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Resumo Alargado

A infertilidade é definida como a incapacidade de gerar uma gravidez clinica apos seis
meses a um ano de atividade sexual desprotegida. Cerca de 186 milhoes de pessoas sao
afetadas globalmente por esta condicao clinica, sendo reconhecida como uma doenca
social pela Organizacao Mundial de Sadde. A infertilidade pode ser causada por fatores
femininos, masculinos, ou intrinsecos a ambos os elementos do casal. Relativamente
aos fatores femininos, entre os mais prevalentes encontram-se a sindrome de ovarios
poliquistico (SOP), a endometriose e a faléncia ovarica prematura (FOP). A SOP, do
inglés polycystic ovarian syndrome (PCOS), é um desequilibrio ginecologico,
endocrino e metabdlico, predominante entre mulheres em idade reprodutiva. De
acordo com o Consenso de Roterdao sobre Critérios de Diagnostico para PCOS, esta
doenca afeta 5-20% das mulheres em todo o mundo. A endometriose é uma doenca
complexa que afeta 10-15 % das mulheres em idade reprodutiva, gerando infertilidade e
dor pélvica créonica. A FOP, do inglés premature ovarian faillure (POF) ocorre
aquando do esgotamento do nimero de foliculos em idades precoces, muito antes da
idade da menopausa. Pode ser acompanhado por danos autoimunes nos ovarios e pode

haver predisposicao genética, desenvolvendo-se em cerca de 1% das mulheres.

O fluido folicular (FF) é uma matriz biolo6gica complexa que permite a comunicacdo
entre células germinativas e células somaticas, sendo constituido por uma vasta gama
de metabolitos produzidos por células da granulosa e da teca, da parede folicular,
transudado de plasma e difusao de soro, permitindo assim varias reagoes essenciais ao
desenvolvimento do odcito. Assim, torna-se imperativo o estudo aprofundado do FF,
uma vez que se trata de uma matriz que reflete as alteracoes no microambiente de

condic¢oes como PCOS, endometriose e falha ovariana precoce.

A metabolémica permite detetar varios compostos, em diversas matrizes biologicas,
referentes a mudancas dindmicas e perturbacdo do organismo, possibilitando a
identificacdo e quantificagao de diferentes biomarcadores. A volatilémica, um subgrupo
da metabolémica, abrange todos os compostos organicos volateis (COV), do inglés
volatile organic compounds (VOC), que derivam de fontes exdgenas, nomeadamente
da nutricdo, de farmacos, e da exposicado ambiental, bem como fontes enddgenas,
provenientes de processos metabdlicos e bioquimicos. Especificamente, os estudos

volatildbmicos podem aplicar-se a andlise orientada de um namero restrito de
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metabolitos ligados a uma via biolégica especifica ou a recolha de impressoes digitais
de uma fracao significativa de metabolitos. Neste estudo em particular, foi necessaria
uma abordagem nao direcionada para detetar e identificar possiveis alteracoes no FF

de mulheres inférteis.

Relativamente as metodologias analiticas utilizadas para a detecao e quantificacao de
VOCs, a técnica de eleicao para a preparacao da amostra foi a microextraccdo em fase
solida (SPME), em modo headspace, e a analise qualitativa através da Cromatografia

Gasosa Acoplada com Espectrometria de Massa (GC-MS).

No desenvolvimento da dissertacdo, foram analisadas 52 amostras de FF de modo a
determinar o padrao volatilomico e identificar potenciais biomarcadores de PCOS,
endometriose e POF. Especificamente, foram detetados 136 VOCs, sendo que um total
de 37 (27%) estavam presentes em pelo menos duas amostras. Os resultados revelaram
perfis bioquimicos alterados, bem como o comprometimento de algumas vias
metabolicas nas varias doencas. Os compostos que apresentaram maior
representatividade foram o ftalato de dietila, o 4-metil-2,4-bis(4-hidroxifenil)pent-1-
eno, e o tetradecametilcicloheptasiloxano. De entre as amostras de POF foi possivel
identificar a presenca de 1-dodecanol e do 4,6-dimetildodecano, adicionalmente nas
amostras de endometriose foram determinados o tetradecametilhexasiloxano e o
hexadecametilheptasiloxano, e nas amostras de PCOS 0
tetradecametilcicloheptasiloxano, o 1-etil-2,3-dimetilbenzeno e o docosano. Assim, as
metodologias de alto rendimento aplicadas no desenvolvimento deste trabalho sugerem
a possibilidade de utilizar este tipo de identificagio metabdlica na determinacdo de
potenciais biomarcadores de infertilidade, favorecendo-se as ferramentas clinicas de

diagnostico atualmente disponiveis.

Palavras-chave

Infertilidade;sindrome de ovérios poliquisticos;endometriose;faléncia ovarica
prematura;compostos organicos volateis;microextraccao em fase sélida;GC-MS.
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Abstract

Infertility has become a prominent public health issue, posing a significant challenge to
modern reproductive medicine. Even though infertility relates to the couple rather than
an individual, owing to social constructs, women are the predominant individuals
seeking medical assistance. Some clinical conditions that lead to female infertility
include polycystic ovary syndrome (PCOS), endometriosis, and premature ovarian
failure (POF). Follicular fluid (FF) allows the study of clinical conditions related to
women’s infertility. This biological matrix is the only one in direct contact with the
oocyte and can, therefore, predict its quality. Volatilomics, a specific field of
metabolomics, has emerged as a non-invasive, straightforward, affordable, and simple
method of profiling various diseases as well as the effectiveness of their current
therapies. In this study, 52 samples of FF were analysed to determine the volatomic
pattern and find potential biomarkers of PCOS, endometriosis, and POF. The technique
chosen for the sample preparation was solid-phase microextraction (SPME), followed
by the analytes isolation and qualitative analysis techniques through chromatography-
mass spectrometry (GC-MS). 136 VOCs were detected, and 37 (27%) were present in at
least two samples. The findings point to specific metabolite patterns as potential
biomarkers for the diseases in the study. These open the door to further research into
the relevant metabolomic pathways to enhance infertility knowledge and diagnostic

tools.

Keywords

Infertility;polycystic ovary syndrome;endometriosis; premature ovarian

failure;follicular fluid;volatile organic compounds;SPME;GC-MS .
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Chapter1

Introduction

1 Infertility: an overview

Infertility or impaired fecundity are described as the inability to establish a clinical pregnancy to
term after six months (women over 35 years old) or one year (women below 35 years old) of
unprotected sexual intercourse [1,2]. According to the Universal Declaration of Human Rights,
the desire to start a family is a natural human need, and infertility poses a significant challenge
to modern reproductive medicine. Due to its prevalence, the World Health Organization
classified infertility as a social disease [3,4], and it is , therefore, becoming a growing public
health concern [5,6]. Recent sources have reported that infertility affects as many as 186 million

people worldwide [3,7].

Individually, both elements of the couple can be in the best of physical and mental health, but as
a couple their combined characteristics may not provide a favourable breeding environment,
leading to infertility [3,4]. As a result, infertility relates to the couple rather than an individual
[1,5,8,9]. Owing to current social constructs women are more likely to seek medical attention
and establish reproductive health evaluation at an earlier age [1]. It is estimated that the
malefactor plays a role in 50% of infertile couples, with a solo contribution in 20% of cases
[1,3,7]. About 1.2 million women/year are seen in fertility clinics, whereas only 20% of partners
(approximately 240 000 men) undergo a fertility evaluation. It is, therefore, decisive to ensure
appropriate investigations of both partners to rule out potentially reversible causes of infertility
to improve their chances of natural fecundity [1]. From another sociological perspective, the
gender disparity in infertility workup is in the biology of reproduction itself. Women are the
carriers of conception and pregnancy and are traditionally seen as the primary site of the
reproductive process. So, the early research on assisted reproductive technologies (ART) focuses
on the female factor [1,10]. Urban myths also flourished that women are the usual cause of
infertility [1,11], where men are secondary participants, with masculinity strongly tied to fertility

[1,10].

Infertility can be divided into primary and secondary infertility. The former refers to a couple
that has never been able to conceive, whereas the latter categorizes a couple that has had at least
one prior successful conception. Statistics reveal that one in seven couples are infertile in
developed countries and one in four in developing countries [1,12]. It is worth noting that some

cases of infertility remain unexplained [5,6], reflecting the uncertain causal relationship



between abnormalities in infertility testing and the actual cause of infertility, as well as some

couples' lack of information and interest [5].

The therapy of infertility must precisely target the diagnosed cause of infertility, applying
methods which guarantee the highest chance for pregnancy and delivery [3]. Procedures
implemented to mitigate infertility include diagnostic of the cause, surgical therapy (preferably
endoscopic techniques), initiation of pharmacological therapy (ovulation-inducing
medications), artificial insemination (intrauterine insemination (IUI)), and ART such as in vitro

fertilization (IVF) and intracytoplasmic sperm injection [1,3].

Fertility is affected by multiple factors: age, acute or chronic conditions, environmental toxins,
occupational exposures, general lifestyle issues, infectious diseases, genetic conditions, and
specific reproductive disorders that can affect the man or the woman [5]. Age is one of the most
significant factors associated with female infertility. Fecundability, the ability to achieve
pregnancy per cycle, declines as women age. Indeed, the number of oocytes decreases
throughout reproductive years as their quality, generating an increased incidence of
chromosomal abnormalities and spontaneous abortions [5]. Women also face an increased risk
for disorders contributing to infertility as they age, such as endometriosis, leiomyomata, or tubal
disease [5,13]. For this reason, women aged 35 years or older are determined to be infertile after
only six months or less of frequent, unprotected sexual intercourse and should be evaluated for
infertility issues earlier than healthy women under 35 years [5,13]. The most common cause of
female factor infertility is ovulatory dysfunction. Women affected by oligoovulation or
anovulation have difficulty becoming pregnant because an oocyte is not available monthly for
fertilization. The most frequent cause of anovulation is polycystic ovarian syndrome (PCOS)
[14]. Also, ovulatory dysfunction can occur because of any disturbance in the hypothalamic-
pituitary axis. Triggers of hypothalamic-pituitary axis dysfunction include intense exercise,
eating disorders, extreme stress, hyperprolactinemia, pituitary adenomas, or autoimmune
disease [5,15]. It is relevant to notice that certain medications might be associated with
ovulatory dysfunction, these including antidepressants, antipsychotics, corticosteroids, and

chemotherapeutic agents [16].

Although the prevalence of infertility has remained relatively stable in the past several decades,
the demand for infertility services has increased substantially partially due to delayed

childbearing trends, combined with advances in ART [5,8,9].

1.1 Female infertility causing disorder

1.1.1 Polycystic ovary syndrome (PCOS)

PCOS is one of the prevailing gynecological, endocrine, and metabolic disorder among women of
reproductive age, representing one of the leading causes of anovulatory infertility [17—20].
According to the Rotterdam Consensus on Diagnostic Criteria for PCOS, this is a multifaceted

pathology that encompasses many clinical manifestations. It is necessary to present two out of



three of these characteristics in order to be diagnosed with PCOS: oligoanovulation [21]; clinical
and/or biochemical hyperandrogenism (HA) [22]; polycystic ovarian morphology that does not
encompass other abnormalities, such as Cushing’s syndrome, congenital adrenal hyperplasia,
and androgen-secreting tumors [23]. According to the criteria in practice, this disease affects 5%

to 20% of women worldwide [17—20].

To be considered a woman with polycystic ovary morphology, it is necessary to present at least
one ovary with “12 or more follicles, measuring 2—9 mm in diameter, and/or increased ovarian
volume, namely above 10 mL” [24—28]. This definition, however, does not apply to women who
use the oral contraceptive pill because its use alters ovarian morphology [24,29]. Any evidence
of ovarian asymmetry or an abnormal cyst requires a more in-depth inquiry, as well as
asymptomatic polycystic ovarian morphology women, since they do not present ovulatory

disorder or HA [24,30—32].

Metabolic abnormalities are also common, even if they are not considered to classify a PCOS
woman. Three out of the following five qualify for metabolic syndrome: blood pressure
[24,33,34]; abdominal obesity (waist circumference) [24,33,35]; high levels of triglycerides (TG)
[24,33]; fasting and two-hours glucose from oral glucose tolerance test; low levels of high-
density lipoprotein cholesterol (HDL-C). These might further generate an increased risk of type
2 diabetes [33,36,37], insulin resistance [33,38,39], and cardiovascular diseases [33,40—44],
and they might disturb the body mass index (BMI) [24,33].

Because of the variety of clinical and biochemical manifestations of PCOS, two of the hallmarks
of these women, which heavily influence the disease phonotype, are overweight and obesity,
with only 30—-50% of PCOS patients exhibiting an average weight. Such conditions may result in
IR and metabolic syndrome [18]. Glucose intolerance and an oral glucose tolerance test should
be used to screen obese women with PCOS for metabolic syndrome. IR is described as the
decrease in the use of glucose mediated by insulin. This metabolic abnormality occurs in more
than 50% of PCOS cases and leads to reproductive complications. Improving the lifestyle and
recovering with pharmacological intervention can help mitigate further irregularities [24,45].
Insulin can keep lipid metabolism in check by blocking the release of free fatty acids from
adipose tissue, and in patients with IR, inhibition of the lipid oxidation rate is weakened,
resulting in an increase in the concentration of free fatty acids in follicular fluid (FF) [20,46,47].
Some criteria for defining a metabolic syndrome were developed. These include components
associated with the IR syndrome, such as centripetal obesity, hypertension, fasting
hyperglycemia, and dyslipidemia [33,36,37,48]. It was proposed to add an oral glucose tolerance
test (OGTT) to the fasting blood tests. The 2-h glucose level after a 75-g oral glucose challenge
for glucose intolerance could be evaluated in this manner. Within obese PCOS women, impaired
glucose tolerance and type 2 diabetes are two common features, both being diagnosed by OGTT
[24,37]. IR, common in PCOS patients, increases the risk of metabolic syndrome and
cardiovascular morbidity, and it generates higher glucose concentrations [19,49]. PCOS women

that present obesity, a family history of type 2 diabetes, IR, or beta-cell dysfunction have high



probabilities of developing diabetes [36—38,50,51]. Apart from these metabolic abnormalities, it
is also suggested that these woman present an increased risk of having strokes and
cardiovascular diseases [24,40,52]. Other characteristics may be considered as additional risk
factors, such as a family history of diabetes and excessive weight or BMI [24]. Clinical studies
have revealed that PCOS patients with weight and BMI reduction were often associated with
menstrual bleedings, the return of ovulation, and the normalization of other metabolic

parameters [20,53].

One of the key features of PCOS is the presence of clinical and/or biochemical androgen excess,
aside from other diseases [24,54]. Some clinical features of HA encompass the presence of
hirsutism, acne, and androgenic alopecia when coupled with oligoovulation [24,54—56]. In
addition, some studies pointed out that the circulating androgen levels, corresponding to the
biochemical fraction, might represent an inherited marker for androgen excess in some women
[57—62]. However, the quantification of the different androgens is challenging [24,63—65]. Due
to the wide variety of the population, the values of the hormones may differ more than expected,

and, therefore, control limits have not yet been set [24,44,66].

Due to an increase in the amplitude and frequency of luteinizing hormone (LH) pulses, LH
concentrations and their relationship to follicle-stimulating hormone (FSH) levels are
immensely elevated in PCOS women [24,67-69]. These levels may be influenced by the timing
of ovulation, BMI (being lower in PCOS women with a higher BMI), and the analytical method
used. The effects of LH on human reproduction are highly debated, with some studies
suggesting that high levels of this hormone may reduce oocyte maturation and fertilization,
resulting in higher miscarriage rates [24,68,70,71]. Others concluded that abnormal LH
concentrations did not affect oocyte and embryo quality, implantation, fertilization, or
pregnancy outcomes [24,72,73]. Many studies show gonadotropin-releasing hormone (GnRH)
being used to reduce endogenous LH. However, some studies suggested that this practice
reduced miscarriage rates [24,74], while others questioned its therapeutic effect [24,75,76].
Nonetheless, LH can be used as a secondary parameter, particularly in women who are not

overweight [24].

Until today, both the subsequent etiology and pathophysiology of PCOS remain unclear, and
several studies were conducted to facilitate the diagnosis and treatments [17,77]. Patients with
PCOS that undergo ART might present a poor to exaggerated response, low oocyte quality,
ovarian hyperstimulation syndrome, as well as changes in the FF metabolites pattern [17,18].
These abnormalities originate a decrease of MII oocytes, oocyte cleavage, fertilization,
implantation, blastocyst conversion, poor egg to follicle ratio, and increased miscarriages
[17,18]. Over the years, the focus of research shifted from embryo to oocyte quality to optimize
IVF outcomes and to improve pregnancy rates. However, since PCOS is considered a

heterogeneous disease, obtaining high-quality embryos is taken into more consideration [17,49].



1.1.2 Endometriosis

Endometriosis is a complex disease regarded as a significant medical and social issue since it is
one of the leading causes of female infertility [78,79]. After inflammatory processes and uterine
leiomyoma, it is the third most common factor in the pathogenesis of gynecologic diseases [79].
It affects 10-15% of reproductive-age women [80,81], 10—50% of infertile women, and
approximately 80% of women suffering from chronic pelvic pain [79]. Despite extensive
research, the origin, malignant transformation, and laboratory management of endometriosis

are yet not well understood [79].

Endometriosis is a condition in which ectopic tissue with glands and stroma, such as the
endometrium, grows outside the uterine cavity [79,80,82—85]. This abnormality is a gynecologic
disease associated with estrogen-dependent chronic inflammation [80,86], due to the large
production of estrogen [79,82,87]. This will lead to reproductive dysfunction, infertility, and the
development of chronic pelvic pain syndrome [79,80,86]. Typically, this pathology is
related with oxidative stress, genetic mutations, inflammation, cell invasion, and angiogenesis
[78]. The presence of chronic inflammation and oxidative stress in the pelvic cavity can explain
the occurrence of infertility [80,88]. In advanced stages altered pelvic anatomy might be
observed [78], with latter progression to ovarian cancer [79,89—91]. The disease's negative
impact on oocyte quality has also been highlighted, as it can impair embryonic development,

lower implantation competence, and reduce clinical pregnancy rates [78,80,92].

This disease has several phenotypes, including superficial endometriosis (SUP), deep infiltrating
endometriosis (DIE), and ovarian endometrioma (OMA). The most severe form, OMA, has a
negative impact on ovarian physiology [80,88]. All forms of endometriosis are uncommon
before menarche and after menopause [79] and the endometrium of women with endometriosis
may differ from those of healthy women [79,82]. The abnormal endometria may be able to
protect itself from immune system destruction by expressing specific antigens through the
accumulation of diverse immune cell populations, as well as the synthesis and secretion of
immunosuppressive factors [79,82]. It is capable of peritoneum implantation, aggressive
growth, and adhesion into the peritoneum, proliferation and invasion into surrounding tissues,
self-defence against physiological apoptosis [79,87], expression of heat shock proteins, and

excessive angiogenesis [79,82].

The scientific community is still divided on the origin, etiology, pathogenesis, pathological
process, and various manifestations of endometriosis [79,82,93]. Some theories for endometrial
implantation relate to the reflux of endometrial cells, altered immune response, coelomic
metaplasia, embryonic rest theory, lymphovascular metastasis, molecular alterations, and
genetic instability. The most considered approach relies on Sampson's theory of retrograde
menstruation, where the fallopian tubes lead to the implantation and proliferation of
endometria cells in other areas [79,82,83,85,90,91,04—96]. However, this theory fails to explain

the rare cases where the menstrual uterus is absent [79,82,93]. The fetal system regulates and



directs embryogenesis, but the mechanism remains unknown. Abnormalities in this control
system may result in detectable immune system abnormalities in the adultimmune
system [79,97]. These irregularities, in turn, may control the degree of "aggressiveness" of
endometriosis and result in different clinical behaviour of endometriosis [79,87,98]. According
to a new unifying theory, endometriosis can also be caused by endometrial stem cells that
migrate and proliferate during embryogenesis. Small focuses with glands and stroma were
found in female fetuses in the cul-de-sac of the peritoneum. These can be remnants or the result
of the Miillerian system metaplasia. Endometrial stem cells, which can cause endometriotic foci,
may be present in these remnants. Endometrial stem cells differ from bone marrow stem cells
since they overexpress immune-related gene pathways [79,99]. According to other theories, the

immune system must be compromised for the ectopic endometriotic tissue to grow [79,97].

Some factors are critical to the implantation and proliferation of endometrial cells and the
further development of endometriosis. Endometrial debris clearance in the peritoneal cavity is
reduced in women with endometriosis due to impaired natural killer cell function, decreased
macrophage phagocytosis, and induction of regulatory T cells. These factors may all contribute
to endometrial cell tolerance in the peritoneal cavity. Inmune response changes detected in the
peritoneal fluid and cavity can also present themselves in uterine endometrial tissue, peripheral
blood, and FF [83,100]. The immunological profile of FF in endometriosis patients can also
reflect immunological changes in the systemic circulation or local inflammation caused by

endometriosis lesions in the ovary or peritoneal cavity [83,101].

Endometriosis impairs follicular development in women, resulting in altered protein expression
profiles in the FF [102]. Typically, oocyte quality is reduced due to changes in the follicular
microenvironment, which affects oocyte development and maturation. The components of FF
and the bidirectional intracellular communication between cumulus cells and oocytes play a
crucial role in egg development and competence [78]. Therefore, significant differences can be
found in FF according to de different types and stages of endometriosis [102]. Lower fecundity
in these women is attributed to anatomic changes, such as adhesions, that disrupt
folliculogenesis and ovum pick-up mechanisms [83,103]. The trafficking of leukocyte subsets to
the eutopic endometrium as a result of inflammatory changes is also involved in the lower
fecundity in endometriosis. The chemokines that direct their migration and the inflammatory
changes may harm endometrial receptivity, possibly through progesterone resistance and
changes in endometrial gene expression [83,104]. Indeed, lower oocyte quality may be the
primary cause of poor pregnancy outcomes during IVF or intracytoplasmic sperm injection
(ICSI) cycles in endometriosis patients. Although the IVF outcome for endometriosis-related

infertility is dependent on the severity of the disease [78].

A thorough understanding of endometriosis pathophysiology is thus required for the

development of novel diagnostic and treatment approaches for this debilitating condition [105].



1.1.3 Premature ovarian failure (POF)

Premature ovarian failure (POF), premature ovarian insufficiency (POI) or hypergonadotropic
ovarian failure is a clinical syndrome that appears after puberty and before the age of 40 [106—
109]. POF occurs when the exhaustion of the number of ovarian follicles is concurrent with
autoimmune ovarian damage, along with genetic predisposition [110,111]. In 1939, the hormone
profile in women with POF was described as hyper-gonadotropic hypoestrogenism [110,112].
Later, in 1950, Atria and co-workers discussed the clinical features of POF in detail [110].
Finally, in 1967, POF was first described as non-physiological amenorrhoea in non-menopausal
women by Moraes-Ruehsen and Jones [110,113,114]. POF develops in about 1% of women
[110,111], and the etiology of over 50% of the cases reported remains unknown [113,115]. This
pathology is more recurrent in patients from countries with intermediate to low human

development index [113].

Female patients are usually diagnosed with this condition due to conceiving difficulties
[113,115,116] or when experiencing secondary amenorrhoea [110]. To diagnose young female
menopausal symptoms must be determined [110,117]. In some cases, secondary loss of menses
shows after stopping contraceptive pills [110,118,119]. Clinically, POF can be evaluated by the
patient’s general development, mental state, intellectual development, and nutritional status.
Laboratories can also resort to pregnancy, drug withdrawal, progesterone, and estrogen tests
[106,120]. Since the clinical manifestation of POF does not present a clear profile there is a need
to perform tests to eliminate other diseases like PCOS, hypothalamic amenorrhea caused by
stress or anorexia, and pathologies like pituitary tumours that influence the hypothalamic-

pituitary-gonadal axis [113,116].

POF is characterized by a significant decrease in ovarian function and posterior failure, leading
to a substantial reduction in ovarian follicles and infertility [106,108,109,113,116,121]. Due to
ovarian disfunction, its main features are oligomenorrhea or frequent menstruation, blood with
increased gonadotropin and FSH levels, decreased anti-Miillerian hormone (AMH), antral
follicle count (AFC), inhibin B, estradiol, testosterone, and estrogen levels, accompanied by a

series of low estrogen symptoms [106,108-110,113,115,122—124].

POF can present itself in two different ways. Up to 10% of the patients have the most severe
form of the disease, characterized by a complete absence of pubertal development with primary
amenorrhea [113,115]. On the other hand, Idiopathic POF is a kind of secondary amenorrhea
with ambiguous causative factors and is the most common type of POF. It usually develops in
the reproductive age and starts with gradual or progressive menstruation, rises to amenorrhea
accompanied by menopausal symptoms, and leads to an atrophied stage of the internal and
external reproductive organs [106,125,126]. Most patients undergo normal pubertal
development and eventually show secondary amenorrhoea and menopausal symptoms later in

life [113,115].



Although POF negatively impacts fertility, 10% of women with POF can conceive and carry to
term, since 25% of patients can ovulate spontaneously due to the ovaries’ erratic function
[113,115]. Patients may show a resumption of ovarian function, and spontaneous pregnancies
can occur. However, being diagnosed with POF can have a mental and physical toll on one’s
health [110,113,127]. Due to estrogen deficiency, POF women tend to present menopausal
symptoms such as hair loss, tachycardia, hot flushes, excessive sweating, reduced sleep quality,
mood swings (nervousness, irritability), poor concentration, decreased libido, dyspareunia, as
well as skin and mucous membrane dryness [110,113,115,116,128,129]. Furthermore, the deficit
in estrogen and testosterone leads to lower bone marrow and bone mineral density, increasing
the risk of developing osteopenia, osteoporosis or easily fracturing a bone [110,113,115,124]. An
increase in morbidity and mortality is also seen in patients with untreated and uncontrolled
POF due to their risk of developing metabolic disorders, thus leading to cardiovascular diseases
such as atherosclerosis, hypercholesterolemia, strokes, ischemic heart diseases, as well as

urogenital atrophy [110,113,115,128,129].

POF may arise from different factors. About 10% to 20% of these women present a family
history of POF [130], while other 20% are usually correlated with other autoimmune diseases
[110,128,129]. Some of the autoimmune complications encompass autoimmunity against the
adrenal gland [113,115,131], presence of anti-ovarian antibodies, thyroiditis (Hashimoto’s
disease), adrenal insufficiency (Addison’s disease) [110,113,116,128,129], coeliac disease, type 1
diabetes, albinism, rheumatoid arthritis, systemic lupus erythematosus, and myasthenia gravis
[110,128,129,132]. Additionally, up to 40% of POF cases account for genetic mutations
concerning the X  chromosome (Turner syndrome, fragile X  syndrome,
pseudohypoparathyroidism type 1a) [113,123,133], the AIRE gene, responsible for
polyendocrinopathies, and the inhibin codifying gene, which relates to FSH secretion by the
pituitary and gametogenesis [134][110]. Congenital enzymatic deficiencies, such as
galactosaemia [110], and viral infections like malaria, tuberculosis, Shigella, cytomegalovirus,
mumps, and varicella may also lead to POF [110,113,135]. Smoking can also mediate the
development of this disease by stimulating the death of oocytes, oocyte depletion, and early
menopause [110,113,136]. Lastly, oncologic treatment (radiotherapy and chemotherapy),
surgical treatment (oophorectomy) [110,113], and anti-HPV vaccination can cause permanent

ovary damage and the development of secondary amenorrhea, leading to POF [110,137].

Up until now, there is no method to restore the function of the ovaries, which generally means
psychological intervention, drug therapy (estrogen supplementation therapy and progesterone),
and traditional Chinese medicine treatment [106,108,109]. On behalf of the immunologic
system, immunomodulation therapy (to induce ovulation) has been used, including high-dose
corticosteroid and intravenous immunoglobulin treatment [110,138,139], as well as monoclonal
antibodies when treating POF caused by autoimmune ovarian damage [110,140,141]. Recently,

melatonin supplementation was described as a treatment modality for perimenopause,



menopause-related depression, fertility, thyroid dysfunction, and decreased gonadotropin levels

[110,142-144].
1.2  Assisted reproductive techniques (ART)

Since the first 'test-tube baby' in 1978, ART have grown exponentially. Globally, the field of ART
has already seen rapid progress, with over eight million babies conceived [145-148]. Recently,
new techniques and changes to laboratory conditions made it possible for a broader group of
infertility patients to receive treatment. Pregnancy rates increased, and transferring fewer
embryos is now a more effective practice, resulting in a significant decrease in the multiple

pregnancy rate in many countries and improved perinatal outcomes [3,145,149].

ART has become an essential part of modern patient care because it is the most effective
treatment modality in reproductive medicine. It now refers to family planning, which began
with the introduction of the first oral contraceptives in the early 1960s. Birth control pills and
other forms of contraception have profoundly changed society. The availability of family
planning not only enabled women to pursue professional careers but also aided in delaying
reproduction [150]. Nowadays, mature parents have fewer children, but they stimulate the need
for high-quality feto-maternal medicine to identify and avoid all potential threads prevalent at
the advanced age of the future parents, as well as for optimal obstetrical and neonatal care
eliminating all risks to the mother and the baby. These lead to preimplantation embryo genetic
testing and future parent genome screening. These societal behaviours, combined with new
medical and laboratory advances, have resulted in a thriving industry centred on family
planning, reproduction, pregnancy, and birth. The pharmaceutical industry performs its role in
this environment by manufacturing sophisticated medications required to control ovarian and
uterine functions during all ART procedures. Other industries have taken over the
manufacturing of culture media (including quality control), the increasingly sophisticated
equipment of the embryology lab, and the manufacturing of surgical devices required for oocyte
collection and embryo transfer. The growing complexity of treatment options obliges to frequent
collaboration with other medical disciplines, including medical geneticists, oncologists,

urologists, and obstetricians [150,151].

ART denominates all interventions, such as the in vitro handling of human oocytes,
spermatozoa, and embryos for reproduction. Among those interventions are IVF, embryo
transfer, ICSI, embryo biopsy, preimplantation genetic testing, assisted hatching and

cryopreservation of either gametes or embryos [2,147,150,152,153].

Despite all the advances, ART remains associated with potentially negative obstetric outcomes
for mothers and infants. Pregnancy hypertension, preterm delivery [147,152,153], birth defects
such as imprinting disorders in children [145,147,148,154,155], and low birth weight
[147,152,153] are some examples. Many of these negative outcomes arise from a higher rate of

multiple pregnancies following ART [147,150,156]. Multiple pregnancy rates have decreased



significantly as the use of single embryo transfer has increased, but this approach has not yet
been adopted by all countries [147,156]. As new ART technologies emerge, it is critical to
monitor the safety and health of their offspring [147]. These cause an increase in premature
children, who may be born with compromised future health. The growing influence of ART on
reproductive choice has sparked political debate, and most countries have enacted legal
frameworks. However, ART is constantly expanding, and therapeutic options will continue to

fuel political debate [150].

2 Determination of Metabolites in Follicular Fluid

2.1 Follicular Fluid (FF)

Follicular fluid (FF) serves as a complex microenvironment for germ cell-somatic cell
communication. It encompasses a variety of metabolites and enables different reactions to take
place that are crucial to oocyte growth [18]. It is derived from the diffusion of serum, transudate
of plasma, and metabolites synthesized in the follicle wall that will later be altered by granulosa
cells (GCs) and theca cells. In addition, compounds that derive from local follicular metabolic
processes and the biological activities of ovarian cells are also present. This biological matrix is
the only one directly associated with the oocyte since it is where its growth and differentiation
occurs in vivo. It contains a variety of bioactive molecules that change in quantity and quality
during follicle development, as well as specific changes in the follicular microenvironment that
lead to follicle and oocyte maturation and development. The biosynthesis and transport of these
metabolites are crucial to multiple metabolic reactions; they regulate meiosis, are involved in
the synthesis of steroid hormones and glycoproteins by the dominant follicle, and promote
follicle and oocyte maturation and development, fertilization, and implantation [157—-159]. The
follicle wall acts as a highly rough molecular sieve that allows passage to small metabolites while
restringing the access to molecules over 100 kDa. There is a bidirectional signal regulation and
metabolite transport between GCs and oocytes, such as steroid hormone biosynthesis, oocyte
gene transcription, and protein synthesis regulation, showing a deep connection between the

oocyte and GCs [158].

A more detailed understanding of FF and its metabolic profile is crucial for further analysis of
several pathologies, such as PCOS, endometriosis, and early ovarian failure. FF has become an
essential source of information since it is a non-invasive matrix that gathers biological insights
about fertility, reflecting the alterations of the patient’s microenvironment. Recently, the
molecular and biomolecular signature of FF have aroused many interests, leading to several
studies that aimed to identify new targets that allow for evaluation of the development of the
oocyte. Consequently, an exhaustive characterization and comprehension of FF may help the
recognition of metabolites that could potentially disturb normal female function and promote

infertility [158—160].
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2.2 Metabolomics in the FF

Conventional approaches used to determine and analyse biomarkers related to oocyte
development, and to predict its quality and viability, tend to be ineffective, imprecise, and
present some analytical limitations. Thus, the quantification of proteins and peptides in
biological matrices through metabolomic analysis might predict, with more accuracy, the
success of an assisted reproductive procedure [158]. Metabolomics is a high-throughput method
for detecting several metabolic contents in diverse biological samples. Untargeted
metabolomics, which focuses on the dynamic changes of all small molecules in response to an
organismal disturbance, can provide deep insights into etiopathogenesis and the recognition of
different biomarkers for a variety of diseases [18]. In general, metabolomics is a recent field of

‘omics’ technology that arises from genomics, transcriptomics, and proteomics.

Metabolites are described as low-molecular-weight molecules (<1500 Daltons) that derive from
a variety of biological and cellular processes. Therefore, they can provide crucial information
about the genomic, epigenomic, matrix, and environmental outcomes of a cell, tissue, or
organism, creating the perfect association between genes and their respective phenotypes. Since
metabolites can be related to specific biological functions and processes in systems, cells, or
tissues, a metabolic investigation may prove to be more advantageous than the study of
genomics, transcriptomics, and proteomics [157,161—-164]. Due to their medical and biological
signature, these molecules permit the quantitative measurement of the dynamic chemical
reactions that occur in living systems in response to a pathophysiological insult or genetic
variation, and they can be accessed via biological matrixes such as blood, urine, plasma, serum,
and FF [157,164]. Since the causes of infertility can be traced back to a metabolic imbalance,
metabolomics can be used in reproductive medicine to identify and quantify low molecular
weight metabolites found in the FF. Indeed, the use of metabolomics made it possible to identify
molecules found downstream of gene expression, providing critical information on cellular
function [159]. All these factors make them attractive biomarker candidates, perfect for the

study of human oocytes and embryos, as well as their development [157,164].

Although many biomarkers have been evaluated in the FF, there are a few consistent results
among different works in the literature. Metabolites must be analysed in the FF of the dominant
follicle to reflect more accurately the dynamic changes in concentrations that occur during
development [165]. The dominant follicle is the largest follicle, making it the clearest and also
free from contaminations, such as blood cells [17]. The lack of consensus can be related to the
criteria used in the analytical approaches, such as sample preparation of the FF, the presence of
contaminants, and mass range. These might derive from the analysis of different follicular sizes,
differences in methods for measuring analytes, patient age, number of patients, or number of
analysed samples, genetics, BMI, ovarian stimulation, infertility, or other disease diagnoses.
Another reason may be linked to the heterogeneity in the IVF protocols, to the human ability to
respond to IVF procedures, or even to the psychophysiological characteristics of each woman (or

couple). Studies taking place over different periods give rise to FFs with heterogeneous

11



metabolic profiles, so accuracy also varies from study to study. Many of these issues affect the
content of follicle hormones and reflect the oocyte and embryo quality. Likewise, taking into
account several external factors, such as environmental pollution, smoking, heavy metals, or
pesticides can increase levels of oxidants in the body and act as confounders. In short, most
studies are limited, as even daily lifestyle and dietary patterns can influence the pathogenesis of

infertility-related diseases and its biomarkers [17,19,49,53,166—168].

Volatilomics, a metabolomic subgroup that reflects biochemical metabolic activity and
environmental influences, offers new insights into the physiological processes of several
disorders [169—172]. It encompasses all volatile organic compounds (VOCs) that derive from
exogenous sources, including nutrition, medications, and environmental exposure, as well as
internal sources, like endogenous metabolomic and biochemical processes [169—171]. Multiple
pathologies, such as cancer, genetic and metabolic disorders, schizophrenia, and infectious
diseases, have already been connected to particular VOC signatures [170,173] and potential
biomarkers [174,175]. The volatilomics approach is based on highly sensitive analytical
techniques and does not require invasive procedures, since VOCs can be found in readily
accessible biofluids [172,176—178], such wurine [172,174,177,179—183], exhaled breath
[172,174,177,182—188], saliva [172,174,182,183,189—194], skin emanations, breast milk
[174,182,183], and tissues [180,195—-197]. Volatilomics studies apply to the targeted analysis of a
limited number of metabolites connected to a specific biological pathway or the fingerprinting of
a significant fraction of metabolites [172,176—178]. In this study, a more untargeted approach
was required to detect and identify unexpected changes in the concentrations of specific

metabolites [172,198].
2.3 Sample preparation techniques

Due to the complexity of the matrices and the requirement to identify active compounds and
impurities at low levels, analysing biological samples is a challenging and complex task [199—
204]. A thorough analytical methodological approach involves crucial processes like sample

preparation, analytes isolation, and qualitative/quantitative analysis [199].

Specifically, the sample preparation, the first crucial step in a multi-stage instrumental setup,
tries to move the target analytes from an unfavourable medium to one that is more palatable. It
may also carry out operations including derivatization, analytes concentration/enrichment, and
clean-up [199,205-209]. During the last years, several sample preparation methods have been
developed, ranging from pressured fluids to microextraction approaches and microwave
assistance to completely automated online systems. However, to increase the specificity of this
analytical step and facilitate subsequent stages, confirmation methods rather than screening
strategies frequently use sorption-based sample preparation procedures [199]. The most
straightforward techniques include sample preconcentration [210,211], filtration [199,212],
centrifugation [199,213], protein precipitation [214—221], soxhlet extraction [222,223], liquid-

liquid extraction [199,224], and support-assisted liquid-liquid extraction [225]. Accurate results
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can be achieved by using more sophisticated techniques, such as dispersive solid-phase
extraction [199,226], single-drop microextraction [207,227—230], stir-bar sorptive extraction
[231—233], solid-phase microextraction (SPME) [234—236], solid-phase extraction [237—-239],
hydrophobic mechanisms [240—242], electrostatic mechanisms [243], and mixed-mode

mechanisms [244—246].

The sample preparation technique performed in this research was SPME since it is one of the
most precise and used techniques to isolate biomarkers in liquid biological samples. For this

reason, a brief introduction to this technique is described below.

2.3.1 Solid-phase microextraction (SPME)

Microextraction techniques (METs) represent a crucial step in analytical methodologies. They
provide samples in appropriate volumes and purification levels required to characterize the
target analytes [247,248]. SPME is a simple and powerful sample preparation
technique distinguished by its time- and cost-effective analysis, low solvent consumption, high
sensitivity, and wide application [247—249]. SPME, the first successful modern MET, was
invented in the early 1990s and can be easily automated to achieve high-throughput
performance in the clinical setting [247,248]. It addresses diverse challenges of traditional
sample preparation by combining several procedures (sampling, extraction, concentration, and

loading) in a single step, limiting the possibility of experimental errors [247,249,250].

The basic principle of SPME involves the partition equilibrium of the target analytes between
the sample matrix and the stationary phase, where the analytes should be retained
[247,249,251]. The analytes can then be thermally desorbed in a GC injector port, removed by
solvents for high-performance liquid chromatography (HPLC), or electrophoresed. The
combination of these flowcharts enable superior analytical performance for quantifying various
substances [247,251]. Figure 1 represents a schematic view of all the components or phases

present in a SPME syringe, as well as its external and internal assembly.

There are three types of fused silica-coated fibres highly used. In the direct mode, the coated
fibre is immersed directly in the aqueous samples, and the analytes transfer from the sample
matrix to the extracting phase. A stirring bar is required for sample agitation to achieve
equilibration faster and improve analytes transport from the sample bulk to the fibre vicinity
[247,249,252,253]. In the headspace mode (HS-SPME), the extraction of the analytes occurs
from the gas phase above a gaseous, aqueous, or solid sample. This procedure shields the fibre
from the compromising effects of non-volatile, high molecular-weight substances. It also
enables matrix changes [247,249,252]. In the extraction with a membrane protection mode, the
separation occurs from the sample with a selective membrane, allowing the passage of analytes
while blocking interferences and adverse effects. This technique allows for the analysis of less

volatile compounds [247,252].
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Figure 1 Schematic view of SPME manual fibre assembly (a), and SPME manual fibre assembly holder (external (b)
and internal (c) view). Adapted from [362].

The number of analytes extracted by SPME is affected by several experimental parameters,
influencing its extraction efficiency. Among these are the nature of the fibre coating, the
extraction time and temperature, the ionic strength, and the pH [247,254—257]. Succinctly, non-
polar, polar, or semi-polar coating fibres are available. Different polarities increase extraction

selectivity while decreasing extracting interferences [247,258].

Extraction time is primarily determined by the agitation rate and the analyte partition
coefficient. The maximum sensitivity occurs when the level of analytes extracted remains
constant. Small-time variations do not affect the extraction at this point. Furthermore, because
of the linear relationship between the amount of analyte adsorbed by the SPME fibre and its
initial concentration in the sample matrix in nonequilibrium conditions, complete equilibrium is

not required for accurate and precise analysis [247,259].

In thermodynamic terms, exothermic equilibration occursin SPME extraction. When the
extraction temperature rises, so does the extraction rate, leading to a decrease in the
distribution constant [247,252]. The headspace-analyte partition coefficient increases with
the temperature, resulting in a higher analyte concentration in the headspace and a shorter

extraction time [247,260,261].

The addition of salt will change de ionic strength and affect the extraction efficiency in two ways:
it can change the properties of the boundary phase or decrease the solubility of hydrophilic

compounds in the aqueous phase (salting-out effect) [247,262].

Finally, there is a strong dependence of the extraction efficiency on the pH value of acidic and

basic analytes; therefore, the SPME extraction yield can be improved by adjusting the pH of the
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samples. Weak acids and bases convert to neutral forms and can be extracted by the SPME fibre

[247,263].

2.4 Analytes isolation, and qualitative/quantitative analysis

techniques

To separate the target analytes from interferents still present in the sample, the analytes are
transported to a high resolution (or high efficiency) chromatographic column. The next stage
generally entails identifying and quantifying the separated analytes by combining
chromatographic and mass spectrometric methods. The majority of the time, sample
preparation must still be done before the number of analytes is introduced into the
chromatographic column, even though recent advancements in separation techniques and mass

spectrometry have helped to minimize efforts in this area [199].

To date, a wide variety of techniques are used to analyse and measure FF constituents namely,
Nuclear Magnetic Resonance (NMR) [102,168,264,265], Gas Chromatography coupled with
Mass Spectrometry (GC-MS) [266,267], Liquid Chromatography coupled with Mass
Spectrometry (LC-MS) [18,268—271], and Liquid Chromatography with tandem Mass
Spectrometry (LC-MS/MS) [17,166,272,273]. Some studies have also resorted to Ultra-High
Performance Liquid Chromatography Coupled with Mass Spectrometry (UHPLC-MS) [274],
Ultra-High Performance Liquid Chromatography with tandem Mass Spectrometry (UHPLC-
MS/MS) [77], multiple reaction monitoring profiling [275], and different types of immunoassays

[49,276—278].

In the development of this dissertation, GC-MS was used for the isolation, and qualitative and
quantitative analysis, once it is highly used to create a profile and quantify biomarkers in liquid

biological samples. Therefore, a brief introduction about this technique is described below.

2.4.1 Gas chromatography coupled with mass spectrometry (GC-MS)

Gas chromatography (GC), as other techniques for separating, quantifying, and qualifying
multicomponent mixtures, has evolved, making easier to conduct analyses in many applications
and fields [279—282]. Although its instrumentation remained unchanged for the last 40 years,
its design, materials, and methodology were highly improved. GC is now one of the most widely
used techniques, showing the best separation power. This technique's instrumentation consists
of four major components: a carrier gas, a column, a detector, and a data system [283—285].
Systems like mass spectrometry (MS) have influenced and improved GC. The combination of
the two devices results in improved sensitivity, specificity, and separation of the components to
be analysed [283,285,286] It also enables the determination of detailed information on the
structure of various compounds, allowing the precise identification and quantification based on

their mass-to-charge ratio (m/z) [283,287].
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Pollution, forensic, and general trace analysis are the most common applications for GC-MS, as
well as purification and determination of thermochemical constants [279,288—290]. GC-MS is
also used for metabolite profiling and quantification [291—-298]. These include volatile
compounds that can be measured directly, as well as non-volatile or semi-volatile metabolites
that can be assessed after derivatization [291,298]. It presents well-established libraries of both

commercial and ‘in house’ metabolite databases available [293—298].

As illustrated in figure 2, the main components of a GC-MS encompass an injector, a column, an
ion source, a vacuum system, a detector, and a panel for control electronics to monitor the
inputs and outputs parameters of the MS [283,299]. In technical terms, a small sample is
injected into the GC, vaporized, and directed to the chromatographic column by the carrier gas
(typically helium), referred to as the mobile phase [283,291,298,299]. The GC column outlet is
connected to the ion source of the MS via a heated transfer line, where the compounds eluting
from the column are ionized [291,298,300—303]. The interactions between the carrier gas phase
and the stationary phase caused the molecules in the sample to separate. To achieve the highest
resolution, a capillary column with good separation should be selected, suitable for the sample
[291,298,304—307]. Currently, there is a wide range of instruments that vary in ionization and
mass separation. The most common is a single-quadrupole mass spectrometer with electron
impact ionization [291,298]. When a sample stream collides with an electron beam, an electron
is lost from the sample molecules, and the resulting ions represent the total mass of each
analyte. The molecular ion usually fragments due to the large amount of energy imparted,
producing smaller ions with characteristic relative abundances that provide a ‘fingerprint’ for

that molecular structure [291,298,300-303].

Some of the disadvantages of this technique rely on the fact that it requires derivatization, the
analysis time is long, it does not allow real-time analysis or direct quantitative determinations,

and presents a limit of sample capacity [293—298].

sample introduction
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Figure 2 Schematic diagram of GC/MS instrument. Adapted from [363].
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Part of the introduction to this dissertation is present in a published. The topics “1.1.1) Polycystic
ovary syndrome (PCOS)”, ”2.1) Follicular Fluid (FF) ?, ”2.2) Metabolomics in the FF”, and the
second paragraph of the topic ” 2.4) Analytes isolation, and qualitative/quantitative analysis
techniques” can be found at “Follicular Fluid: A Powerful Tool for the Understanding and
Diagnosis of Polycystic Ovary Syndrome”, by Brinca, A.T.; Ramalhinho, A.C.; Sousa, A.; Oliani,
A.H.; Breitenfeld, L.; Passarinha, L.A.; Gallardo, E., Biomedicines 2022, 10, 1254, 1-27.

The “Abstract”, as well as the last paragraph present in the topic ”2.2) Metabolomics in the FF”,
on Volatilomics, are also present in the manuscript entitled: “Volatilomics as an Emerging
Strategy to Determine Potential Biomarkers of Female Infertility: A Pilot Study”, by Brinca,
A.T.; Anjos, O.; Alves, M.M.C; Sousa, A.; Oliani, A.H.; Breitenfeld, L.; Passarinha, L.A.;

Ramalhinho, A.C.; Gallardo, E., submitted to Biomedicines October 2022.
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Chapter I1

1 Experimental procedure

1.1 Material and reagents

The SPME fibre holder for manual use and the 100 pm polydimethylsiloxane (PDMS) coated
fibre were obtained from Supelco (Bellefonte, PA, USA). The SPME fiber was conditioned

according to manufacturer’s instructions.
1.2 Subjects sample collection

To investigate the metabolomic pattern of FF, 52 samples from women who underwent IVF
procedures were analysed. These include 15 patients with PCOS, 8 with endometriosis, 12 with
POF, and 17 controls. The 17 controls correspond to women submitted to IVF procedures due to
specific conditions that do not affect the FF, such as tubal obstruction, or when the couple’s
primordial fertility factor was male driven. Women were enrolled between October 2015 and
July 2019. All subjects were Caucasian. The samples were stored at —80 °C after extraction and
kept at 4°C during the experimental procedures and were obtained at the Assisted Reproduction
Laboratory of Academic Hospital Center of Cova da Beira in Covilha, Portugal. All experiments
were performed in accordance with the standard guidelines and national requirements, namely
Declaration of Helsinki and Portuguese Law 21/2014, and approved by the institutional ethics
committee of Academic Hospital Center of Cova da Beira, Covilha— Portugal (reference number
47/2015, approved on July 15, 2015). An informed consent was obtained from all individuals

before inclusion.
1.3 Extraction of metabolites from the follicular fluid (FF)

After placing 2 mL of each FF in a vial, the volatile metabolites were extracted using a 100 pm
PDMS, non-bonded SPME fibre exposed in the headspace (HS-SPME) of the flasks for 45 min at
40 °C, in continuous agitation (125 rpm). This procedure is diagrammed in Figure 1.
Subsequently, the SPME syringe was injected into the GC injection port for 5 min to allow the
desorption of VOCs from the fibre. This methodology was adapted from a previous research
carried out by C. Silva and research team [308]. The PDMS fiber was chosen due to its
compatibility with volatile analytes that range from 80-500 MW and applicability with manual
holder.
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Figure 1 Schematic representation of VOCs extraction from FF: 1) SPME syringe; 2) vial with 2 mL of FF; 3)
heating mantle with magnetic stirrer. Created with BioRender.com.

1.4 Gas chromatography mass-spectrometry (GC-MS)

VOCs in the headspace were analysed using an HP 7890B gas chromatographic system in
conjunction with an Agilent Technologies 5977A mass spectrometer, and Agilent 7693
autosampler. For the separation of the analytes, a capillary column (30 m 0.25-mm 1.D., 0.25-m
film thickness) with 5% phenylmethylsiloxane (HP-5MS) was provided by J & W Scientific
(Folsom, CA, USA). The oven temperature profile was: (a) 5 min at 45 °C; (b) increase
temperature until 150 °C, at a rate of 2 °C min-; (¢) 150 °C for 10 min; (d) increase temperature
until 220 °C, at a rate of 7 °C min-1; and (e) 220 °C for 10 min. Column flow was constant at 1.0
mL/min using helium (He ultrapure, Nippon gases, Vila Franca de Xira, Portugal) as the carrier
gas. The injection port was maintained at 250 °C and operated in the splitless mode (5 min).
Regarding MS analyses, the operating temperatures of the transfer line, quadrupole and
ionization source were 280, 150 and 230 °C, respectively. The electron impact mass spectra
were recorded at 70 eV and the ionization current was 35u A, and data acquisition was
performed in scan mode (50—550 m/z). The identification of metabolites was performed
comparing mass spectra with the Agilent MS ChemStation Software (Palo Alto, CA, USA)
equipped with the NIST20, Wiley12 and SWGDRUGV8 mass spectral libraries with a similarity

threshold higher than 80%, or with commercially standards when available.
2 Results and discussion

A heatmap was performed, representing values for the main variable of interest across two axis
variables as a cluster effect. For the heatmap, STATISTICA 7 (StatSoft. Inc. USA) software was

used.
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Figure 2 represents a heatmap of the different metabolites and their respective tendencies
towards each disease. It is, therefore, possible to observe some associations between the samples
and their unique metabolomic expressions. The colours range from red to blue according to the
comparative abundance of metabolites in the FFs. When comparing the results from each

pathology, red relates to a lower presence, while blue indicates a more current presence.

Figure 3 is a percentual representation of all VOCs present along each medical condition.
Several VOCs have similar incidences throughout the various health status, such as palmitic
acid, tetradecamethylcycloheptasiloxane, cyclotetradecane, and methyl stearate. At the same
time, some metabolites are not present in all the samples that concerned a specific pathology.

Therefore, some metabolites cannot be related to a particular medical condition.
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Figure 2 Heatmap of the correlation and tendencies between the FFs of the four medical conditions and respective
VOCs. The abscises correspond to: C) controls; POF) premature ovarian failure; E) endometriosis; PCOS)
polycystic ovary syndrome. The coordinates represent the several VOCs considered, which have been assigned
numbers. They were separated in six Groups according to the distribution throughout the samples. Each number
correspondes to a single VOC: 1) palmitic acid; 3) tetradecanal; 4) 2,4-di-tert-butylphenol; 5) diethyl phthalate;
7) 1,2,3,4-tetramethylbenzene; 8) 4-methyl-2,4-bis(4-hydroxyphenylDpent-1-ene; 9) palmitic acid ME; 13)
isopropyl myristate; 14) octadecanal; 16) tetradecamethylcycloheptasiloxane; 17) hexadecanal; 18) gamma-
stearolactone; 19) dodecane; 20) dodecamethylcyclohexasiloxane; 21) hexadecyloxirane; 22) octadecane; 23)
diisooctylphthalate; 25) 1,2,3,5-tetramethylbenzene; 28) stearyl alcohol; 30) stearic acid; 31)
tetradecamethylhexasiloxane; 32) hexadecamethylheptasiloxane; 34) eicosamethylcyclodecastloxane; 35)
octadecan-1-ol trimethylsilvyethe;39) cyclotetradecane; 40) hexadecanoic acid; 41) methyl stearate; 43)
heptadecane; 47) butyl-2-methylpropylphthalate; 49) ethyl xylene; 55) tetracosamethyl-cyclododecasiloxane; 56)
docosane; 57) hexamethyldisiloxane; 58) 1,3-di-tert-butylbenzene; 60) 1-dodecanol; 67) oleamide; 71) 4,6-
dimethyldodecane.
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Figure 3 Percentual occurrence of VOCs in all the samples from each medical condition. The abscises correspond
to: C) controls; POF) premature ovarian failure; E) endometriosis; PCOS) polycystic ovary syndrome. The
coordinates represent the several VOCs considered, which have been assigned numbers: 1) palmitic acid; 3)
tetradecanal; 4) 2,4-di-tert-butylphenol; 5) diethyl phthalate; 7) 1,2,3,4-tetramethylbenzene; 8) 4-methyl-2,4-
bis(4-hydroxyphenylpent-1-ene; 9) palmitic acid ME; 13) isopropyl myristate; 14) octadecanal; 16)
tetradecamethylcycloheptasiloxane; 17) hexadecanal; 18) gam-ma-stearolactone; 19) dodecane; 20)
dodecamethylcyclohexasiloxane; 21) hexadecyloxirane; 22) octadecane; 23) diisooctylphthalate; 25) 1,2,3,5-
tetramethylbenzene; 28) stearyl alcohol; 30) stearic acid; 31) tetradecamethylhexasiloxane; 32)
hexadecamethylheptasiloxane; 34) eicosamethyl-cyclodecasiloxane; 35) octadecan-1-ol trimethylsilvyethe; 39)
cyclotetradecane; 40) hexadecanoic acid; 41) methyl stearate; 43) heptadecane; 47) bu-tyl-2-
methylpropylphthalate; 49) ethyl xylene; 55) tetracosamethyl-cyclododecasiloxane; 56) docosane; 57)
hexamethyldisiloxane; 58) 1,3-di-tert-butylbenzene; 60) 1-dodecanol; 67) oleamide; 71) 4,6-dimethyldodecane.

The controls, represented by "C", show a profile that differentiates itself from the infertility
complications. The most found metabolites are tetradecamethylcycloheptasiloxane, with an
occurrence of 59%, followed by dodecamethylcyclohexasiloxane (53%), 4-methyl-2,4-bis(4-
hydroxyphenyl)pent-1-ene  (35%) and diethyl phthalate (35%). Even though
tetradecamethylcycloheptasiloxane was present in several control samples, it is relevant to
notice that the remaining clinical conditions had further representability. Additionally, these
FFs present a small incidence of several compounds. Metabolites such as 1-dodecanol, 4,6-

dimethyldodecane, and all VOCs comprehended in Group F have no representation.

POF and E are the two diseases with more similarities, forming a cluster of their own. Diethyl
phthalate, a phthalic acid ester, was found in 83% of endometriosis and in 75% of the POF

samples. Both these conditions comprehended twice as more of this metabolite as the controls.
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Phthalic acid esters are considered endocrine disrupters [309—312]. Some toxicological studies
described phthalates as toxic for human reproduction [313—315]. They decrease fertility rates
[316], produce anti-androgenic effects by reducing testosterone and estrogen production at high
doses [317—319], affect folliculogenesis [316] by restricting antral follicle growth through
inhibition of 17- beta-estradiol production [320—323], generate ovarian dysfunction [320—323],
impact oocyte maturation and embryonic development [316]. Du and research team found
relevant phthalate concentrations in the FF of women undergoing IVF [316]. These can arise
from intoxications, industrial exposures, or ingestions [183,237,324]. In 2013, Upsona and
research group released a study on the exposure to select phthalates, showing how pervasive
they are among female enrollees. Their research also suggested that phthalates may increase the
risk of developing endometriosis, a hormonally-mediated disease, among reproductive-age
women [325]. Buck Louis and associates also demonstrated that select phthalates are associated
with higher odds of an endometriosis diagnosis [317]. Furthermore, these compounds can be
found in distinct biological matrixes and related to diseases such as cancer [183,237,324].
However, there is still a lack of consistency in the findings, reducing the impact of some

methodologies [317,325—-332].

POF samples present exclusive compounds, such as 1-dodecanol and 4,6-dimethyldodecane.
Even though they are only present in 17% of the samples, as shown in Figure 3, Figure 2
describes a relevant correlation considering the controls and remaining diseases. 1-dodecanol
appears in para-axillary and nipple—areola regions of pregnant women. Some reports show that
this VOC is affected by emotional anomalies [333]. When compared to the controls, urinary
samples from specific types of cancer also presented high levels of 1-dodecanol, namely
colorectal, leukaemia and lymphoma [334]. However, its effects on the reproductive system are
not fully comprehended, and more accurate data is required to formulate a precise mechanism
of action for this metabolite [335]. POF FFs also have great representativeness from Groups A
and B. On the other hand, Group E is mainly absent, as the VOC

dodecamethylcyclohexasiloxane.

Endometriosis has a versatile volatilomic profile, with specific compounds detected in many
samples. Since these metabolites are not as present in the remaining ones, they might be suited
to characterize the clinical condition. Endometriosis samples correlate the best with metabolites
from Group C (tetradecanal (75%), octadecanal (63%), hexadecanal (63%), Eicosamethyl-
cyclodecasiloxane (38%)). Group C components are discrepant through all the samples, but the
FF from the three pathologies present a slight prevalence of these metabolites compared with
the controls. However, according to the heatmap, these may not be suited markers. Octadecanal
and tetradecanal are both fatty aldehydes [336,337]. Tetradecanal, also known as myristyl
aldehyde, is the reduced form of myristyl acid [337]. Hexadecanal is a volatile straight-chain
aldehyde [183] and a final product of glycosphingolipid metabolism [338]. Its metabolization
gives origin to phospholipids that can signal within cells [339,340]. Hexadecanal is present in
several biological fluids [183], but its levels tend to be low, particularly in the cuamulus-oocyte

complexes, according to some animal studies [339]. Cordeiro and his team showed that age is
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closely related to enhanced glycosphingolipid metabolism [341], demonstrating a negative
correlation. Overall, sphingolipids are associated with steroid hormone synthesis, mainly
through the modulation of steroidogenic pathways. These molecules may act as second
messengers or paracrine regulators for genetic transcription, although the sphingolipid
mechanism is still not fully understood [167,342]. The abundance of these compounds in FF
may indicate alterations in the proper steroidogenesis process for these patients [167].
Sphingolipid breakdown is also a relevant event during apoptosis [341-343].
Tetradecamethylhexasiloxane and hexadecamethylheptasiloxane, belonging to Group F, and
some metabolites from Group A, such as diethyl phthalate, might also help differentiate the FF
of endometriosis women. The first two are also siloxanes [344], and

tetradecamethylhexasiloxane was already related to male infertility [345,346].

PCOS samples are the ones that present the smallest number of compounds. Even though the
prevalent VOC is tetradecamethylcycloheptasiloxane, 1-ethyl-2,3-dimethylbenzene and
docosane might be the best predictors once they are only present in the FF of PCOS patients.
Tetradecamethylcycloheptasiloxane, also known as cyclomethicone 7, is a cyclic dimethyl
polysiloxane compound [347]. These metabolites are known to interfere with fertility and
present potential carcinogenic effects (uterine tumours in females). They increase ovarian
atrophy and vaginal mucification [348], disturb hormonal function and are reproductive
toxicants [349]. 1-Ethyl-2,3-dimethylbenzene, or ethyl xylene, is considered a BTEX (benzene,
toluene, ethylbenzene, xylene) member [350]. Exposure to these components generates several
health concerns, especially regarding female reproduction and its regulators [351,352]. Human
studies have demonstrated alterations in menstrual cycles, normal endocrine function, adverse
birth outcomes, and other potential reproductive health risks [353]. Furthermore, still
considering image 3, the components from Group F might also help differentiate the PCOS
profile. The lack of presence from Groups A and B might also relate to the PCOS profile since
these metabolites are relatively  present  in the controls. However,
dodecamethylcyclohexasiloxane (cyclomethicone 6), another cyclic dimethyl polysiloxane
compound [347], was majorly found in the FF of controls and endometriosis patients. Its
toxicity is confirmed, and some studies reported that odecamethylcyclohexasiloxane causes

endometrial tumours. Its mechanism of action, however, remains a mystery [354].

Metabolite 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene is very present in the controls, but its
occurrence is even higher in the samples related to the three diseases. This discrepancy may be
of high relevance. 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene, or MBP, is also a phthalate
metabolite [316]. It is present in 88% of the endometriosis samples and in 67% of both PCOS
and POF. It is formed by the liver Sg fractions, and its metabolic activation may occur in the
fetal liver, being detect as an in vivo metabolite in the fetus [355]. MBP is a very potent
estrogenic metabolite of bisphenol A (BPA) [355], an interferent for oocyte development and
maturation [309]. However, it presents 1000 times more biological activity than BPA [356].
Endocrine disruption can occur through multiple pathways, including binding to steroid

receptors. The androgen receptor (AR) and progesterone receptor (PR) are critical for
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reproductive tract growth and function. MBP has the potential to block or interfere in the
binding of the endogenous native AR and PR ligands, disrupting AR- and PR-mediated
pathways, thus leading to dysfunction [356]. Okuda and co-workers demonstrated that MBP
potent estrogenic activity affects uterine weight, myometrial thickness, and luminal epithelial
cell height in rats studies [357]. MBP activities were also related to breast cancer [358,359], lung
disfunction [360], and pancreatic 3-cell death [361].

The results exhibit interest discrimination of FF samples, demonstrating that the volatomic
profile can be an advantageous approach to identifying potential infertility biomarkers. These

also suggested the possibility of classifying some endogenous metabolites.
3 Conclusions

This work described the application of a HS-SPME/GC-MS methodology to determine the
VOCs present in FF samples from women with clinical manifestations related to infertility. The
GC-MS analysis determined 136 VOCs in all 52 specimens, these corresponding to 15 PCOS
patients, 8 with endometriosis, 12 with POF, and 17 considered controls. Due to their prevalence
in all the samples, 37 of all the 136 were studied, and multivariate statistical analysis revealed
significant alterations in the levels of certain metabolites according to each pathology. The
metabolites that stood out the most are diethyl phthalate, 4-methyl-2,4-bis(4-
hydroxyphenyl)pent-1-ene, and tetradecamethylcycloheptasiloxane. POF samples feature
metabolites from Groups D, such as 1-dodecanol and 4,6-dimethyldodecane, Groups A and B,
accompanied by a lack of Group E. Data related to endometriosis revealed a strong presence of
Group C components, as well as tetradecamethylhexasiloxane and
hexadecamethylheptasiloxane from Group F. FFs from PCOS women, present pertinent
correspondence to tetradecamethylcycloheptasiloxane, 1-ethyl-2,3-dimethylbenzene and
docosane. The altered biochemical profiles revealed several compromised metabolomic
pathways in the various diseases, with endometriosis and POF presenting several similarities.
The high-throughput methodologies employed suggest the possibility of using metabolite
identification as a springboard for the search for potential infertility biomarkers. They also
benefit the exploration of the linked metabolomic pathways and improve diagnostic clinical
tools. However, it is worthwhile to note that this research comprehends a pilot study, and more

testing is needed regarding the volatilomic profile of FF in order to improve future prospects.

The “Chapter II” of the present dissertation is present in an article submitted to publication.
“Volatilomics as an Emerging Strategy to Determine Potential Biomarkers of Female Infertility:
A Pilot Study”, by Brinca, A.T.; Anjos, O.; Alves, M.M.C; Sousa, A.; Oliani, A.H.; Breitenfeld, L.;
Passarinha, L.A.; Ramalhinho, A.C.; Gallardo, E., Biomedicines 2022.
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