however, since the number of follicles, the number of oocytes,
the number of embryos, the size of follicles and the pregnancy rates
seemed to have no difference among the genotypes [87]. Interestingly,
in 2018, a genotype that seems protective in the IVF procedure was
revealed. The allele combination of T for rs2234693, A for rs9340799, S
for EST1 (TA), A for rs6166, G for rs6165 and del of PROGINS seem to be

more frequent in women who had successful results in IVF [39].

Follicle Stimulating Hormone (FSH)

Follicle Stimulating Hormone (FSH), like LH, is a heterodimeric
glycoprotein hormone which shares the same alpha subunit with LH, TSH,
and hCG and a unique specific beta subunit. FSH binds specifically to the
FSHR and their interaction is important for ovarian stimulation and
function [40] by promoting proliferation and differentiation of granulosa
cells as well as E2 synthesis[41]. The beta (B) subunit of the FSH
molecule is crucial for the hormone-specific biological properties and is
encoded by the FSHP gene which lies on chromosome 11 [42].
Polymorphisms on the FSH3 gene and/or its promoter have been shown to
affect fertility of both males and females in various ways. One of the
known SNPs that have an impact in fertility is the -211 G>T
(rs10835638), which refers to the substitution of guanine to thymine in
the promoter of the FSHB gene. Mainly this SNP has been shown to affect
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male fertility but in a study of 2016 from the United Kingdom it was
shown to also affect women. Longer menstrual cycle, later menopause
and altered FSH serum levels were associated with the rs10835638.
Specifically, women carrying the minor allele (T) had a longer menstrual
cycle (approximately by 1 day), later age at menopause (0.13 per minor
allele), and lower levels of serum FSH. In addition, increased nulliparity
was associated with the minor allele. This means that these women had a
reduced chance of pregnancy. On the other hand, the T allele was shown
to have a protective impact against endometriosis[43]. Another study,
also in 2016 on healthy girls of peripubertal age, did not find any
association of the rs10835638 with the FSH serum levels, although they
showed a positive association with LH levels. Carriers and homozygotes
of the T allele had significantly higher LH levels compared with GG
homozygotes. LH/FSH ratio was, also, impacted by this polymorphism,
which means that the FSHB c.-211G>T is involved in PCOS since LH/FSH
ratio is considered its biochemical hallmark[41].

A meta-analysis was performed in 2018 and gathered data from 33
studies. In these studies, many polymorphisms in the FSHR gene were
associated with various markers of fertility such as the FSH consumption
during COS, the stimulation duration, the number of retrieved oocytes,
the number of mature MII oocytes and the ongoing pregnancy rate (OPR)
which is defined as “a pregnancy diagnosed by ultrasonographic
visualization of at least one gestational sac”. Most of the studies resulted
in the FSHR 919 A>G Thr307Ala (rs6165) having a distinct impact on the
above markers. Five studies showed that the AA homozygotes had more
oocytes retrieved than the GG and AG carriers. Three studies supported
that the stimulation protocol lasted longer in the AG heterozygotes
compared with the AA. A majority of studies found that the number of
oocytes retrieved (21 studies) as well as the number of metaphase II
oocytes (5 studies) were higher in women having the non variant AA

genotype than the variant GG. Another SNP that was observed to affect
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the stimulation protocol in some studies was the FSHR -29 G>A
(rs1394205). The FSH consumption during the stimulation protocol was
significantly higher in the minor allele homozygotes as opposed to the GG
and AG genotypes. Although, the same results were observed for the
other two SNPs of FSHR, the rs6165 and . Higher amounts of FSH were
required during controlled ovarian stimulation in T carriers for the rs6165
and G carriers for the rs6166 [44].

Genetic factors play a crucial role on the fertility of men, hence various
studies are focusing on associating polymorphisms on different genes with
conditions that cause male infertility. One of these studies, published in
2021 used 2742 men with idiopathic infertility and studied its association
with FSHB c.-211G>T (rs10835638). Men were divided into two cohorts
based on total sperm count (TSC). In cohort A eligible were men with
TSC =1mil/ejac and in cohort B men with TSC<1mil/ejac. The results
showed that the FSHB T allele carriers as well as higher median FSH level
and lower bitesticular volume were observed in men in cohort B than in
cohort A . They concluded that the polymorphism has a positive effect on
serum FSH levels and a negative effect on testicular size and sperm count.
[45]
In 2020, a cross-sectional study gathered data from 2020 Danish men and
divided them into two groups based on their sperm parameters, their
reproductive hormones and testicular size. Genotyping was performed for
3 polymorphisms:

1. FSHB c.-211 G>T (rs10835638),

2. FSHR c.-29 G>A (rs1394205) and

3. FSHR c.2039 A>G (rs6166)
For FSHB polymorphism the results showed that heterozygous and
homozygous T allele carriers had lower levels of serum FSH compared to
homozygous G carriers. Also the percentage of T allele carriers was

higher amongst men with FSH levels lower than median FSH. The same
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results were obtained for inhibin B, since the percentage of T allele
carriers were also higher in the group of men with levels of inhibin B
below median. Carriers of the T allele had significantly lower number of
progressively motile spermatozoa than GG homozygous men. Although it
would be obvious that the TT homozygous would have the worst
phenotype concerning the motility of the spermatozoa, no significant
result could be obtained probably due to insufficient number of men with
this genotype.

As for the FSHR polymorphisms (rs6166 & rs1394205) they were both
associated with higher FSH levels and smaller testis size but no significant
difference was observed concerning semen parameters.

In addition, minor allele carriers, for FSHB -211G>T and FSHR 2039A>G

SNPs were shown to have lower free testosterone/LH ratio[46].

A Genome Wide Association Study that was performed in men with
idiopathic or/and unexplained infertility. Their approach was about
identifying SNPs that may affect FSH serum levels and therefore may be
contributing factors of infertility among men. The results showed a strong
association of polymorphisms on FSHB gene and FSH serum levels. 9
SNPs were identified and associated with FSH serum levels in the 11p14.1
region, all of them located upstream and downstream of FSHB gene and
seemingly in strong LD. Two of them, rs11031005 and rs10835638, were
shown to be in strong association with FSH levels and FSH/LH ratio. The
first of these variations can explain about the 6.95% of the serum FSH
level variance in a subgroup of oligozoospermic men. It is also stated in
this study that the rs11031005 may be a better predictor of serum FSH
levels than the rs10835638 because the second has a lower frequency
among oligozoospermic men and the two variations are in a strong but not
complete LD of 74% and also because the rs11031005. The study
concludes that variations found on the genomic region on chromosome

11p14.1, which embeds the FSHB gene, are eligible of use for diagnostic
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purposes in order to find factors that contribute to infertility of unknown

origin amongst men [47].

Follicle Stimulating Hormone Receptor
(FSHR)

Follicle Stimulating Hormone Receptor (FSHR) is an transmembrane G-
protein coupled receptor that consists of 695 amino acids and weighs 76
kDa. It is a member of the subfamily of rhodopsin - like receptors. The
FSHR gene has more than 190Kb and is located in chromosome 2 p.21 -
p.16. It consists of 10 exons and 9 introns. Exons 1 - 9 encode for the
long extracellular ligand binding domain, whereas exon 10 encodes for the
7 transmembrane spanning domains and for the intracellular C-terminal
tail. It is expressed mainly in granulosa and sertoli cells and it is a crucial
factor of steroid synthesis and gametogenesis (see Fig. 6). The genomic
region that embeds the FSHR gene is considered a hot spot for ovarian
response to gonadotropins. Many SNPs falling into this region have been
studied and shown to modulate the receptor’s expression and signaling.

Many polymorphisms that modulate this receptor have been shown to
have an impact on the fertility of either males or females. One of the most
extensively studied polymorphism is the ¢.2039 A>G (rs6166) on exon
10 and features the substitution of Asparagine to Serine on the position
680 (Asn680Ser), which is located on the receptor’s intracellular
domain[48]. Recent study in 161 ovulatory women showed that in those
with the Ser/Ser variant higher levels of FSH serum were detected and
also they required higher doses of exogenous rFSH in order to accomplish
the same results with the other genotypes [48]. In another study of 2014
on primary granulosa lutein cells, different kinetics of the receptor’s

response to exogenous FSH were observed in homozygous Ser/Ser
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variants. The early increase of intracellular cAMP is vital for the
progesterone production and the homozygous variants were shown to
reach the plateau with about 1h delay after FSH treatment compared to
the other variants. Different kinetics of the receptor’s response to FSH
and the late cAMP increase have an impact on the phosphorylation of
ERK1/2 and CREB, the progesterone production and gene expression
[49]. Another study of 2021 by Polyzos et al. included 368 patients from
Europe and Asia. They underwent ovarian stimulation with a GnRH
antagonist protocol and followed by oocyte retrieval. A fixed daily dose of
150 IU rFSH was administered and no dose adjustments were made
during the stimulation. They showed that patients homozygous for the G/
G variant had statistically significant fewer oocytes retrieved than A/A
variants (about 1 oocyte less). They also observed that carriers of the G
variant were more often in the group of hypo - responders than A/A
homozygotes. The G allele was also associated with low Follicle to Oocyte
Index (FOI), as the G carriers (G/A & G/G) had a lower FOI than women
with A/A genotype [50]. Another observation of this study was the higher
frequency of G/G homozygotes in the Caucasian population (23.2%)
compared to the Asian population (9.5%). The same results were
associated with another polymorphism studied by Polyzos et al., 919A>G
which results in a substitution of Threonine by Alanine at position 307
(Thr307Ala, rs6165). The frequency of homozygous G/G patients was
34.8% and the polymorphism was significantly higher in Caucasian
compared to Asian patients (44.5% vs 23.2%). The FOI was also lower in
carriers A/G than A/A women 79.75+3.35 vs 92.08+6.23. There was no
significant association of the rs6165 with ovarian response, number of
oocytes retrieved and Follicular output rate (FORT) which is defined as the
“ratio between the number of follicles that reach preovulatory maturation
in response to FSH and the available pool of FSH-sensitive follicles" [50]
[51]. Another study of 2021 in 210 infertile women, observed that as for
the ¢c.2039 A>G Asn680Ser(rs6166),the frequency of the AA, AG and GG
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genotypes was 49%, 45.7% and 5.2% respectively. There was no
statistical significant difference in the frequency of the FSHR ¢.2039
Asn680Ser polymorphism amongst the three ovarian response groups:

1. Low prognosis (number of retrieved oocytes <9)

2. Normal response (number of oocytes retrieved 10-15)

3. High response (number of oocytes retrieved >15)

However, when they combined the heterozygous and homozygous women
(AG & GG) they observed that these women were significantly more in the
low prognosis group than the AA homozygotes. The AA women also had
significantly higher AMH levels than AG (4.24+3.79 vs 2.72+2.86)[52].
Significant differences were also observed concerning the AFC, the
number of oocytes retrieved, the number of mature MII oocytes, the
number of fertilized 2PN and the total number of embryos given amongst
the AA genotype the AG genotype and the combination of heterozygous
and homozygous variants AG & GG. Patients with the AA genotype had
higher AFC, gave more oocytes per retrieval, more Metaphase II, more

2PN and more Embryos than than the other genotypes.
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AA

AG

AG/GG

GG

p value

AMH

AFC

Oocytes
Retrieved

MII

2PN

Embryos

4.24+3.79

11.94

+6.95

11.80+7.89

10.34+7.30

7.53+5.53

7.84+5.87

2.72+2.86

8.32+5.54

9.14+7.31

7.56x6.16

5.67+5.03

5.82+5.15

2.82+3.55

8.82+6.55

9.33+7.37

7.80+6.34

5.72+5.00

5.87+5.10

3.66+7.30

9.90+4.86

11.00+8.07

9.91+7.75

6.18+4.85

6.27+4.84

0.006 (AA
vs AG)
0.007 (AA
vs AG/GG)

<0.001 (AA
vs AG)

0.001 (AA

vs AG/GG)

0.015 (AA
vs AG)
0.002 (AA
vs AG/GG)

0.005 (AA
vs AG)
0.008 (AA
vs AG/GG)

0.013 (AA
vs AG)
0.013 (AA
vs AG/GG

0.011 (AA
vs AG)
0.01 (AA vs
AG/GG)

Table 1. Differences between the 3 genotypes and their combination concerning the FSHR ¢.2039
A>G Asn680Ser (rs6166) as for AMH levels, Antral Follicular Count (AFC), number of oocytes
retrieved, number of mature MII, number of fertilized oocytes (2PN), and embryos given.[18]

Another SNP that has a distinct impact on the receptor and is in strong
linkage disequilibrium with the rs6166, is the substitution of Adenine to
Guanine at nucleotide 919 which leads to Threonine 307 being replaced by
Alanine (919 A>G Thr307Ala, rs6165).

al. which included 368 patients from Asia and Europe the homozygous GG

In the same study by Polyzos et

patients were 34.8%. Also in the group of AG carriers the FOI were

significantly smaller than the AA homozygous (79.75+3.35 vs 92.0816.23
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respectively). The frequency difference was also obvious between the
Caucasian and Asian women, since the frequency of the polymorphism in
Caucasian was 44.5% whereas in Asian was 23.2%. No statistically
significant difference was observed regarding ovarian reserve, number of

oocytes retrieved or the FORT among the FSHR re6165 genotypes.
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\ N RAS \
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The levels of Progesterone and Estradiol in the late follicular phase have
been associated with the ovarian reserve[50]. In a multicentre study by
Neves et al. 366 predicted normoresponders underwent ovarian
stimulation protocol with GnRH antagonist protocol, they were genotyped
for three polymorphisms of the FSH receptor (rs6165, rs6166 and
rs1394205) and their serum progesterone and estradiol was measured at
the day of the trigger. The study showed no significant difference
concerning the serum progesterone levels in the mean late follicular phase
or the estradiol levels on the day of trigger in dominant, co-dominant and
recessive models for the three polymorphisms of FSHR. However,
haplotype analysis for the rs6165/rs6166 haplotypes AA, GA and GG when
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compared to AG revealed lower E2 levels on the day of trigger. The two
polymorphisms (rs6165 and rs6166) have been combined before [54]. In
2014 a study which included 69 women aged 15-38 (mean age 28y/0)
from which follicular fluid and granulosa cells were collected from various
stages of the menstrual cycle under physiological FSH conditions and then
and correlated the different genotypes with:follicle diameter, AMH levels,
PRG levels, E2 levels, testosterone and androstenedione and FSHR, LHR,
androgen receptor, aromatase cytochrome p450 (CYP19A1l), AMH &

AMHR2 gene expression. The three genotypes and their frequencies

were:
Genotype Frequency
A/A (p.307 Thr/Thr, p.680 Asn/Asn) ‘ 35%
A/G (p.307 Thr/Ala, p.680 Asn/Ser) ‘ 42%
G/G (p.307 Ala/Ala, p.680 Ser/Ser) ‘ 23%

The G/G genotype was associated with high expression of LHR and low
expression of AMHR2 in all follicle sizes. In addition, in follicles 3-6mm
diameter high LHR expression and low AMH expression was correlated
with G/G genotype as well as in follicles of >6mm diameter showed
significantly higher E2 and CYP19A1 gene expression. [53]

Another study from Iran published in 2017, correlated the rs6165 with the
ovarian response. 198 women who underwent Assisted Reproduction
Technology were categorised into two groups according to the number of
oocytes that were retrieved, the poor responders (>5 mature oocytes)and
the good responders(<5 mature oocytes). The results showed lower
levels of FSH and LH in good responders. On the contrary, good
responders showed higher numbers of oocytes retrieved, MI and MII
mature oocytes, total embryos and AMH. After genotyping these patients,
the frequency of FSHR rs6165 AA homozygous patients was higher in the

group of poor responders (32%) vs their frequency in good responders

39



(17%) p=0.029. The frequency, also, of the A allele was significantly
higher in the group of poor responders (52%) vs that of good responders
(40%) p=0.026. These findings led to the proposition that genotyping the
FSHR rs6165 can be a possible predictor of ovarian response in ART
[55].

Polycystic Ovary Syndrome (PCOS) is a common endocrine disorder in
women and can be a serious reason for infertility in women of
reproductive age. A study from 2017 recruited 377 women with PCOS
and 388 controls and investigated whether the FSHR rs6165 and rs6166
were associated with susceptibility to PCOS. They also found that these 2
polymorphisms are in almost complete linkage disequilibrium (r2=99%).
The genotype distributions of rs6165 and rs6166 revealed a significant
correlation of the homozygous variants of Asn680Ser, Thr307Ala and
PCOS since the frequency of Ser/Ser in women with PCOS vs controls was
13.3% vs 8.2% (p=0.035) and the frequency of Ala/Ala was 14.9% vs
8.0% (p=0.005) respectively. This study could not find an association
between the FSHR polymorphisms and serum FSH, AFC and ovarian size.
Although, a larger group of subjects may be needed to reveal any small

differences in serum FSH [56].

Fig. 6: FSH signaling. Activation of FSHR by FSH leads to increase in intracellular cAMP
through Gs-adenylate cyclase. Increased cAMP leads to PKA activation, which regulate
expression of several genes through phosphorylation of transcription factors like CREBP.
FSH also causes increase in Ca2* by depolarization of Ca channels. Increased Ca?* can
upregulate calmodulin kinase leading to modulation of downstream effectors. In addition to
cAMP, FSH has also been shown to modulate PLA, Erk, p38 MAPK, and PI3Kinase
pathways. Activated FSHR is phosphorylated by BARK, which in turn recruits B-arrestin to
the receptor and lead to down regulation of FSHR, in addition, B-arrestin independently can
activate Erk pathway.

(Nataraja, Selvaraj & Yu, Henry & Palmer, Stephen. (2015). Discovery and Development of
Small Molecule Allosteric Modulators of Glycoprotein Hormone Receptors. Frontiers in
Endocrinology. 6. 142. 10.3389/fendo.2015.00142.)
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Anti-Millerian Hormone (AMH)

One of the most important molecules concerning fertility and therefore
ART is Anti-Mullerian Hormone (AMH). AMH plays a crucial role in sexual
differentiation of both sexes. In males, it is critical for the involution of
the Mullerian ducts and in females functions as a regulator of follicular
development and as a predictor of ovarian reserve. AMH is a dimeric
glycoprotein and a member of the transforming growth factor f
superfamily. It is produced by granulosa cells of the early developing
follicles in the ovary. When the follicles reach the size of 4-6mm and a
state of differentiation at which AMH becomes receptive for FSH they may
be selected for dominance. AMH may have a pivotal role in the inhibition
of primordial follicle development since studies have shown that in the
absence of AMH, follicles are recruited faster and are more sensitive to
FSH [57].

The AMH c.146 G>T lies on the promoter of the gene and leads to an
amino acid substitution of isoleucine 49 to serine (Ile49Ser)
(rs10407022). This region is responsible for protein stability and folding.
There is not much data concerning this SNP, however it seems that it
might affect the action of the protein. The bioactivity is compromised but
its processing is not. The results that concern the rs10407022 are
contradictory. A study in Dutch women showed that those with the Ser/
Ser genotype had significantly higher estradiol levels on day 3 of the
menstrual cycle [58]. On the contrary, in a later study in Chinese women,
no significant correlation between this polymorphism and estradiol levels
was found [59]. In 2015, in a paper by Peluso et al it was stated that the
rs10407022 is not significantly associated with the oocyte retrieval rate or
the antral follicular count, but the embryos produced were statistically
different among the genotypes. Also the T/Ser allele’s frequency was
higher amongst infertile patients compared with controls [57]. In 2020, a

study concerning Premature Ovarian Insufficiency (POI) in Iragi women,
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concluded that the GT and TT genotypes of rs10407022 are positively
associated with POI [60]. A meta - analysis was conducted by Di Chen et
al. and included 7 studies with 2078 total participants. They found that in
the Asian population women with the TT genotype had fewer oocytes
retrieved than those with the GT/GG genotype. However, more

metaphase II (MII) oocytes were retrieved in the II genotype [61].

Anti-Millerian Hormone Receptors (AMHR)

Like most TGFB family members, AMH signals through a heterodimeric
receptor complex consisting of two kinase receptors. These related Ser/
Thr receptors are type I and type II receptors. Ligand binding to the type
IT receptor leads to the recruitment of the type I and its phosphorylation
by the first. Phosphorylation of downstream Smad proteins follows and
they interact with the common Smad4. This complex translocates into the
nucleus in which it regulates gene expression [62].

There have been few studies comparing the AMH and AMHR
polymorphisms with the outcome of ART. Two SNPs are more extensively
studied in them. The AMH c146G>T Ile49Ser (rs10407022) and the
AMHRII c-482 A>G (rs2002555).

As for the AMH receptors there are several polymorphisms affecting
fertility. One of the most extensively studied is an A>G change in the
position c-482 of the gene promoter (rs2002555), which was shown to
affect the length of the stimulation as well as the amount of gonadotropins
needed. Women with the AA genotype were stimulated, on average, 9.1
+1.4 days vs women with the AG/GG genotype were stimulated for 9.7
+1.3 days. In addition the AG/GG genotype required higher units of
gonadotropins than AA genotype [63]. The minor allele (G) has, also,

been associated with poor ovarian response [64]. However, there was no
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significant difference in the number of oocytes retrieved after FSH
administration, or with the ovarian reserve. The rs3741664 is another
SNP that has been correlated with fertility dysfunctions. It refers to an
amino acid change from adenine to guanine in the non-coding position
4952 of the AMHRII gene. In a recent study of 2019, women with the GG
genotype needed higher doses of rFSH during COS in comparison with
patients with the AG genotype [65]. This polymorphism is another sample
of contradictory results in different studies. Although it was stated that
the GG genotype needs higher doses of FSH during COS, another study
from 2020 from Rafaa et al showed that the AG and GG genotypes have a
decreased risk of POI [60].

Sex Hormone - Binding Globulin (SHBG)

Sex Hormone-Binding Globulin (SHBG) is a homodimeric 90-kDa
glycoprotein, largely synthesised in the liver. It consists of two 373 amino
acid subunits and its main function is steroid transportation. Each dimer
of SHBG has 1 steroid binding site, therefore can transport 2 steroid
molecules. At any time zero, one or both binding sites may be occupied
and it is possible that different steroids may be bound to the same SHBG
protein at the same time. It is specific for testosterone, 5-alpha-
dehydroandrosterone and 17-beta-estradiol however its affinity of
testosterone is approximately double that of estradiol. It regulates the
plasma metabolic clearance rate of these hormones by controlling their
plasma concentration. The gene encoding for SHBG is located on

chromosome 17p13.

The protein levels are regulated at transcriptional and translational level.
Missense mutations may alter these levels. Since SHBG transports
testosterone, it is associated with conditions like metabolic syndrome
(MetS) and PCOS both of which are hyperandrogenic. In a study of 2018,
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from China, 478 women that underwent IVF procedures where selected
for a case-control study that tried to associate 2 polymorphisms of SHBG
with the outcome of in-vitro fertilisation-embryo transfer for PCOS
patients. Those polymorphisms where the rs6259, a missense mutation at
nucleotide 5790 in exon 8 where a G is substituted by either A or C,
leading to the substitution of Aspartic acid by Asparagine at 327 position
(D327N) and rs727428. The second did not show significant association
with the outcome of IVF in PCOS patients. However rs6259 adenine
carriers (GA or AA) where found to be elevated in the PCOS group
suggesting that the A allele might be a risk factor for PCOS. In addition, in
contrast to individuals with the TT genotype at the SHBG rs6259 locus,
those with the GA/AA genotype exhibited a decrease in the number of
retrieved oocytes and embryos given, as well as a lower fertility rate.
Conversely, there was an increase in the abortion rate, incidence of
ovarian hyperstimulation syndrome, transplant rejection rate, serum
estradiol, serum testosterone and testosterone in the follicular fluid
among carriers of the A allele. The study concludes that the rs6259 might
have an impact of the outcome of the IVF treatment for PCOS patients
[66]. The studies that associate the rs6259 and rs727428 with PCOS have
contradictory results. Although in the previous study by Liu Y et al/ in 2019
showed a significant association of rs6259 with PCOS, a year later a meta-
analysis found no significant connection of these two[67]. This statement
is also supported by another meta-analysis by Li Y, conducted in 2021
[68]. Another broadly studied polymorphism of SHBG is a (TAAAA)n
polymorphism on the promoter of the gene which has been found to affect
transcriptional activity. The number of the pentanuclotide repeats is highly
variable with studies reporting 6-11 repeats in the human SHBG
gene[68]. In addition >8 repeats seem to be significantly associated with
high risk of PCOS since women in the PCOS group seemed to carry 8 or
more TAAAA repeats with significant higher frequency than the control
group[68, 69].
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P450 Aromatase, CYP19

Aromatase cytochrome P450 is a key enzyme in the conversion and
metabolism of androgens to estrogens. The CYP19A1 gene, located on the
short arm of chromosome 15 (15g21.2), encodes the crucial enzyme
aromatase, responsible for synthesising estrogen. This gene is expressed
in vital organs such as ovaries, testicular, adipose, bone, placental, and
cerebrum tissues, with the highest activity observed in female ovaries.
Aromatase, organised by a 93 kb gene regulative factor and controlled by
nine consecutive exons, plays a pivotal role in estrogen production. The
promoter region, positioned 1 kb upstream of exon two, governs
aromatase enzyme production in the ovaries. Mutations in the CYP19A1
gene have been linked to aromatase deficiency, characterised by low
estrogen and elevated androgen levels.

The irregular activation of the promoter may contribute to estrogen-
stimulating disorders, including conditions such as breast cancer and
endometriosis. Therefore, understanding the genetic and regulatory
aspects of CYP19A1 is crucial for comprehending hormone synthesis and

its implications in various health conditions [70].

The gene of CYP19A1 has been studied as of its correlation with several
conditions that might affect the outcome of IVF, such as PCOS,
endometriosis, oocyte vyield after COS or estradiol levels. It has been
found that the TT genotype for c.*19C>T CYP19A1 (rs10046) was
associated with fewer oocytes after ovarian stimulation and therefore
lower ovarian response compared to the controls [71]. Although different
studies may have different results as for the same polymorphisms. No
statistical significance between the rs10046 and the oocytes retrieved was

found in a study conducted by Amaro et al. Elevated estradiol level was
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found in women carrying the AA genotype in the same study[88]. The
same polymorphism has been studied for its possible connection with
endometriosis. However several studies could not correlate the rs10046
with endometriosis [27,28]. More studies are needed in order to spot a

possible association of this SNP with endometriosis. [72].

Superoxide dismutase 2 (SOD2)

The SOD2 gene, also known as MnSOD, encodes for manganese
superoxide dismutase, a mitochondrial protein that functions as a
homotetramer. Each monomer of this protein requires a manganese ion as
a cofactor. SOD2 plays a crucial role in mitigating mitochondrial reactive
oxygen species (mtROS) by catalyzing the dismutation of superoxide

(Oz2"")generated by the electron transport chain (ETC) into H202, along

with the production of O2. This process occurs in both the mitochondrial
matrix and intermembrane space, contributing significantly to
mitoochondrial reactive oxygen species (mtROS) detoxification. This
enzyme is an endogenous antioxidant that is synthesised within the
cytosol and post transcriptionally is transported in the mitochondria.
Altered expression or activity of SOD2 can have profound effects on
mitochondrial function and may be implicated in the development of
various diseases.

Although the knockout of SOD2 does not impact embryonic development,
it leads to post-birth mortality and a substantial reduction in ETC activity
in mice. Therefore, SOD2 activity is crucial for maintaining the
functionality of mitochondrial complexes, especially in the presence of
oxidative stress, highlighting its pivotal role in preserving mitochondrial
function.[73] Superoxide dismutase 2 gene is located on chromosome

6925 and the protein consists of 222 amino acids. SOD2 plays a major
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role in the defence of the organism against oxidative stress and as shown
by several studies it is up-regulated in case of oxidative stress. For
instance, in a study that compared gene expression between smoking and
non smoking women undergoing IVF procedures, it was found that in the
case of smokers SOD2 along with interleukin 6 (IL6) are up-regulated
[74]. These 2 enzymes play a pivotal role in the battle against oxidative
stress. Also in another study the effects of citrate clomiphene (CC) and
letrozole were investigated with and without the presence of estradiol. It
was found that in cumulus cells cultured with CC and letrozole without
estradiol, SOD2 and Bax genes were up-regulated. A phenomenon that
seem to be reversed in the presence of estradiol [75].

As such, the results indicate that these drugs increase the oxidative stress
in cumulus cells, therefore SOD2 is up-regulated in order to decrease it.
Polymorphisms in the SOD2 gene have been associated with conditions
that affect the fertility of both females and males. Specifically the
polymorphism that is referring to a C substitution from a T on the second
exon of SOD2 gene and leads to an amino acid substitution of Alanine 16
to Valine (Alal6éVal) can impair the activity of the enzyme. The Alal6
variant of the SOD2 gene is noted for boosting the antioxidant enzymatic
activity of the SOD2 protein in comparison to the Vall6 variant.
Individuals with the Alal6 variant may experience more effective
neutralization of reactive oxygen species. Furthermore, it appears that the
protein carrying the Alal6 variant exhibits enhanced capability to enter
the mitochondrial matrix, the innermost compartment of mitochondria
where crucial biochemical processes occur. This improved entry into the
matrix could contribute to the protein's heightened efficiency in dealing
with superoxide radicals. Additionally, the interaction of the SOD2 protein
with the import channel in the inner mitochondrial membrane seems to be
influenced by the Alal6 variant, potentially affecting the efficiency of
protein import into the mitochondrial matrix. In summary, the Alal6

variant is associated with improved antioxidant activity, enhanced entry
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into the mitochondrial matrix, and altered interaction with the import
channel, collectively suggesting a more efficient role in counteracting
oxidative stress within the mitochondria compared to the Vall6 variant
[76]. The SOD2 pAlai6Val (rs4880) have been correlated in recent studies
in Slovenian [77], Turkish [76] and Saudi women [78] with an increased
risk of developing PCOS. In fact, in the study conducted by Polat et al. the
risk of PCOS in women with the TT genotype for rs4880 was 2 times
greater than women with the AA genotype. In the same study, another
polymorphism of SOD2 was associated with an increased risk of PCOS.
The 3" UTR A>G (rs5746136) refers to a substitution of adenine by
guanine and is located in the 65th base of the 3’ untranslated region of
the SOD2 gene downstream of the poly-A site. In this case, the G allele,
also doubles the risk of developing PCOS in Turkish women. Combining
these two polymorphisms,, having the AG/GG genotype for rs5746136
and the TT genotype for rs4880, results to a 3-fold increased risk of
PCOS.

Glutathione S-transferase (GST)

Detoxification of electrophiles by glutathione conjugation is considered to
be the main function of GST genes. The GST enzymes have traditionally
been considered as part of the cellular defence mechanism against various
harmful chemicals produced both within the body and in the environment.
The general function of GST enzymes involves the addition of GSH to
electrophiles with a diverse range of chemical structures. Key substrates
include polycyclic aromatic hydrocarbon epoxides, which are produced
through the catalytic actions of phase 1 cytochrome P-450s, as well as
numerous by-products of oxidative stress. Oxidative stress, characterised

by increased production of ROS and reduced activity of antioxidant
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defence enzymes, is identified as a significant mechanism through which
environmental substances affect male reproductive function, potentially
leading to infertility. This suggests that variations in polymorphic genes
encoding antioxidant and biotransformation enzymes, which influence
individual differences in the ability to metabolise and eliminate
environmental chemicals, could serve as modifiers of susceptibility to
infertility in men [79]. While the precise physiological role of any specific
GST cannot be accurately defined, in vitro data suggests that these
proteins typically operate as dimeric enzymes. However, this inhibitory
function is compromised during oxidative stress due to the covalent
dimerisation of GSTP monomers. This alteration has consequential effects
on c-jun, influencing cell proliferation and the expression of cell cycle
regulators such as CCND1. There are two distinct supergene families
responsible for encoding proteins with glutathione-S-transferase (GST)
activity. Firstly, there are at least 16 genes that encode proteins
expressed in tissue cytosols, and secondly, there are at least six genes
expressed in membranes. In humans, eight unique gene families are
involved in encoding soluble GST. These include alpha on chromosome 6,
mu on chromosome 1, theta on chromosome 22, pi on chromosome 11,
zeta on chromosome 14, sigma on chromosome 4, kappa (with an
unknown chromosomal location), and chi (also known as omega) on
chromosome 1. The kappa enzymes, although likely soluble, are
expressed in mitochondria. Polymorphism has been identified in many
genes within these families. However, the focus has primarily been on
allelism in the mu, theta, and pi families so far. While extensive research
has been conducted on the molecular basis for variation in the mu and
theta class clusters, uncertainties remain regarding the importance of
linkage dysequilibrium in the mu gene cluster and the potential basis for
polymorphism in GSTT2 [80].
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Polymorphisms on two very important, for the detoxification of oxidative
stress, members of the GST genes, GST Mu-1 (GSTM1) and GST Theta-1
(GSTT1), located o chromosome 1p13.3 and 22ql11, have been reported
to lead in enzymatic loss of function. Therefore, there might be a
correlation between idiopathic infertility and these polymorphisms. [81].
In a meta - analysis from 2010 by Economopoulos et al. GSTM1 was
positively associated with idiopathic male infertility, although the results
were controversial. This controversy existed probably due to the low
number of studies used in the analysis [82]. However, 2 years later, a
meta - analysis by Tang et al., used 15 case - control studies with 1897
cases and 1785 controls, also resulted in a positive correlation of GSTM1
null polymorphism and male idiopathic infertility [81]. GSTM1 and GSTT1
genes seem to have the highest rate of heterogeity among the GST genes.
In a study of 2017, deletion variants of GSTT1 and GSTM1 were shown to
have a significant effect on male infertility. The frequency of GSTT1
deletion variant was 2 times higher in the group of infertile men and the
GSTM1 deletion variant was 1.4 times in the same group compared with
the group of men with no fertility issue. In 19% of infertile men, complete
deletion of both genes was observed compared to only 6% of fertile men
having this genotype [83]. Another member of the GST genes is the
GSTP1, located on chromosome 11q13. The GSTP1 polymorphism is a SNP
located at c.313 A>G and lead to an Ile substitution from Val at position
105. This substitution may affect the binding affinity or the cellular activity
of the enzyme and therefore disturb the balance of the detoxification
system. As a result the individual is more susceptible to damage from
oxidative stress and this could possibly lead to male infertility. A recent
case - control study enrolled 246 males with idiopathic infertility and 117
controls and compared the semen quality according to their genotype.
Three of the polymorphisms of GST genes were studied, GSTM1(-/+),
GSTT1(-/+) and GSTP1 (c.313 A>G, Ile105Val, rs 1695). The frequency of

the different genotypes in each group is shown on Table 2:
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INFERTILE MEN CONTROLS P value

GSTM1(-) 60.57% 41.88% 0.001

GSTT1(-) 62.60% 47.86% 0.008
GSTM1(-) & GSTT1(-) 38.62% 14.53% <0.0001

GSTP1 (AG/GG) 32.11% 27.35% 0.847

Table 2: Frequency of different genotypes in the groups of infertile men and controls

The frequency of GSTM1(-) and GSTT1(-) genotypes are significantly
higher in the group of men with idiopathic infertility. In addition, sperm
concentration, motility and viability were significantly lower in the
GSTM1(-) and GSTT1(-) groups compared to the GSTM1(+) and
GSTT1(+). Sperm normality (the percentage of spermatozoa with normal
morphology) was also lower in the group of GSTT1(-) than in the
GSTT1(+). Comparing men with both GSTM1(-) and GSTT1(-) resulted
obviously in lower sperm concentration, motility, viability and percentage
of spermatozoa with normal morphology than men with GSTM1(+) and
GSTT1(+). Sperm motility, also, was lower in the group of men with the
GSTP1 (AG or GG) genotype than in the GSTP1 (AA) group. Other sperm
parameters such as linearity (LN), curvilinear velocity (VCL), path velocity
(VAP), straight - line velocity (VSL), beat cross frequency (BCF),
straightness (STR) and wobble (WOB) were lower and the amplitude of
lateral head displacement (ALH) was significantly higher in the GSTM1(-),
GSTT1(-) and GSTM1(-)/GSTT1(-) groups compared with the
GSTM1(+),GSTT1(+) and GSTM1(+)/GSTT1(+). Furthermore,
straightness (STR) was significantly lower and amplitude of lateral head
displacement (ALH) significantly higher in men with GSTP1 (AG or GG)
genotype than wild type GSTP1 (AA). In addition, several parameters
concerning semen Oxidative Stress (OS) were studied. Nitric Oxide (NO),
a free radical synthesised by nitric oxide synthases and at high

concentrations have been found to contribute to OS [84], malodialdehyde
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(MDA), a lipid aldehyde the production of which is induced by the lipid
peroxidation cascade, 8-hydroxy-2’-deoxyguanosine (8-OHdG) which
facilitates DNA damage by limiting the repairing capacity of spermatozoa
[85] and the total antioxidant capacity (TAC) were measured and
compared according to the different genotypes. Levels of NO and 8-OHdG
were elevated in the GSTM1(-), GSTT1(-) and GSTM1(-)/GSTT1(-)
genotype groups compared to those in the GSTM1(+), GSTT1(+) and
GSTM1(+)/GSTT1(+). MDA activity showed higher levels in the GSTT1(-)
and GSTM1(-)/GSTT1(-) genotype groups compared toy the GSTT1(+)
and GSTM1(+)/GSTT1(+). TAC was significantly lower in the GSTM1(-)/
GSTT1(-) group compared to the GSTM1(+)/GSTT1(+). Furthermore, the
GSTP1 (A/G, G/G) genotype group exhibited higher levels of NO and 8-
OHdG and lower TAC compared to the GSTP1 (A/A) group. The DNA
fragmentation index (DFI) was also significantly elevated in the GSTT1(-)
and GSTM1(-)/GSTT1(-) genotype groups compared to the GSTT1(+) and
GSTM1(+)/GSTT1(+). Another recent study of 2023 comparing 345 men
with idiopathic infertility and 215 healthy individuals had the same results
concerning the GSTM1, GSTT1 and GSTP1 genotypes. In this study, OS,
sperm parameters and fluoride - induced toxicity were measured. The
results were similar with the ones before, since in the mutant genotypes
0S, mitochondrial membrane potential (MMP) and DFI were significantly
higher and simultaneously sperm parameters and testosterone were also
significantly different than the wild type genotypes [GSTM1(+),GSTT1(+)
and GSTP1 (A/A)] [86].
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Table 3: Polymorphisms on several genes and their effect on fertility

Gene Polymorphism dbSNP code Reference Complication in IVF
LHB c.82 A>G Trp8Arg  rs1800447 4935 TFSH consumption during
insLQ rs4539842 Mo INENC St (1insertion) T success rate inlVF
+28G>C rs4073366  Cpoios T OHSS
Thathapudi et al. A
2015118) Awum 1 Yisk of PCOS
etal. (2021)[17]
T success rate in IVF
LHCGR AA = | higher FSH
Javadi-Arjmand et )
c.935A>G Asn312Ser  rs2293275 201981 consumption _
GG = Premature Ovarian
Failure
Hoaala Ser= Tlive birth
G“g’oﬁrg;[;gf @ 1 risk for OHSS
Vassilopoulou et
al. (2019)[25],
Eldafira et al.
(2021)[26], Szaflik ~ Endometriosis
et al. (2020)[28],
van der Vaart et al.
-351A>G rs9340799 L
Jiao et[;'j] 018) | risk for PCOS
Yin et al. (2018 -
ol heeors, 1 risk for Recurrent Pregnancy
(2021)[36] Loss
van ?;52\/2?;;‘2“7]6 '4 " Endometriosis
ESR1 “oosgpn Trisk for PCOS
- Bahia et al. (2020), )
397T>C rs2234693 Mu et al (5021)) 1 risk for RPL
[35], Refeat et al.
(2021)[36]
A[‘;ggf)g;’- 1 frequency of poor responders
Intron sub G>A  rs1999805 %5 ®"¥ Trisk for PCOS
Intron substitution rs3798577 sz%r;;gﬁ" T risk for PCOS
Intron substitution D tal. .
C>T/ C>G rs3020314 2020)31] 1 risk for PCOS
Muetal. 2021)35] T risk for RPL
+1730G>A rs4986938 | idaka of a (2021
ESR2 daka e S P01 testosterone levels
rs1256049 “oosgpn Trisk for PCOS
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Table 3: Polymorphisms on several genes and their effect on fertility

Gene Polymorphism dbSNP code Reference Complication in IVF
Longer menstrual cycle,
Later age of menopause,
Ruthetal. 016) Increased nulliparity
[43] BUT
Protective against
FSHp 211G >T rs10835638 endometrioses
krenz et al. (2021)  ldiopathic male infertility
[45], Bangetal. | FSH levels in men
(2021)[46] -
| sperm motility
Buseh el @018 1 risk for PCOS
number of oocytes retrieve
l ber of yt trieved
Alviggi et al. (2018) . A
[44] AG —longer stimulation
T FSH consumption during
Polyzos et al.
919 A>G Thr307Ala 6165 (2%21)[501’
Grynbergetal. |, FOI (follicle - oocyte index)
(2023)[51]
Kim er[gé](zow) 1 risk for PCOS
229 G>A rs1394205 VoY ?fj]'- 018 1 FSH consumption during
FSHR coo
Alviggi et al. (2018) ; ;
viggl ?4;';‘] T FSH consumption during
Santietal 2018) T serum FSH
) T FSH consumption during
c.2039 A>G rs6166 755 %"" 1T risk for PCOS
| number of oocytes retrieved
Guo et[?é](2021) T number of hypo responders
| FOI (follicle - oocyte index)
L. AMH
Bad quality embryos
pevsoclat 919 More frequent in infertile
patients
AMH €.146 G>T Iled9Ser  rs10407022 . . ... wozo) 1 risk for Premature Ovarian
160 Failure (POF)
chenela @29 | number of oocytes retrieved
) T time of stimulation
Lledo et al. (2019) . .
[63] T gonadotrophin consumption
c-482 A>G rs2002555 during COS
AMHR siofea 1 risk for POF
&us et al. (2019) T FSH consumption during
c.4952 A>G rs3741644  [65] Rafaaetal CcOS

(2020)[60]

but
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Table 3: Polymorphisms on several genes and their effect on fertility

Gene Polymorphism dbSNP code Reference Complication in IVF
1 risk for PCOS
.5790 G>A,C D327N rs6259 Liu et[agé](zow) | number of oocytes retrieved
and embryos given
SHBG
T RPL, OHSS
Li et al. (2021)[68],
(TAAAA)N rs35785886 Kalinderietal.  >8 repeats—PCOS
(2019)[69]
Song et al. (2019) H
CYP19A C*19C>T 1510046 S l numbtlar of oocytes retrieved
1 (2019)[88] (contradictory)
Polat et al. (2020)
C>T Alal6Val rs4880  (osolon) Akncii 1 risk for PCOS
SOD2 et al. (2021)[78]
3'UTR A>G rs5746136 O e C 0 Trisk for PCOS
Tang et al. (2012)
[81],
Economopoulos et . . . o
Idiopathic male infertility
GSTM1 GSTM1(-) K a|" (2-?(1 0)[822’ | o
o ?)S[gé]?;?n?efal T Oxidative stress
(1995)[84], He et
al. (2023)[86]
Tang et al. (2012)
[81],
GSTT1 GSTT1(-) ECZT‘;;”O?%‘;[Z'S]? o Idiopathic male infertility
- Kolesnikova et al. i i
2017)[85], aetal T Oxidative stress
(1995)[84], He et
al. (2023)[86]
Zinietal (1995)  |djopathic male infertilit
GSTP1 | c.313 A>G, Ile105Val  rs1695 [84], He ot al panic y
(2023)[86] T Oxidative stress
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Discussion

Investigation of genetic variations in genes linked to drug metabolism and
fertility has been a major focus of research conducted in the past few
years. All of the results suggest a strong correlation between certain
genetic variants and several aspects of the outcomes of in vitro
fertilisation (IVF). In order to further our knowledge of pharmacogenomics
in the context of assisted reproduction, there is a definite need to collect
and interpret these findings. The impact of polymorphisms on the ovarian
response to IVF stimulation techniques has been the subject of several
investigations. Interestingly, differences in genes related to hormone and
gonadotropin receptors have been identified as potential indicators of the
sensitivity of patients to ovarian stimulation. Comprehending these
genetic variances can direct customised strategies for personalising
stimulation protocols to maximise results for every patient. Research into
the genetic variables that influence endometrial receptivity and embryo
implantation has revealed considerable correlations between certain
genetic polymorphisms and successful implantation. Differences in genes
associated with uterine receptivity, cytokine production, and immune
response have been found, indicating prospective areas for targeted
therapy to increase implantation rates. Research into the genetic factors
that affect fertility and IVF procedures has given us very promising results
that could improve our strategies. Variations in genes involved in drug
metabolism (like CYP450 enzymes), follicle maturation (such as FSH,
FSHR, LH, and LHCGR), sex differentiation and ovarian reserve (like ERs
and AMH) have been linked to differences in how people respond to
fertility drugs. This knowledge could lead to personalised medication plans
that reduce side effects and improve treatment results. Despite the
promising findings, it's important to recognise the limitations of current
research in this field. Variations in sample sizes, patient populations and

methodologies, can lead to inconsistencies in results. Larger and more
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precise investigations should be the goal of future research, in order to
improve the accuracy of the already found, and maybe new correlations.
Additionally, the inclusion of a variety of ethnicities will enhance the
applicability of pharmacogenomic findings in the process of in vitro
fertilisation. The idea that taking into consideration the genetic profile of
each person into IVF protocols has great potential to improve outcomes.
However, large genome - wide association studies (GWAS) are crucial in
order to identify genetic variants associated with different drug responses
in IVF. These studies should include diverse populations to identify
population - specific genetic markers and also that the results are
generalisable. Apart from identifying genetic variants, it is crucial to
understand how these affect drug responses. Using genomic approaches—
like transcriptomics, proteomics, and metabolomics—can reveal the
pathways and networks affected by specific genetic differences. This
research could lead to discovering more biomarkers for ovarian response
and endometrial receptivity. The clinical utility and cost - effectiveness of
personalised treatment strategies are aspects that need to be examined.
Randomised controlled trials (RCTs) that incorporate pharmacogenomic
testing into IVF protocols are essential in order to demonstrate these
aspects. These trials should compare the standard IVF protocols with
pharmacogenomic-regulated protocols as for the pregnancy rates, live
birth rates and the frequency of side effects. Patients would be better
equipped to make decisions about their course of therapy if they had
access to thorough patient-clinician communication and extensive genetic
counselling. As we move forward, a coordinated effort for standardisation,
replication and further exploration of genetic correlations will be crucial for
the utilisation of the full potential of pharmacogenomics in optimising IVF

outcomes.
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