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Abstract—Female infertility is a complex disorder,
which impacts a great percentage of the world
population. Knowledge of its underlying causes must be
a multifactorial strategy, which encompasses the
assessment of the follicular environment, quality of
gametes, and embryo development. This paper will
examine how metabolomics can be used to identify and
treat the infertility of females by examining the
metabolic composition of principal reproductive tissues
and fluids, such as follicular fluid, oocytes and embryos.
With the help of metabolomics, it is possible to obtain
useful information on the biochemical alterations within
the reproductive system and identify the interruptions
in the metabolic processes that disrupt fertility.
Metabolomics using metabolite profiling of glucose,
lactate, pyruvate, amino acids and oxidative stress can
provide predictive biomarkers of embryo quality, oocyte
maturation and implantation potential. This method
enables non-invasive measurements of embryo health
which give more effective and dynamic alternatives to
the conventional methods such as embryo biopsy and
morphological grading. Metabolomic profiling is set to
enhance fertility methods by assisting the process of
embryo screening, amplifying implantation rates and
customizing treatment in Assisted Reproductive
Technologies (ART), including in vitro fertilization
(IVF) and intracytoplasmic sperm injection (ICSI).
Although metabolomics is promising, there are
challenges associated with the application of the
technology, such as technical, financial, and regulatory,
as well as the necessity of standardized protocols and
mass validation. Nevertheless, with the advancements in
research, metabolomics will transform the field of
fertility diagnostics to provide more specific, non-
invasive, and personalized treatment of female
infertility. Necessary further research is needed to
determine the metabolomic biomarkers as valid means
of clinical practice and to revise the incorporation of
metabolomics into ART protocols.
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I. INTRODUCTION

Women infertility is a multifactorial and complex
disease that afflicts an approximation of 10-15% of
couples across the world. It means that one cannot
conceive after one year of unprotected sex with one
partner [1]. The reasons behind infertility of women
are quite varied and may be caused by hormonal
disequilibrium, ovulatory dysfunction, structural
anomalies of the reproductive organs of the body, or
the loss of fertility with aging. The situation can be
caused by hormonal imbalances that include
polycystic ovary syndrome (PCOS) or thyroid
dysfunction. Also, a common cause of infertility is
ovulatory disorders, in which the woman is unable to
release eggs on a regular basis, or she is unable to
ovulate at all [2]. Another important issue is age-
related infertility because the fertility of women
decreases with age, especially after 35 years because
the quantity and quality of eggs decrease. Other
causes of female infertility are also endometriosis
where the tissue resembling the uterine lining
proliferates outside the uterus, and tubal factor
infertility where fertilization is blocked or damaged
by blocked or damaged fallopian tubes [3].
Furthermore, environmental and lifestyle risk factors
such as smoking, obesity, high levels of alcohol and
exposure to environmental toxins such as pesticides
and endocrine disrupt-ants may adversely impact
fertility by lowering one’s egg/sperm/embryo quality.
Although the causes of female infertility are diverse,
they usually consist of the disturbance in the quality
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of oocytes, embryo formation, and successful
implantation of the embryo in the uterus. One of the
important elements in treating infertility is the
complex interactions in the follicular environment
which is very important in the development of the
oocytes (eggs) and their fertilization capability. These
disruptions are vital to the knowledge base of
designing specific treatment and intervention
programs of infertile women [4].

Metabolomics is an emerging research field, and it
involves systematic examination of metabolites small
molecules which are the products of the cellular
metabolic processes. The recent years have witnessed
a great deal of attention paid to metabolomics owing
to its capability of assisting in informing our
perspective regarding its biochemical changes that
occur in various biological systems including the
female reproductive system [5]. Metabolomics has
presented an alternative notion of the metabolic state
of the reproductive cells, tissues and fluids, which
could play a significant role in the diagnosis and
understanding of infertility. The study of metabolic
profiles of the follicular fluid, oocytes, and embryos
could allow researchers to identify some biomarkers
of a healthy or poor reproductive health. With the
application of metabolomics in reproductive biology,
the authors have had the chance to examine the
impacts of metabolic dysfunctions on ovarian
activity, quality of gametes and embryo development
[6]. In particular, the metabolomic analysis of the
follicular fluid surrounding the developing oocyte
may be significant with regards to the information
regarding its maturation, fertility ability as well as
overall wellness of the oocyte. The composition of
the follicular fluid can change such as variations in
metabolites involved in energy production, amino
acid metabolism or oxidative stress which is a pointer
of underlying issues that can be the cause of
infertility. Moreover, metabolomics can be applied to
identify the existence of the metabolic indicators of
embryo  viability and  potential  successful
implantation during the assisted reproductive
technologies (ART), such as in vitro fertilization
(IVF) [7]. The metabolomics could make a
tremendous contribution to the infertility knowledge
by analysing the metabolic alteration that occurs in
oocytes, sperm, and embryos since it is a powerful
non-invasive instrument. It can also identify small
metabolic errors that may not be normally visible
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with the traditional diagnostic methods and therefore
opens the door to more tailored and personalized
fertility treatments. The study aims to determine the
significance of metabolomics in female infertility, its
role on the follicular environment, gametogenic
quality, and embryo metabolism. The proposed
research is to provide a deeper understanding of the
metabolic  defects occurring in the female
reproductive system and study the effects of the
defects on the fertility outcomes. The research will
identify the key biomarkers, which would
subsequently be associated with infertility and poor
reproductive outcomes, through the study performed
on the follicle fluid, oocytes, and embryos using
different advanced metabolomic techniques such as
Nuclear Magnetic Resonance (NMR) spectroscopy.

II. FEMALE INFERTILITY: A MULTIFACTORIAL
CHALLENGE

2.1 Physiological Basis of Female Infertility

The reproductive system in any woman is a complex
system of organs and structures which all depend on
each other with the aim of producing eggs,
facilitating fertilization and carrying a pregnancy. The
ovaries are the most crucial in this system and they
produce eggs (oocytes) and release them in a
procedure known as ovulation [8]. The sperm may
penetrate via the fallopian canals where the
fertilization may occur. This fertilized egg or an
embryo then moves to the uterus where it is
implanted and forms a foetus. This is controlled by
key hormone signals transmitted by the
hypothalamus, pituitary gland and ovaries [9]. FSH
and LH play a vital role in the growth and discharge
of the egg, whereas estrogen and progesterone equip
the uterus with implantation and pregnancy. Women
infertility has been commonly associated with
malfunctioning of different processes in the process
of reproduction especially in the maturation of the
oocyte, fertilization, and embryo development [10].
The process where an immature egg is matured to its
final stage towards fertilization is known as oocyte
maturation. Poor ovulation or the inability to ovulate
can be caused by disruptions in this process due to
hormone imbalance, ovarian dysfunction, or
environmental causes. Fertilization might not take
place even after ovulation when there is a
compromised egg quality. The embryo development
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is also very critical after fertilization and may also be
negatively influenced in terms of abnormal DNA
content, oxidative stress or faulty cellular processes.
This makes infertility a complex and multifactorial
problem and may be caused by the derailment of one
or more of these processes.

2.2 Contributing Factors to Female Infertility
Another typical cause of female infertility is
hormonal disorders that cause disruption of the
normal reproductive cycle [11]. As an example, one
of the most common hormonal disorders in women
during the reproductive age is polycystic ovary
syndrome (PCOS). Women with PCOS tend to have
high concentration of androgens (male hormones)
resulting in abnormal or non-occurring ovulation
alongside insulin resistance that may cause
dysfunction in the metabolism. Also, there is ovarian
dysfunction, such as premature ovarian insufficiency
(POI), which leads to the inability of ovaries to
release eggs on a regular basis or not at all. Ovulation
and menstrual cycles can be disrupted by disorders
such as thyroid dysfunction (either hypothyroidism or
hyperthyroidism), thereby making conception hard.
Female fertility may be greatly influenced by
environmental and lifestyle factors [12]. Among the
most important factors leading to infertility is age
because the ovarian reserve (the quantity of viable
eggs) decreases with age, especially beyond 35. The
eggs of women also become poor as they get older,
which causes the rates of chromosomes abnormalities
and pregnancy difficulties. Poor diet, smoking,
alcohol use and obesity are also lifestyle habits that
may impact the fertility. Indicatively, the use of
smoking is found to lower ovarian reserve and quality
of the eggs whereas obesity has been found to lead to
insulin resistance and disruption in hormonal balance
that adversely affects ovulation. Hormonal activity
and the reproductive system can be disrupted by
exposure to environmental toxins (including
endocrine-disrupting chemicals e.g., pesticides,
plastics), thereby making it more difficult to
conceive. Besides the environmental and lifestyle
factors, genetic and epigenetic factors also play a part
in female infertility. Genetic disorders like the Turner
syndrome (a chromosomal disorder) or fragile X
syndrome can treat infertility by compromising the
functionality of the ovaries [13]. Another factor in
fertility has been demonstrated to be epigenetic
modifications, which are the changes of the gene
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expression without modifying the DNA sequence. As
an example, DNA methylation and histone
modifications are capable of regulating oocyte
maturation and premature embryo development.
Malfunctions in these mechanisms could result in the
abnormal development of the embryo, higher levels
of miscarriages and infertility. These genetic and
epigenetic factors may be passed down, or even
determined by the environment as a result of eating,
toxins, and stress.

2.3 The Role of the Follicular Environment

One of the important factors in defining the quality of
oocytes and their developmental capability is the
follicular environment [14] . The follicle is a
development in the ovary which holds the oocyte
(egg) at various development stages. The oocyte is
surrounded by granulosa cells and theca cells which
are important in supplying the necessary nutrients,
hormones, and growth factors that aid in the
maturation of oocytes [15]. The follicular fluid that is
located in the follicle space is important in
controlling the growth of the oocyte. The fact that
this fluid is composed of different hormones, ions and
metabolites directly affects the capability of the
oocyte to grow and develop healthy [16] and have a
successful fertilization process. Disturbances of the
follicular environment, including oxidative stress,
inflammation, or hormonal imbalances, have the
potential to disrupt the oocyte quality, causing
problems with fertilization rates, chromosomal
abnormalities, or embryonic developmental failure.
Any disruption in the follicular environment may
have significant consequences on the fertility
outcomes. As an example, higher oxidative stress in
the follicular fluid, which may arise because of
inflammation or environmental contaminants, may
cause oocyte damage to DNA, and influence its
maturation. Such damage may cause the poor quality
of eggs that may decrease the probability of
fertilization and the development of a successful
embryo. The follicles may be dysregulated by
hormonal imbalances like in PCOS that the follicles
simply cannot mature or the oocytes within the
follicles can no longer develop normally.
Additionally, some diseases like endometriosis where
the endometrial like tissue develops outside the
uterus can cause an altered follicular fluid
composition which may result in poor quality of
oocytes and fertility. The quality of the follicular
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microenvironment is paramount to oocyte quality, as
well as to embryo viability; comprehending and
treating the disruption of follicular microenvironment
is therefore central to better fertility therapies and
outcomes especially in the assisted reproductive
technologies (ART) such as IVF[17].

III. METABOLOMICS AND ITS APPLICATION
TO FEMALE INFERTILITY

Metabolomics remains a new discipline with a large
potential to transform the way we think, diagnose and
treat the female infertile. Metabolomics gives a
quantitative picture of the biochemical processes
involved in the regulation of reproductive health by
analysing the metabolites (small molecules) found in
biological systems. This powerful technique is able to
give special understanding of the further working of
infertility, disclose biomarkers of metabolism that
could suggest the achievement of fertility, and present
non-invasive means that could examine reproductive
functioning. The metabolomics use in infertility study
is not merely a paradigm shift but a shift towards
precision medicine in  reproductive  health.
Metabolomics is the study of metabolites in general
that are the outputs of cellular biochemical processes.
This study has been rapidly developed because its
scientists have advanced various technologies like the
Nuclear Magnetic Resonance (NMR) and mass
spectrometry (MS) that enable the analysis of
complex metabolic networks in a very sensitive
fashion. The metabolites in the body fluids (e.g.
follicular fluid, blood or urine) can be profiled to
enable the scientists to make inferences on the
biological state, changes in metabolism and can also
reveal the most important metabolic pathways, which
are disrupted when one turns infertile. NMR has
particularly proved useful in identifying and
determining the quantity of a large range of
metabolites with minimum preparation of the sample.
This is a non-invasive technique that has been
extensively used in the research of follicular fluid and
embryo culture media that is also used to derive
information on dynamic metabolic activities that
govern the maturation of oocytes, fertilization, and
embryo growth. In its turn, mass spectrometry (MS)
proves to be the most appropriate technique in the
case, when the researcher has to identify specific
metabolites, which are extremely low in
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concentration, as it allows identifying the metabolic
indicators that should not be observed by other
techniques. These approaches and application of the
advanced computational techniques of processing the
data make it possible to attain the metabolite profiling
which may lead to the multifaceted image of the
metabolic landscape on the reproductive tissues,
gametes and embryos. The new dynamic approach to
female infertility is metabolomics. Considered in
comparison to the use of the classical methods, in
which  structural  anomalies or  hormonal
disproportions are utilized, the metabolomics
methodology offers a biochemical perspective, in
which functional integrity of reproductive cells and
tissues become understood. It enables the researcher
to trace the metabolism of energy, oxidative stress,
amino acid metabolism and other metabolic processes
that are essential in oocyte maturation, fertilization
and embryo development towards healthy
conception.

1. The follicular fluid enveloping the growing
oocyte is extremely important in nourishing and
sustaining its development. The imbalances in
glucose, lactate, and amino acids can be
identified with the use of metabolomics and
impact the quality of oocytes. Indeed, as an
example, a change in the profile of glucose
metabolism may be an indicator of oxidative
stress, which adversely affects oocyte DNA
integrity, resulting in low fertilization rates. In
addition, alterations in the fatty acid oxidation
may signal problems with the energy production
which is essential to the development of oocytes.

2. Gametes and Embryos: Metabolomics can be
used to monitor lipid profiles, mitochondrial
activity and the degree of oxidative stress in
sperm, which affect sperm motility and DNA
integrity. In the case of oocytes, metabolomics
can have the capability of revealing the reasons
behind some eggs not developing or their
inability to fertilize. Metabolic profiling can be
used in embryos to identify embryo viability, and
anticipate embryo implantation success.

3. Fertility Metabolite Biomarkers: Metabolic
biomarkers have been identified as one of the
greatest contributions of metabolomics to the
study of female infertility. As an example, lactate
follicular fluid metabolites have been proven to
be related to the quality of oocyte and pyruvate
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and glutamine metabolites are related to oocyte
embryo quality. Success of IVF can be predicted
by using these biomarkers to enable clinicians to
make more informed choices on which embryos
to transfer to lower chances of wastage of
embryos and multiple pregnancies.

Metabolomics has an enormous potential to explain

the underlying causes of infertility in females.

Profiling the metabolites in the follicular fluid,

gametes and embryos can help researchers to identify

metabolic imbalance that could be one of the causes

of poor reproductive outcomes. It is more than a

measurement of hormonal levels or morphological

features, this new method offers a functional
evaluation of cell health.

1. Metabolomics Detection of  Metabolic
Abnormalities in Infertility Conditions: Infertile
women with conditions such as PCOS,
endometriosis, and premature ovarian
insufficiency (POI) can have their specific
metabolomics detected to identify certain
metabolic alterations that are deemed abnormal.
As an example, PCOS can be associated with
women demonstrating a changed glucose
metabolism and insulin resistance that can be
identified in metabolites of follicular fluids. On
the contrary, the presence of endometriosis is
linked with the exposure to higher levels of
oxidative stress that may be indicated by the
changes in lipid metabolism and inflammatory
parameters in follicular fluid. These changes in
metabolic parameters may be used to identify the
definite cause of infertility, which opens the way
to specific therapeutic measures.

2. Gamete, Ovarian, and Embryo Dysfunction in
Infertility: Metabolomics will be able to give an
important understanding of the dysfunction of
the ovarian reserve, oocyte quality and embryo
development. As an illustration, the oxidative
damage in oocytes and sperm has been
commonly associated with low fertilization and
embryo arrest. Metabolomics can also point to
new therapeutic areas of intervention by
detecting select metabolic pathways that are
impaired by oxidative stress, inflammation or
nutrient deficiencies. Sperm metabolism may
also be profiled in the case of male infertility
when there is suspicion as to the cause of the
problem, to determine whether there is a
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possibility of mitochondrial dysfunction, or DNA
damage.

IV. THE FOLLICULAR ENVIRONMENT AND ITS
IMPACT ON OOCYTE QUALITY

4.1 The Role of Follicular Fluid in Oocyte
Maturation
The follicular fluid is a dynamic complex medium
which surrounds the growing oocyte (egg) of an
ovarian follicle. It plays a very significant role in the
maturation process of the oocyte in which it provides
the needed nutrients, signalling factors and growth
factors needed in the process of determining the
quality and developmental potentials of the egg.
Depending on various physiological and pathological
conditions, the composition of follicular fluid may be
different and the modification may significantly
affect the quality of oocytes and ultimately the
reproductive efficiency. The follicular fluid is made
up of a mixture of various metabolites, proteins,
enzymes, hormones and growth factors that help in
the growth of oocytes. These are large building
blocks like amino acids, lipids, glucose, nucleotides,
growth factors (e.g. insulin-like growth factor (IGF))
and hormones like estrogen, progesterone, FSH
(follicle-stimulating hormone) and LH (luteinizing
hormone). The ability of oocyte to mature and
successfully fertilize also directly depends on the pH,
osmolarity and the ionic composition of follicular
fluid. As an illustration, high follicular fluid glucose
levels are associated with better quality of the oocyte,
because glucose is a source of energy necessary in the
maturation of oocytes. On the same note, the amino
acid composition in the follicular fluid assists in the
synthesis of proteins and other macromolecules that
the oocyte needs to benefit its development. The
lipids in the follicular fluid serve as a source of
energy and are necessary in membrane structure and
function that are vital in fertilization and the early
embryo development. Hormonal and metabolic
factors which are contained in the follicular fluid
tightly control the quality of the oocyte. To illustrate,
FSH and LH control the growth of oocyte by
enhancing the granulosa cells in the follicle to secrete
estrogen and progesterone hormones, which are
required to develop the reproductive tract and prepare
it to give birth. The loss of this hormonal balance like
in polycystic ovary syndrome (PCOS) or
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endometriosis may result in oocyte failure to mature,
low fertilization competence or developmental arrest
on the early embryo stage. The factors that are crucial
to oocyte quality are metabolic disturbances, such as
oxidative stress. Oxidative stress develops when a
disparity between reactive oxygen species (ROS) and
antioxidant defences in the follicular fluid exists. The
excess amounts of ROS may result in the destruction
of oocyte DNA, impairment of the functioning of
mitochondria, and inhibition of the normal cellular
functions to aid in the maturation of oocytes. This
damage could lead to an inefficient fertilization,
chromosomes abnormality and failure of embryos to
develop. Furthermore, the glucose metabolic issues or
lipid metabolic issues may have adverse effects on
the energetic potential of oocyte and limit its ability
to undergo the successful oocyte fertilization and the
subsequent stages of its development.

4.2 Metabolomics of Follicular Fluid

The metabolomics is well placed to provide an

account of the full picture of the metabolic

constituents that can be found in the follicular fluid
and this will help in illuminating the biochemical
milieu under which the oocyte development occurs.

With the application of the most recent techniques

such as NMR spectroscopy and mass spectrometry

(MS), researchers can examine a huge diversity of

metabolites: amino acids, lipids, glucose, lactate, and

pyruvate.

e Amino Acids: Amino acids are very essential in
the synthesis of proteins and in cellular
metabolism such as glutamine, glutamate, and
aspartate. The oocyte quality is directly linked to
its concentrations in the follicular fluid since
these amino acids are needed to sustain the
mitochondrial functions of the oocyte and its
successful maturation.

e Lipids: The lipid content of the follicular follicle
is important in ensuring cell membrane integrity,
in energy production, and in the formation of
oocyte membranes. Disturbed lipid metabolism
has been linked to low quality of oocyte and
failure to develop embryos.

e  Glucose and Lactate- The metabolism of glucose
in the follicle fluid indicates the energy state of
the oocyte. High glucose concentration in the
follicular fluid is commonly associated with high
quality of oocytes, where glucose is the major
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energy reserve. Of interest is also the level of
lactate that may signal the anaerobic glycolysis
that occurs in the oocyte. When these metabolic
routes are disrupted it may have adverse effects
on oocyte maturation and fertilization.

e Ogxidative Stress Markers: High concentrations
of reactive oxygen species (ROS) and lipid
peroxidation products in the follicular fluid are
symptoms of oxidative stress. Oxidative stress on
oocytes may cause excessive damage and make
them unable to develop as they should and have
a lower fertilization capacity. The metabolomic
profiling of oxidative stress markers, therefore,
can act as an early warning of the quality of
oocyte.

The ability to detect metabolic alterations with
reference to particular infertility issues, is one of the
strengths of metabolomics. As an example, in PCOS
where insulin resistance is common, the glucose
metabolism is usually altered in the follicular fluid.
An elevated level of glucose may result in elevated
oxidative stress, which may lead to low fertilization
rates and poor quality of oocytes. On the same note,
metabolic changes in the follicular fluid characterized
by elevated levels of inflammatory markers and
changes in lipid profile have been reported in
endometriosis. These disruptions may interfere with
the quality of oocytes by interfering with the
favourable conditions required to facilitate the oocyte
maturation. The high level of ROS in endometriosis
women has also been implicated in low fertilization
and embryo arrest during developments. There are
also metabolic changes in the follicular fluid linked to
age-related infertility. Women experience a natural
decrease in the quality and quantity of oocytes and
metabolic alterations that include a decrease in
availability of amino acids, poor glucose metabolism,
and high oxidative stress are noticed as the women
grow older. Such metabolic changes have a direct
impact on the quality of oocyte and fertility rates, and
it is not easy to conceive a baby naturally or through
ART when a woman is older. The metabolomic
profile of the advanced maternal age such as in older
age typically presents with reduced quantity of some
amino acids and elevated lipid peroxidation products,
which are both markers of impaired oocyte
performance. The study of these metabolic changes
using follicular fluid could contribute to the early
detection and specific intervention.
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V. GAMETE QUALITY: METABOLIC AND
MOLECULAR INSIGHTS

5.1 Gamete Quality and Its Role in Fertility

The quality of gametes is a primary factor affecting
the fertility outcome because oocytes (eggs) and
sperm have to satisfy certain molecular and metabolic
requirements before fertilization and development of
the embryo could occur. The quality of oocytes plays
a significant role in the success of fertilization and
the possibility of the embryo development. The
oocytes of high quality can go through the process of
maturation, fertilization and embryonic development
without the presence of genetic defects. On the other
hand, oocytes of poor quality could contain
chromosomal abnormalities or malfunctioning
mitochondria or malfunctioning cellular metabolism,
which results in fertilization failure, embryo arrest, or
premature miscarriage. Likewise, sperm quality is
also a great contributor to fertility. The motility of
sperm, sperm morphology and sperm DNA integrity
all play a part in successful fertilization. Motility and
successful fertilization depends on the metabolic
health of sperm, especially the functioning of
mitochondria and energy generation. The contact
between the sperm and oocyte is considerably reliant
on the quality of each of them. A degraded oocyte or
sperm may cause poor embryo growth in the cases of
the fertilization process despite the fact that the
fertilization process took place and implantation does
not occur or miscarriage occurs. Thus, to maximize
fertility and enhance the outcome of assisted
reproductive technologies (ART) like in vitro
fertilization (IVF), it is essential to learn and enhance
the quality of gametes. Gamete dysfunction may be
caused by a number of factors especially in case of
female infertility. The problems that can cause oocyte
dysfunction include aging of the ovary, oxidative
stress and hormonal imbalances. Achieving oocyte
quality is natural with the aging of women as the
oocyte stability, mitochondrial activity, and genetic
integrity decline. Excessive reactive oxygen species
(ROS), which is referred to as oxidative stress can
destroy oocyte DNA, affect mitochondrial activity,
and disrupt cellular metabolism which worsens
fertility further. Abnormal sperm motility, DNA
fragmentation and oxidative stress have often been
associated with sperm dysfunction in male infertility.
Particularly important is mitochondrial malfunction,
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since the sperm needs energy to move in order to get
to the oocyte and fertilize it. Increased ROS in sperm
can result in oxidative damage of sperm DNA to
reduce fertilization success and lead to low embryo
quality. In addition, changes in lifestyle including
smoking, alcohol consumption, and exposure to
environmental toxins could also play a major role in
sperm quality that leads to increased oxidative
damage and reduced DNA repair mechanisms.

ROS (uM)

Amino Acids (LM)

|
Pyruvate (LM
y (M) |
Glutamine (uUM)
]
Lactate (mM)

Glucose (mM) |

0 100 200 300 400

Impact of Age (Group 3)
Poor Oocyte (Group 2)

B Healthy Oocyte (Group 1)

Fig: Oocyte Quality and Metabolic Markers in
Follicular Fluid

5.2 Metabolic Profiling of Oocytes and Sperm

Metabolomics application in the study of the
metabolic profile of oocytes and sperm to
comprehend the metabolic changes, which result in
infertility, is on the rise. Oocytes require their
metabolism in order to develop and mature. The
glucose metabolism, amino acids metabolism and
lipid metabolism play a vital role in the metabolism
of the oocyte. Disturbed fatty acid oxidation, amino
acid synthesis and altered glucose uptake may disrupt
oocyte maturation and decrease fertilization potential.
Also, the dysfunction of mitochondria in oocytes,
especially in older women, causes a decrease in
energy production and again leads to the decrease in
the viability of the oocyte. In the case of sperm, the
motility and fertilization of the cell rely on the health
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and energy production of their mitochondria.
Spermatozoa largely depend on aerobic and
anaerobic metabolism as a source of energy, and the
impairment in glucose metabolism, fatty acid
oxidation, and ATP production may influence the
sperm motility, DNA integrity, and general fertilizing
ability. Excessive ROS generation in sperm which is
commonly associated with oxidative stress may cause
destruction of the mitochondria and sperm DNA, an
aspect that leads to infertility. Due to its in-depth and
non-invasive nature, metabolomics can be used to
determine gamete quality by analysing the
metabolites found in sperm and oocytes. The
reproductive cells can be used to analyse their
developmental potential because the metabolites
produced in these cells can be used as biomarkers. As
an example, high concentrations of amino acids like
glutamine and glutamate are a sign of good quality
oocytes because they take part in the production of
proteins and the work of the mitochondria.
Biomarkers that can be determined by metabolomic
profiling in sperm include lactate, pyruvate, and ATP
levels, which determine the mitochondrial activity,
sperm vibrancy, and fertilization capability. Through
the metabolites, metabolomics can be used to detect
subtle alterations in metabolisms that would not have
been detected with a conventional morphological or
hormonal examination.

Mitochondrial Activity |
(Relative Units)

ROS (uM)
Fatty Acids (uV) NN

Pyruvate (uM) |

Lactate (mM)

ATP (pmol/uL) |
0 50 100 150 200

B Healthy Sperm (Group 1)
Poor Motility (Group 2)

DNA Fragmentation (Group 3)

Fig: Metabolic Profile of Sperm in Infertility
Conditions
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5.3 Environmental and Lifestyle Factors Affecting
Gamete Quality

The environmental and lifestyle conditions play a
major role in determining the quality of gametes and
metabolomics would enlighten the way these
conditions induce metabolic alterations that can affect
the fertility. Examples of toxins influencing hormonal
balance and gametogenesis development are
endocrine-disrupting chemicals (e.g., pesticides,
phthalates). Exposure of oocytes to environmental
toxins may cause oxidative damage, mitochondrial
functional changes, and DNA damage, which impair
oocyte quality. On the same note, exposure to toxins
also affects the sperm DNA integrity leading to poor
fertilization rates and embryo death. The metabolism
of gametes highly depends on diet. The wrong diet
containing a lot of processed food, sugars and trans
fats may change lipid metabolism and lead to insulin
resistance that interferes with the process of oocyte
maturation and embryo development. Alternatively, a
proper diet containing critical vitamins, minerals, and
healthy fats can enhance the health of the metabolism
and gametes. An example is the case of omega-3 fatty
acids and folic acid which have been found to
preserve the health of oocytes and enhance the
fertility rates of women. A nutritious diet in men can
be used to enhance sperm motility and morphology
through supporting the functioning of mitochondria
and decreasing the impact of oxidative stress. The
metabolomics can be used to determine the molecular
signatures of environmental and lifestyle in the
quality of gametes. As an example, oxidative stress
biomarkers like lipid peroxidation products or ROS
concentrations in sperm or follicular fluid may also
be used to demonstrate the adverse impact of
pollutants / unhealthy diet on reproductive cells. In
addition, changes in glucose metabolism, lipid
oxidation and mitochondrial functioning metabolic
pathways can serve to point out how toxins and age
impact metabolic health of gametes. Through these
molecular alterations, metabolomics can contribute to
knowledge about the impact of environmental and
lifestyle factors on the fertility potential, and thus
clinicians can define at-risk patients and apply the
early intervention strategies.
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VI. EMBRYO METABOLISM AND
DEVELOPMENTAL COMPETENCE

6.1 Metabolism of Preimplantation Embryos

The embryo development process is a very active and
energy-consuming process based on a number of
metabolic pathways. During the early embryo, which
is between fertilization and blastocyst, metabolism is
essential in the cellular proliferation, differentiation,
and the quality of the embryo. The metabolic
mechanisms of the preimplantation embryo
metabolism are complicated and include both aerobic
and anaerobic mechanisms to satisfy the energy
requirements of the cellular processes. To begin with,
at the initial phase, embryos use glycolysis
(decomposition of glucose into pyruvate and lactate)
as a source of energy, despite oxygen availability, a
process called aerobic glycolysis. This is one of the
major metabolic phenotypes in early embryonic
development. The dependence on the glycolysis
provides the embryo with the ability to generate ATP
rapidly, which is required in cell division and the
early development stages. But, later in the
development of the embryo, the need to oxidize
phosphorylate (aerobic respiration in mitochondria)
becomes greater and greater as the embryo becomes
more active. The glucose metabolism route supplies
energy to other important processes such as DNA
replication and protein synthesis whereas the
pyruvate is an intermediate in various metabolic
mechanisms such as the generation of energy and
redox balance. Metabolism of glucose to pyruvate in
the cytoplasm produces a byproduct known as lactate
and this may build up in the culture medium. The
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ratio of glucose lactate is a critical sign of the
metabolic status of the embryo and may cause a
significant  difference in the quality and
developmental competence of the embryo. Embryo
growth and survival is anchored on energy
metabolism. Glycolysis converts glucose into
pyruvate and pyruvate is converted to lactate in the
absence of the adequate oxygen, or oxidized in the
mitochondrion to produce pyruvate, which is then
oxidized to pyruvate phosphate. Glycolytic pathways
are typical of early embryos since they do not contain
the well-developed mitochondria that are needed to
sustain oxidative phosphorylation. But after attaining
the blastocyst stage, the activity of mitochondria is
enhanced so that more energy is produced by the
oxidative phosphorylation mechanism. The ratio
between the use of glucose and the formation of
lactate in the preimplantation embryos is a measure
of metabolic competence in the embryo. High
concentration of lactate in the culture medium may
indicate inefficient energy generation, and the
presence of high concentrations of lactate may be an
indication of cellular stress or metabolic malfunction,
which would inhibit the ability to implant. It is thus
important to have an optimum level of glucose to
lactate ratio to ensure the embryo is of good quality
and successfully implants.

6.2 Metabolic Profiling of Embryos

Metabolomics provides an overall study of the
metabolic  constitution of embryos with the
quantification of the concentration of various
metabolites in the culture medium or the embryo
biopsy per se. Using these metabolic profiles,
scientists and practitioners can be able to know how
viable the embryos are and whether they can implant
in assisted reproductive treatment like IVF and ICSIL.
The capability of metabolomics to be applied in
embryo evaluation is a non-invasive method, which is
considered one of its key advantages. Rather than
using morphological grading, which may not be able
to detect the subtle metabolic dysfunctions at times,
metabolomics assesses the biochemical indicators of
embryo health. The metabolites including glucose,
lactate, pyruvate and amino acids are examined to
grasp the embryo metabolic activity. The alterations
in these metabolites tend to reflect the developmental
capability of the embryo. As an illustration, a high
lactate in the culture medium may be a sign of
inefficient energy generation or metabolic stress that
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may result in a reduced success rate of implantation.

On the contrary, a reduced lactate with increased

pyruvate ratios signify a healthier metabolic status

and competence to develop. Metabolic profiling can
be used to determine certain biomarkers that are
related to high-quality embryos, and this can be
transferred to the embryo during ART procedures.
This would enhance the chances of a successful
pregnancy as it bases its embryo selection on
metabolic health, as opposed to visual morphology,
which provides a more objective and predictive
embryo selection technique. A number of different
metabolic markers have been suggested as a marker
of high-quality embryos and positive implantation.

For example:

e Low lactate production comes with healthy, well-
oxygenated embryos that are able to undergo
oxidative phosphorylation.

e High sugars and low levels of lactates indicate
optimality of metabolic activity, with the embryo
metabolizing by aerobic respiration effectively.

e An increase in the pyruvate concentrations
indicates a sound mitochondrial activity and well
balanced metabolism of energy that is both
important in the development of embryos and
implantation.

o Like of protein synthesis, cell growth and redox
balance: Amino acids, specifically glutamine and
glutamate, are involved in protein synthesis, cell
growth and redox balance. Their high
concentrations in the culture media are usually
connected to embryos with high potential to
develop.

The metabolomics gives the clinicians an opportunity

to identify these markers providing a more precise

way of choosing embryos to transfer to, thereby
enhancing the likelihood of successful pregnancy and
lowering the rate of miscarriage.

6.3 Studies on Embryo Metabolism in Assisted

Reproductive Technology (ART)

Embryo selection in assisted reproductive

technologies such as IVF and ICSI is very essential in

the success of treatment. Conventional embryo
selection procedures are based on morphological
evaluation of embryos, e.g. blastocyst or number of
cells. Nevertheless, those techniques are subjective,
and not always correlated with the viability of the
embryos. Metabolomics provides a more objective
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method such as the profiling of the metabolic activity
of embryos in real-time and selecting embryos that
have the most favorable metabolic profiles. Embryo
culture media that are metabolomic can detect
biomarkers of glucose use, lactate production and
amino acid profiles that are predictive of success in
implantation. Through metabolomic data, clinicians
will be able to screen embryos that have the best
possible chance of success and enhance the
probability of a successful pregnancy during
IVF/ICSI techniques. Embryo manipulation therapy
as Laser-assisted hatching (LAH) to enable the
implantation process of the embryo by breaking the
zona pellucida (protective cover surrounding the
embryo) has been reported to affect embryo
metabolism. It is indicated that laser-assisted hatching
may cause stress or changes in the metabolism or
mitochondrial activity, which can affect the
developmental potential of the embryo. Embryo that
were subjected to LAH have been analysed through
metabolomic studies to show an alteration in glucose
uptake, lactate generation, and oxidative stress
indicators. Embryos exposed to LAH in other
instances might exhibit elevated lactic acid
concentrations as a result of elevated oxidative stress,
which can be an indication of dysfunctional
mitochondria. Nevertheless, in poor embryos, LAH
can enhance implantation propensity through the
promotion of the hatching process with the resultant
survival of embryos following transfer. Metabolomics
can be useful in informing clinical decision making in
ART by examining changes in metabolism prior to
and the results of manipulation protocols such as
laser-assisted hatching and determining how these
protocols influence embryo viability.
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VII. INTEGRATING METABOLOMICS INTO
FERTILITY DIAGNOSTICS

7.1 Non-Invasive Metabolomics for IVF
The transfer and implantation of embryos in IVF
processes is very dependent on the quality of the
embryos that are selected to be transferred.
Conventionally, morphological measurements have
been used to select embryos like the number of cells,
symmetry, and the blastocyst stage as well as the
embryo biopsy to determine the quality of genetic
data. Although these techniques are practical, they are
invasive, time consuming, and they are subjective
and their results are inconsistent. Another alternative
that is non-invasive is metabolomics which examines
the embryo culture media the liquid in which
embryos are cultivated. It is a fluid that includes
metabolites of the embryo such as glucose, lactate,
pyruvate, amino acids and evidence of oxidative
stress. Profiling of these metabolites can give an
effective indication of the metabolic activity of the
embryo and the entire embryo without necessarily
interfering with the embryo. For example:

e Higher lactate production and reduced glucose
intake tend to indicate the improved quality of
embryos with an improved energy metabolism
and probability of successful implantation.

e High concentration of lactate and oxidative stress
indicators may be a sign of embryo distress,
which implies reduced chances of implantation
and pregnancy.

IJIRT 187694

Therefore, culture media metabolomic profiling
offers an instantaneous account of embryo viability
and can serve as a diagnostic means of embryo
selection with the highest likelihood of successful
implantation, avoiding embryo biopsy and being a
less invasive, faster, and more consistent way of
embryo evaluation. In comparison to the traditional
embryo biopsy where cells are removed out of the
embryo to determine the quality of the embryo
genetically, metabolomic profiling is not invasive, it
does not harm the embryo and gives detailed
metabolic information that describes the health of the
embryo as a whole. Also, morphology tests, as
helpful as they might be, do not reveal subtle
metabolic defects that could be involved in the
process of implantation or development of the first
embryos. Morphology and biopsy cannot give
information on energy production, mitochondrial
functionality, or oxidative stress, which can be
estimated by metabolomics. In addition to this
metabolomics can be used to monitor culture media
on-the-fly meaning that one can constantly and
dynamically assess the health of embryos, instead of
using a single point of observation. This renders
metabolomics a more predictive and holistic
diagnostic of embryo selection, which has a higher
likelihood of successful IVF result.
7.2 Clinical Implications for IVF Success
During IVF cycles, the most important step is to
transfer the best quality embryo in order to improve
the rates of pregnancy and minimize the possibility of
miscarriage. Embryos are traditionally picked after
morphological criteria, and this approach may be
inaccurate. Through metabolomics, metabolic
profiling is more objective, predictive and
quantitative in embryo selection. Clinicians can also
help in prediction of embryos with highest metabolic
activity in the embryo culture media and hence best
potential of successful implantation. By using
metabolomic profiling, specific metabolic markers
that are strongly correlate with embryo quality can be
identified and they include:

e Higher levels of pyruvate and amino acids are
good signs of energy production and cellular
metabolism of the embryo, hence healthy
growth.

e Low levels of lactate, low levels of oxidative
stress markers indicate an efficient functioning of
the mitochondria and normal oxidative
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metabolism, a major determinant of embryo
viability.

The trio of metabolic markers can be adopted
supplemental to  conventional = morphological
evaluation to narrow down embryo selection. With
metabolomics, embryos with the best metabolic can
be embryo transferred, embryo transfer can be
improved by enhancing implantation rates, and
requiring fewer embryo transfers, and eventually
better success rates in IVF. The use of metabolomics
to make decisions enables clinicians to customize the
IVF treatment plan by giving them metabolic
indicators of embryo viability. This will eliminate the
transfer of embryos that have low implantation
potential as well as minimize the chances of embryo
wastage or multiple pregnancies because clinicians
can select embryos with a specific metabolism
profile. This may result in increased pregnancy rates,
reduced loss of IVF cycles, and more affordable
treatments through the enhancement of the success
rates of the first transfer cycle.

7.3 Challenges in Implementing Metabolomics in

Clinical Practice

Even though it is concluded that metabolomics can

enhance the success rate of IVF, it faces a number of

challenges that must be resolved before being
extensively applied in clinical practice:

1. Technical Issues: NMR spectroscopy and mass
spectrometry are complex and costly instruments
and might be unavailable in every fertility clinic.
Moreover, the data that are produced is quite
complex and does not allow the use of simple
computational  tools and  bioinformatics
knowledge to examine and interpret the findings
correctly.

2. Monetary Concerns: Metabolomic profiling can
be prohibitive due to the cost of equipment,
software, and staff expertise thus mostly in small
clinics or with patients of limited financial
means. The cost of metabolomics integration into
a normal clinical practice can restrict its
accessibility and use.

3. Regulatory Barriers: The use of metabolomic
diagnostics in clinical practices have to be
approved by regulatory bodies, and the process
may take a long period of time. Also, there could
be issues with standardizing a metabolomic
analysis protocol and establishing consistency
and reliability of findings between various

IJIRT 187694

laboratories and clinics. Meta-bulimics needs to
be made a regular diagnostic tool in IVF to
achieve the uniformity in different centres and
laboratories and standardized protocols are
needed to achieve the same. The standardization
will help in making metabolomic data reliable,
reproducible and comparable. Clinically, it also
requires a lot of validation to confirm the
usefulness of metabolomic profiling in embryo
selection and determination of successful IVF.
These studies need to demonstrate predictive
validity of metabolomic biomarkers in a broad
group of patients, and in the IVF cycles.

VIII. CONCLUSION

With the emergence of the metabolomics in the study
of female infertility, the paradigm of study into the
biochemical pathways of reproductive well-being has
changed. Metabolomics may be a goal, non-invasive
diagnostic method that may help optimize embryo
selection and implantation outcomes through
providing a deeper insight into the follicular
environment, follicular quality, and embryo
metabolism in Assisted Reproductive Technologies
(ART), including IVF and ICSI. They can be
biomarkers (especially, glucose, lactate, pyruvate, and
amino acids profiling, which may be used to estimate
the embryo viability, the oocyte quality and its
fertilization potential). It is a therapy not just good in
clinical outcome but it is the therapy that opens the
door to the individualized therapies of fertility
whereby the patients may receive customized
protocols that will be of benefit considering their
unusual  metabolic  patterns. However, the
metabolomics has not made any clinical application
in a widely distributed format as metabolomics
promises. These consist of technical barriers, high
cost, regulatory barriers and the need to have
standardized protocols amongst the fertility clinics.
To overcome these obstacles and establish the role of
metabolomics in the field of fertility care as a
standard procedure, metabolomic biomarkers need to
be proven according to large-scale clinical trials. In
conclusion, it is necessary to observe that the
metabolomics is a comparatively new technology that
has not been yet accepted by the fertility diagnostics
market yet, but it has a vast potential of changing the
way in which the embryo health and fertility
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outcomes are measured. As the research continues
and technology is advanced, it is likely that
metabolomics will be included in fertility medicine,
leading to increased success, lower risks of ART use,
and more specific, personalized, and cheaper to
infertile women. More interdisciplinary research and
clinical validation are the best way to realize the
significance  of metabolomics to transform
reproductive health.
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