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CHAPTER 1: GENERAL INTRODUCTION

1. Maternal metabolic health in relation to fertility

1.1 Western type diet, obesity and the impact on metabolic health and fertility

1.1.1  Obesity and the importance of subfertility: facts and figures

In the modern world, the overconsumption and large portion sizes of obesogenic type
diets or western type diets, which are low in fruits and vegetables, high in long chain
saturated fats and sodium and characterized by large portion sizes, a high amount of
calories and excess sugar ((Haley et al., 2019b), in combination with a lack of physical
activity, form the main cause of the increased obesity prevalence worldwide and is
known to increase the risk of metabolic disorders, leading to metabolic changes, and
eventually to the development of metabolic syndrome (Hu et al., 2003; London et al.,
2017). The latter one, also called syndrome X or insulin resistance syndrome, is defined
by the World Health Organization (WHO) as “a pathogenic condition characterized by
abdominal obesity, insulin resistance, hypertension and hyperlipidaemia” (Saklayen,
2018). Metabolic syndrome is a condition that includes increased abdominal fat,
hypertension, hyperglycemia, elevated triglyceride (TG) concentrations and low HDL
cholesterol, and has found to be significantly impacting on female fertility (Hu, 2003).
Metabolic syndrome has a global average prevalence of 31% and thus forms a major
health hazard in today’s world (Eckel et al., 2010; Engin, 2017a; Saklayen, 2018).
Obesity is defined as an abnormal or excessive fat accumulation that impairs health,
according to the WHO (Mahutte et al., 2018) and it is nowadays considered as the
largest public health problem in industrialized and developing countries. As was
recently stated by the WHO in their key facts on obesity and overweight, 1 in 8 people
in the world were living with obesity in 2022 and worldwide adult obesity has more
than doubled since 1990. Adolescent obesity has even quadrupled since 1990. The
WHO stated that in 2022, 43% of adults aged 18 years and older were overweight and
16% were living with obesity (WHO, 2024). It was estimated that by 2030, 40% of the

world population will be overweight, diagnosed at a BMI between 25.0kg/m? and
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29.9kg/m?, and 20% will be obese, diagnosed at a BMI that exceeds 30kg/m? (Bessesen,
2008; Fernandez-Sanchez et al., 2011; Oestreich and Moley, 2017; Liu et al., 2021). Next
to the significant impact of obesity and overweight on metabolic health, reproductive

health is also impaired in obese and overweight women.

The prevalence of subfertility and infertility among women has shown to progressively
increase. As fertility is complex and depends on multiple factors, its impairment has
been associated with complex interactions between nutritional, environmental and
genetic factors. Subfertility is defined as any form or grade of reduced fertility in
couples with prolonged time, being more than six cycles with unprotected intercourse,
of unwanted non-conception (Gnoth et al., 2005), referring to the lacking ability of
conception, maintaining a pregnancy or successfully producing healthy offspring.
Infertility may be used synonymously with sterility and is clinically defined as one year
or more of unwanted non-conception with regular unprotected intercourse in the
fertile phase of the menstrual cycles (Gnoth et al., 2005; Zegers-Hochschild et al., 2009).
Globally, an estimated one out of every six people are affected by the inability to have
a child at some point in their life (WHO, 2021). In 2018, 50-80 million women worldwide
encountered subfertility issues and in 20-30% of the cases, the cause was unknown.
When discussing sub/infertility prevalence estimates it is however important to be
aware of the variation in how researchers define and measure sub/infertility, which
may result in imperfect estimates on subfertility prevalence (Cox et al.,, 2022). In
Belgium, 10 to 15% of couples with difficulties to conceive at least once, seek
reproductive assistance. According to the Belgian 2019 Assisted Reproductive
Technology (ART) National Summary Report of the College of Physicians in
Reproductive Medicine (published by the Belgian Register for Assisted Procreation
(BELRAP)), 25% of the causes of infertility among ART patients are linked to pathologies
in the female, 26% are male pathologies, 17% are due to a combined female and male

pathology (17%), 24% remained unexplained with no clear cause of infertility found in
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either partner and 8% is unknown. In 40% of the women, the pathologies relate to tubal
defects, which may be, amongst others, a consequence of tubal infections with
Chlamydia Trachomatis or Neisseria Gonorrhea (Silvestris et al., 2018). Other female
pathologies were ovulatory dysfunction (in 40.88% of the women), endometriosis
(35%), premature ovarian failure (8.5%), genetic anomaly (6.8%) and uterine factors
(8.70%). Some patients had more than one cause identified per cycle (BELRAP, 2019).
Couples with subfertility may encounter feelings of reduced self-esteem, failure,
anxiety and guilt, both in men and women, which may eventually even lead to grief and
depression (Hasanpoor-Azghdy et al., 2014). Reproductively challenged couples also
experience stigmatization, potential socio-isolation, exile and even being neglected by
family and the community or being disinherited. In developing countries, the
consequences of subfertility may form an added stress to couples as they directly rely
on their children for future economic survival (Ombelet, 2014). New estimates by the
WHO show some variation in sub/infertility prevalence across the WHO geographical
regions, indicating lifetime prevalence of infertility is highest in the Western Pacific
Region and African region and lowest in the Eastern Mediterranean Region. The
available data was however based on a very limited number of studies, suggesting that
the observed differences may not be substantial or conclusive (WHO, 2021).
Subfertility can be treated with ARTs, but, although the financial burden of ART
treatment on society remains modest (Chambers et al., 2009; Chambers et al., 2013) as
reproductive assistance only makes up less than 2% of the total health care costs in
western countries (Katz et al., 2002), the economic impact for the patients remains
significant (Chambers et al.,, 2009; Chambers et al., 2013). However, with the
accessibility of treatment through social security systems and considering the
increasing proportion of couples seeking reproductive assistance, fertility clinics
providing ART are a thriving business (Chambers et al., 2009; Ombelet, 2014). In
Belgium, 85% of the almost 41.000 ART cycles were covered by social security in 2021,

as was reported by BELRAP. The total cost associated with an ART treatment, pregnancy
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follow-up, delivery and child cost until the age of 2 years for singleton births was
estimated to be 17.800 euros, of which the cost of the ART treatment is 2.417 euros

(Peeraer et al., 2017).

Already 39% and 15% of the global female population is considered to be overweight
or obese respectively, as was estimated by the WHO in 2016 (WHO, 2022)(Fig. 1).
Various epidemiological studies have reported impaired reproductive physiology in
obese and overweight women (Gesink Law et al., 2007; Wise et al., 2010; Loy et al.,
2018). It is known that 60% of the women in the US with a wish to have children are
overweight and that the reproductive outcomes of these women are lower compared
to normal weight women (Luzzo et al., 2012). The risk of subfertility in obese women
was even shown to be three times higher compared to non-obese women (Evers, 2002;
Talmor and Dunphy, 2015). Furthermore, for every unit increase in BMI above
25kg/m?2, chances for spontaneous conception decrease with 5% as was seen in a large
cohort of subfertile couples across different ART centres. That same study reported a
linear decline in the probability of spontaneous pregnancy above a BMI of 29 (van der
Steeg et al., 2008). Generally, the prevalence of obesity is higher in adult women
compared to men at all ages (Chooi et al., 2019) (Fig. 2) and obese women have shown
to account for a larger percentage of seeking medical reproductive assistance
compared to normal weight women (Vahratian and Smith, 2009). As the numbers of
overweight and obese individuals continue to rise in western countries (WHO, 2017),
female subfertility is expected to inevitably follow the same trend. Therefore, the
economic, socio-cultural and psychological burden that female subfertility may have, is

of growing significance.

14



CHAPTER 1: GENERAL INTRODUCTION
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Figure 1. Share of women aged 18+ years who are overweight or obese (BMI>25), estimated
by WHO in 2016 (WHO, 2022).
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Figure 2. Global prevalence of obesity in adults > 20 years old by age group and sex (ca. 2015)
(Chooi et al., 2019).
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A disturbed metabolic state can result in many fertility problems such as menstrual
irregularities, anovulation, longer times to conception, reduced conception rate,
increased miscarriage rates, increased risk of pregnancy complications, dystocia and
foetal abnormalities. Hampered reproduction in obese women can thus not be
attributed to a single factor, but is a complex health issue evident at several levels
(Robker, 2008; Zain and Norman, 2008). It has been reported that menstrual
disturbances are fourfold more common in obese women (Seif et al.,, 2015).
Anovulatory infertility has been associated with obesity in various human studies
(Green et al., 1988; Jensen et al., 1999; Bolumar et al., 2000; Mola, 2009; Jungheim et
al., 2012; Weiss and Clapauch, 2014; Giviziez et al., 2016). Women with an overweight
of less than 20% of their body weight have 2.6% of anovulatory cycles, whereas a
percentage of overweight exceeding 74% of their body weight, was linked with 8.4%
anovulatory cycles. The risk of reproductive morbidity, including ovulatory disorders, is
thus believed to increase when BMl is also increased (Jungheim et al., 2012; Giviziez et
al., 2016). It has also been reported that greater degrees of obesity over a longer period
of time is associated with worse clinical outcomes related to fertility, indicating that the
effect of obesity is duration dependent (Best and Bhattacharya, 2015). Obese women,
even when they have regular ovulation, have shown to have decreased rates of
pregnancy and required a longer time to achieve spontaneous pregnancy (Gesink Law
et al., 2007; Wise et al., 2010). Miscarriage rates have been reported to be increased
as well in obese women (38.1%) compared to women with a normal BMI (13.3%)
(Bellver et al., 2003; Lashen et al., 2004). Furthermore, obese women (25.3% IVF cycle
cancellation rate) were found to have decreased success rates of ARTs compared to
normal BMI women (10.9%) (Dokras et al., 2006; Luke et al., 2011). A 68% reduction
has even been shown in chances of having a live birth following the first ART cycle for
obese women compared to non-obese women (Sim et al., 2014). Besides higher
chances for congenital anomalies, developmental delay and neurological deficits,

children from obese mothers also have a higher chance to develop childhood obesity,

16



CHAPTER 1: GENERAL INTRODUCTION

type Il diabetes and cardiovascular diseases (Jungheim and Moley, 2010, Luzzo et al.,
2012). In 2014, 41 million children under the age of 5 were overweight or obese.
Researchers suggest that the global obesity pandemic is not only a result of the
Western style diet and the sedentary lifestyle, but that the risk of obesity in the
offspring is programmed before or during pregnancy (Oestreich and Moley, 2017). The
‘First 1000 Days’ campaign states that the nutritional status of both child and mother
is most important in the fetal and neonatal period until 2 years after birth (total of 1000
days: 280 days before birth + 720 days after birth) (Suzuki, 2018). According to the
Developmental Origins of Health and Diseases (DOHAD) hypothesis, adverse events at
conception and during pregnancy, like maternal overnutrition, lead to an increased risk
of illness later in life because of epigenetic consequences on the offspring (Oestreich
and Moley, 2017). Epigenetic programming starts very early during development,
particularly in the oviduct during pre-implantation embryo development. The
mechanisms of epigenetic programming are not the focus of this work. However, it is
important to understand that maternal metabolic stress and its impact on early embryo
development does not only have an effect on fertility but can also lead to adverse
effects in the offspring. This highlights the importance of fundamental research to
investigate the effects of metabolic stress on the reproductive system in order to

further elucidate the underlying mechanisms of subfertility.

1.1.2 Health and reproductive physiology: causative links

As subfertility comprises a complexity of events that can interfere with different
aspects of reproductive physiology, it can be driven by many different pathways.
Subfertility can, irrespective of species, be caused by immunological and infectious
diseases, congenital abnormalities and extensive exposure to extreme environmental
conditions such as endocrine disrupting chemicals, but also excessive caloric
expenditure (for example by athletes) and chronic malnutrition (Evers, 2002). Aging is

another risk factor and is known to reduce fertilization rates and increase foetal
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chromosomal abnormalities (Kim et al., 2013). Furthermore, advanced maternal age is
linked with significant morphological and functional alterations in the oocytes (for
example atypical polar body morphology and intracytoplasmic anomalies such as
vacuolization and intracellular lipid droplets) as well as with a reduced ovarian reserve
and decreased oocyte/embryo competence. The overall success of female and
mammalian reproduction is thus highly dependent upon maternal age (Cimadomo et
al.,, 2018). Another key player contributing to the causes of infertility is hormonal
imbalance. Disturbed hormone profiles, which are characterized by reduced oestradiol
and progesterone levels, form the basis of fertility related disorders. Altered hormone
balance can lead to ovulatory disorders, reduced oocyte and embryo quality, poor ART
outcome, increased miscarriage rate and a range of gynaecological and obstetric
comorbidities linked with obesity (Lash and Armstrong, 2009), which may even have
lasting adverse effects on offspring (Jungheim et al., 2011a). Successful reproduction
requires normal functionality of the hypothalamic-pituitary-gonadal axis, which is the
‘command-centre’ managing the mechanisms controlling reproductive function and
metabolic state (Donato et al.,, 2011). The hypothalamus produces gonadotropin-
releasing hormone (GnRH) which triggers the pituitary to produce gonadotropins,
follicle stimulating hormone (FSH) and luteinizing hormone (LH), thereby regulating
progesterone and estrogen production in the ovary (Schneider, 2004; Jain et al., 2007;
van der Steeg et al., 2008). Progesteron and estrogen secreted by the ovaries can inhibit
the hypothalamic synthesis of GnRH and gonadotropin synthesis by the pituitary gland
via a feedback loop, hence playing a vital role in regulating reproductive function
(Gupta P, 2021). Estrogen switches from being inhibitory (negative feedback) on GnRH
secretion to stimulatory (positive feedback) on GnRH secretion upon ovulation
(Kauffman, 2022). An overview of the hypothalamic-pituitary-ovarian (HPO) axis can be
found in Figure 3. Disruptions at different levels of the HPO axis, as a consequence of a
disturbed metabolic state, may have an impact on reproductive events such as follicular

development and ovulation, eventually leading to decreased fertility. A number of
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reproductive disorders, such as hypothalamic amenorrhea, hyperprolactinemia and
PCOS in women, are associated with impaired GnRH pulsatility (Tsutsumi and Webster,
2009). Obese women showed to have lower GnRH, LH and FSH concentrations which
may result in oligo- or anovulation, poor oocyte quality and aberrant follicle
recruitment (Michalakis et al., 2013). In addition, sex steroid balance may also be
disturbed by metabolic disorders. Insulin plays an important role in a multitude of
ovarian functions such as steroidogenesis, regulating folliculogenesis, gene expression
in the follicle, oocyte maturation etc. (Poretsky et al., 1999; Dupont and Scaramuzzi,
2016). The increased circulating insulin concentrations associated with obesity lead to
the suppression of hepatic sex hormone-binding globulin (SHBG) synthesis, the carrier
protein of androgens and estrogens in the blood (Hammond, 2011). A reduction in
SHBG leads to elevated circulating free sex steroids, resulting in an increased metabolic
clearance of these hormones. This is however compensated by increased androgen
synthesis by the ovaries resulting in hyperandrogenism which has a pathophysiological
effect on ovarian function and is also associated with menstrual disturbance and oligo-
anovulation (Michalakis et al., 2013; Kazemi et al., 2020). Adipose tissue forms an
important site for steroid hormone synthesis, metabolism and storage. Obese
individuals have shown to have a greater steroid pool compared to normal weight
individuals (Gambineri et al., 2002).

In addition, the impact of lifestyle on female fertility became a very important research
focus the past years. More and more evidence shows that physiological stress, smoking,
drugs, caffeine, environmental pollutants, metabolic stress and obesity adversely affect
fertility. However, the underlying pathways and cellular mechanisms are yet often
missing and not well understood (Silvestris et al., 2018). An in-depth knowledge of the
involved pathways is crucial, though, in order to be able to propose advise on lifestyle,

preconception care or therapeutic interventions.
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ProgesterorD ( Estrogen

Figure 3. Overview of the hypothalamic-pituitary-ovarian axis. Estrogen switches from being
inhibitory (negative feedback) on GnRH secretion to stimulatory (positive feedback) on GnRH
secretion upon ovulation (Kauffman, 2022). GnRH = Gonadotropin Releasing Hormone; LH =

Luteinizing Hormone; FSH = Follicle Stimulating Hormone (made with Biorender).

While the systemic metabolic disorders that are associated with obesity and
obesogenic diets have their effects on overall body function, they specifically affect
reproduction. Metabolic stress conditions are known to affect reproduction since diet
(Leroy et al., 2014) and metabolic health (Robker et al., 2009b) were found to be
reflected in the oocyte and embryo developmental environment, thus linking metabolic

health and subfertility. Metabolic stress is defined as a physical imbalance resulting
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from an overload or shortage in directly available energy sources (Sordillo and Raphael,
2013). The consequences of metabolic stress are evident and are not only focused on
the direct impact on ovarian cyclicity (Leroy et al., 2011). Metabolic stress conditions
affect fertility through interactions with reproductive processes at different levels of
the female tract, thereby leading to reduced oocyte and embryo development, as was
shown in in vitro bovine studies (Leroy et al., 2017). The impact may be mediated
through systemic alterations or through direct detrimental effects during oocyte and
embryo development and during pregnancy (Jungheim and Moley, 2010). Obese
individuals show upregulated fat storage due to the excessive supply of TGs from high
fat (HF) diets and simultaneous hyperglycaemic conditions (Morigny et al., 2016), of
which the latter were reported to be directly toxic for in vitro embryo growth (Fraser
et al., 2007).

Animal models are often used to thoroughly study the effects of obesity and metabolic
changes on reproduction and specifically oocyte quality. Mice are commonly used as
diet-induced obesity (DIO) models. Because of the absence of a specific marker and a
consensus for mice that defines the presence or absence of obesity, some studies have
established their own parameters such as the difference of 15% or 20 gram in body
weight between test and control groups, adiposity index determination, creation of
cutoff points, and calculation of body mass index. However, the majority of studies
consider the differences in total body weight gain as the main parameter to assess the

outcome of the development of obesity (reviewed by (Dias et al., 2021)).

The sequence of the pathophysiological changes, that occur at the cellular level in
association with the development of a metabolic disorder such as obesity, varies from
one tissue to another and is not clearly described. However, it is known that
hyperlipidaemia, as a result of a high fat/high sugar (HF/HS) diet, leads to lipotoxicity,
mitochondrial dysfunction and oxidative stress (OS) as well as to local inflammatory

responses (Lin et al., 2005; Herdt, 2013; Engin, 2017b). These are the key mechanisms
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by which peripheral tissues are affected during the development of metabolic
disorders. These mechanisms may also apply on the temporal changes that are

expected to occur in the reproductive tract (Herdt, 2013; Engin, 2017b).

In the following sections, the underlying mechanisms of the obesogenic diet-induced
metabolic changes will be described in more detail (an overview can be found in Figure

5) as well as their impact on reproduction.

1.1.3 Diet-induced metabolic changes and dynamics that lead to systemic metabolic

stress and metabolic disease

1.1.3.1 Hyperlipidaemia and lipotoxocity
In the intestinal lumen, TGs, from the diet, are digested to free fatty acids (FFAs) and
taken up by the enterocytes. Cholesterol is taken up through a specific cholesterol
transporter after which it is transformed in the enterocyte into cholesterol-esters. TGs
are re-synthesized and packaged together with cholesterol-esters in chylomicrons
(Hussain, 2014). When they are released in the blood stream, the chylomicrons interact
with lipoprotein lipase (LPL), resulting in lipoprotein precursors which can be taken up
by the liver. Lipoproteins of different sizes, very low density (VLDL), low density (LDL)
and high density (HDL) lipoproteins, are released from the liver into the circulation
(Goldstein and Brown, 2009; Klop et al., 2012; Lambert et al., 2012). The different
lipoproteins contain TGs, cholesterol, phospholipids and proteins. In the bloodstream,
chylomicrons and VLDL interact with LPL. LPL forms the primary enzyme for TG lipolysis
in the circulation and is stimulated by insulin, which increases postprandially. It
catalyzes the release of FFA which diffuse across the endothelial cells after which they
can enter the adipose, muscle, mammary and other target cells (Karpe et al., 2011;
McQuaid et al., 2011). The postprandial increase of insulin inhibits hormone sensitive
lipase (HSL), a key enzyme for hydrolysis of FAs from TGs in adipose tissue, which results

in glycerol and 3 free or non-esterified fatty acids (NEFAs) (Karpe et al., 2011) (for an
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overview see Figure 4). When lipolysis occurs, chylomicrons and VLDL shrink and form
respectively chylomicron remnants and dense LDL. Through the LDL receptor, LDL is
taken up by the liver. Also the chylomicron remnants are taken up by the liver and they
are broken down into FFA, cholesterol, glycerol and amino acids (Goldstein and Brown,
2009; Lambert et al., 2012). The liver also contributes to HDL particles synthesis. HDL
stimulates the uptake of cholesterol from peripheral tissues and returns cholesterol to
the liver.

Obesity is typically associated with dyslipidemia which consists of increased TGs and
FFAs, decreased HDL cholesterol with HDL dysfunction and normal or slightly increased
LDL cholesterol with increased small dense LDL. In addition, human obesity is
commonly associated with increased FFA and cholesterol concentrations as well as
hypertriglyceridemia in the serum (Klop et al., 2013). Hypertriglyceridemia is a form of
hyperlipidaemia in which the blood TG levels are elevated (Karr, 2017). Lin et al. (2005)
have demonstrated that 48 hours of feeding a HF diet, with high concentrations of
saturated fats and trans fats, resulted in hypercholesterolemia and
hypertriglyceridemia in C57BL/6 mice (Lin et al., 2005). Various other studies also
reported higher levels of LDL cholesterol in the serum of HF diet fed mice compared to
controls (Williams et al., 2014; Huang et al., 2019; Sadowska et al., 2019). Furthermore,
mice fed a HF diet showed elevated glucose concentrations in their blood. The observed
glucose intolerance was reported to develop in distinct phases. The first phase, after 3
days of feeding, resulted in elevated glucose concentrations, which improved after 1
week on the diet and remained stable until 12 weeks. Between 12 and 16 weeks on the
HF diet the glucose concentration showed a second significant increase (Williams et al.,
2014). Plasma NEFA concentrations are increased in obese women due to the
upregulated basal lipolysis of the adipose tissue and the increased fat uptake from their
diet (Alligier et al., 2013). The adipose tissue plays an important role in metabolic
disorders. Under normal conditions, HSL moves from the cytosol to the surface of lipid

droplets and interacts with perilipin-1 and neutral lipids. HSL then hydrolyses
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triglycerides into glycerol and NEFAs. In the circulation, NEFAs are bound to albumin to
facilitate their transport to different target cells (Bolsoni-Lopes and Alonso-Vale, 2015;
Sun et al., 2019). Reduced circulating insulin or reduced insulin sensitivity, which is
associated with metabolic disorders, results in the ineffective inhibition of HSL-
mediated lipolysis in adipose tissue (Lan et al., 2019) (Fig. 4). Adipocytes undergoing

uncontrolled lipolysis results in high levels of circulating NEFAs in obese individuals.
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Figure 4. Summarized overview of the regulation of adipose storage and lipolysis by insulin.
Insulin resistance, which is associated with metabolic disorders, results in the ineffective
inhibition of HSL-mediated lipolysis in adipose tissue, causing adipocytes to undergo
uncontrolled lipolysis, leading to high levels of circulating free fatty acids. LPL = Lipoprotein
Lipase; VLDL = Very Low Density Lipoprotein; GLUT = Glucose Transporter; HSL = Hormone
Sensitive Lipase (made with Biorender).

Additionally, increased caloric intake leads to increased storage of TGs in the adipocytes
and as the adipocytes grow their capacity to limit lipolysis in response to insulin is
impaired. With increasing lipolysis, the adipokine production by the adipose tissue
increases as well (Arner, 2005). The metabolism of different tissues and organs,
especially muscle, liver and pancreas, is influenced by adipokines. Adipocyte
hypertrophy leads to infiltration of the adipose tissue with macrophages and T helper

cells. The macrophages secrete pro-inflammatory cytokines and interleukins, such as
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TNF-a and IL-6. Upon secretion by the adipose tissue, adipokines promote additional
release of TNF-a and IL-6 (Snider and Wood, 2019). TNF-a has a big impact as it alters
the normal insulin signalling pathway, stimulates lipid breakdown by altering the action
of perilipin, decreases the insulin receptor substrate-1 activity and its substrate
phosphorylation and decreases the glucose transporter GLUT4 synthesis and
membrane translocation in the adipose tissue. Thereby, the plasma NEFA
concentrations continue to increase which leads to increased lipid deposition in the
liver, skeletal muscle, pancreas and heart (Bergman and Ader, 2000; Wajchenberg,
2000; Tamura and Shimomura, 2005; Karpe et al.,, 2011). Chronic elevation of
circulating NEFAs can reach toxic levels of TG accumulation within non-adipose tissues.
The deleterious effects of the intracellular lipid accumulation in non-adipose tissues are
known as lipotoxicity, which promotes insulin resistance (Engin, 2017c). Lipotoxicity is
typically associated with decreased cell function by affecting energy uptake and
processing pathways, inducing oxidative stress and mitochondrial dysfunction.

Elevated serum NEFA concentrations are reflected in the FF, as well as oviductal fluid,
as was shown in humans and cows (Leroy et al., 2005; Valckx et al., 2014a; Jordaens et
al.,, 2017a) and can thus have a detrimental impact on oocyte and embryo quality
(Jungheim et al., 2011a). NEFAs can reach the oocyte via the FF and can be taken up by
the follicular cells and/or oocytes. In the oocyte, fatty acids have an important role in
maturation, fertilization and preimplantation development as well as serving as an
important source for energy production (Dunning et al., 2010). To protect itself from
lipotoxicity the oocyte efficiently stores FAs intracellularly within lipid droplets
(Warzych et al., 2017). Oocytes from follicular fluid rich in FAs, may thus contain a
higher number of lipid droplets (Ferguson and Leese, 2006; Sturmey et al., 2009;
Warzych et al., 2017). Oocytes were shown to actively take up and metabolize NEFAs
out of their environment by fatty acid B-oxidation (Aardema et al., 2011). An excessive
amount of lipid droplets can however have a large impact on oocyte and embryo

quality. Intracellular lipids were shown to be dramatically increased in both oocytes
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and cumulus cells of DIO mice (Wu et al., 2010). The increase in intracellular lipids in
the oocyte may be caused by an upregulated active uptake of lipids from the FF or by
the different nutrient availability which leads to a shift in energy pathways in the
oocyte, however this is not clear yet. The accumulation of lipids in such cells other than
adipocytes and the incapability of packaging the FAs into lipid droplets may however
be considered as the initiation of lipotoxicity (Szendroedi and Roden, 2009; Hauck and

Bernlohr, 2016; Engin, 2017c).

Next to the increased accumulation of neutral lipids in somatic cells, an obesogenic diet
may also change the composition of lipids which are essential for the structure and
functions of the plasma membrane and membranous organelles and play an important
role in cell signalling and cell-to-cell interaction (Cockcroft, 2021). Cell membrane
phospholipid composition is regulated by the FA composition of dietary fat, being
especially sensitive to n-6 and n-3 polyunsaturated fatty acids (PUFAs), with a
preference for the latter (Haag and Dippenaar, 2005; Perona et al., 2007). Membrane
saturated fatty acid (SFA) and monounsaturated fatty acid content is not as dependent
on the dietary FA profile, as these FAs can be synthesized endogenously. The type and
amount of dietary lipids have shown to influence the lipid composition of cell
membranes and impact interactions with proteins involved in different processes
associated with the metabolic syndrome, such as dyslipidaemia, regulation of insulin
sensitivity and hypertension. The effects were suggested to be partially mediated by
the modification of the composition and structural properties of plasma membranes
(Barcelo et al., 2009). The modification of plasma membrane lipid composition can
change membrane biophysical properties and can thus influence protein-lipid
interactions, enzymatic activity and regulation of surface receptors (Yang et al., 2011;
Maulucci et al.,, 2016; Romero et al., 2019). Obesity has been linked to altered
membrane lipid composition and fluidity (reviewed by (Ahyayauch, 2023)). Moreover,

lipid bilayer stress can modulate the function of membrane proteins involved in the
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pathogenesis of obesity-linked inflammatory and metabolic disorders (reviewed by
(Gianfrancesco et al., 2018)). Many studies have reported a strong relationship
between dietary lipids, membrane lipid profiles and insulin resistance, with SFAs rich
diets leading to insulin resistance (Haag and Dippenaar, 2005; Chabowski et al., 2013).
Different studies have demonstrated that alterations in the fat content of the diet and
in the ratio between saturated and unsaturated FAs influence the lipid profile of
reproductive cells and tissues. As such, n-3 polyunsaturated fatty acid (PUFA)
supplementation of the diet increased n-3 PUFA content of endometrial epithelial cells
of cattle (Childs et al., 2008). Additionally, Zachut et al (Zachut et al., 2011) reported
increased concentration of n3-FA in plasma, FF and granulosa cells (GCs) of cows fed a
diet supplemented with n-3 FAs. A similar study in sheep demonstrated an altered FA
composition of both GCs and oocytes as well as an impact on ovarian steroidogenesis

(Wonnacott et al., 2010).

1.1.3.2 Cellular stress and the role of mitochondria

In the mitochondria ATP is generated through oxidative phosphorylation in the
mitochondrial matrix. By-products of this process are reactive oxygen species (ROS)
(Menezo et al., 2016), which play a key role as signaling molecules. ROS are generated
as some electrons in the mitochondrial transport chain ‘leak’ to oxygen thereby forming
superoxide anion (0,*) (Kovacic et al., 2005). Superoxide (0,*) and hydrogen peroxide
(H20,) are considered the main ROS species (Engin, 2017c; Snider and Wood, 2019).

In the lipotoxic state, the metabolization of FFAs increases the rate of oxidative
phosphorylation which leads to excessive production of ROS. The resulting high
concentrations of ROS are harmful to different cellular structures and functions
(Gehrmann et al., 2010). For example in the membrane of the cell or mitochondria, ROS
can induce the oxidation of lipids, resulting in the formation of highly reactive lipid
peroxides, which can then cause further disruption of several cellular processes (Su et

al., 2019). Cells contain a large number of antioxidants to prevent or repair the damage
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caused by ROS. The most important enzymes in the cellular antioxidant (AO) defense
mechanisms are superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and peroxiredoxins (like PRDX6). SOD converts O,* in the mitochondria into H,0,
and molecular oxygen. Catalase and peroxidases convert H,0; in the cytoplasm into
water. Peroxiredoxins are able to reduce H,0;and lipid peroxides (Weydert and Cullen,
2010; Rhee et al., 2012). When these important antioxidants no longer have the
capacity to process excessive amounts of ROS and other radical species, oxidative
stress (OS) occurs (Maier and Chan, 2002). Therefore, OS is defined as “an imbalance
between the generation of free radicals and the AO capacity of the
organism”(Ballesteros-Guzman et al., 2019). Ros can also damage the mitochondria,
even though mitochondria possess several adaptive mechanisms to cope with oxidative
stress (Marei and Leroy, 2022). When ROS levels exceed a certain threshold, uncoupling
proteins (UCPs) in the inner mitochondrial membrane are activated and partially expel
the proton gradient in the mitochondria. As this generates a bypass of electron
transport from complex V (or ATP synthase) from the electron transport chain, it
reduces the driving force of mitochondrial ROS production (Hass and Barnstable, 2021).
This reduction in the mitochondrial membrane potential (MMP) also elicits a
mitochondrial unfolded protein response (UPRMT) in which the stress-activated
transcription factor ATFS-1 is translocated to the nucleus, where it stimulates gene

RMT initiates a global

expression of mitochondrial chaperones. In addition, the UP
reduction in protein synthesis, inducing protein degradation of endoplasmic reticulum
(ER)-associated proteins (Rutkowski and Kaufman, 2004). At low levels of stress,
cellular homeostasis can be reestablished by chaperones, mtHsp70, Hsp60 and Hsp10,
as they alleviate stress-induced damage and prevent the induction of apoptosis
(Nargund et al., 2012; Runkel et al.,, 2014). When exposure to high levels of ROS
persists, the translocation of misfolded proteins to the mitochondria increases, which

may cause ultrastructural damage. Together with mitochondrial uncoupling, this can

impact cellular mitochondrial bioenergetic capacity and metabolic functions (Marei and
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Leroy, 2022). Higher stress levels may activate mitophagy, a process by which damaged

mitochondria can be eliminated and replaced (Lemasters, 2014).

The endoplasmic reticulum (ER) is a cellular organelle important for regulating calcium
homeostasis, lipid metabolism, protein synthesis, and posttranslational modification
and trafficking (Han and Kaufman, 2016). The ER functions and protein folding
processes are also sensitive to lipotoxicity and OS (Adachi et al., 2009; Pagliassotti et
al.,, 2016). An increased stress level results in failure of protein folding or protein
misfolding, which are then retained in the ER to be either repaired or degraded by the
ER-associated degradation (ERAD) machinery (Nakatsukasa et al., 2008). High levels of
intracellular lipids and high ROS concentrations can generate structural alterations of
the ER, compromising ER functions such as lipid processing, Ca** homeostasis and
protein folding, which leads to the accumulation of misfolded proteins and elicits
specific ER unfolded protein responses (UPRER) (Borradaile et al., 2006). Lipotoxicity is
known to increase membrane fluidity of the ER (Celik et al., 2023). ROS oxidizes nascent
proteins and increases misfolded and unfolded proteins in the ER. Further, ROS acts on
calcium channels in the ER membrane, followed by stimulation of calcium release from
the ER. Decreased concentration of the total calcium in the ER lumen ultimately impairs
protein folding of nascent proteins (Kawasaki et al., 2012). The resulting ER stress is
defined as “an imbalance between the load of unfolded proteins that enter the ER and
the capacity of the cellular machinery to handle this load”. UPR®, activated by ER stress,
is associated with increased expression of ATF4 and ATF6 (Ron and Walter, 2007; Snider
and Wood, 2019). The UPRER is characterized by three main actions, namely a reduction
in the protein load that enters the ER, an increase in the capacity of the ER to handle
unfolded proteins by activation of UPR target genes and cell death (Ron and Walter,
2007). Chronic ER stress can however lead to apoptosis (Tabas and Ron, 2011). ER stress
mediates lipotoxicity in several peripheral organs through ER stress-induced apoptosis

or modulation of membrane composition of phospholipids (Han and Kaufman, 2016).
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A certain level of ROS may be needed for successful conception (Wiener-Megnazi et al.,
2004) and is involved in different physiological processes related to oocyte and embryo
development (Cardoso et al., 2019). Low levels of follicular ROS have been proposed as
a candidate marker for predicting a successful pregnancy outcome in IVF patients
(Attaran et al., 2000). The state of upregulated lipolysis in obese women can however
lead to upregulated uptake of NEFAs during oocyte maturation, which disrupts oocyte
metabolism and leads to increased mitochondrial activity (Gu et al., 2015). This results
in excessive ROS generation and eventually leads to OS. ROS can damage mitochondria
leading to mitochondrial dysfunction, further aggravating the OS (Agarwal et al., 2008;
Jungheim et al., 2010; Wu et al., 2010). Mitochondria are the most prominent
organelles within the oocyte and early embryo and are essential to ensure oocyte
developmental competence as next to energy production they carry out various other
functions within the oocyte, such as spindle formation, promoting cell survival, calcium
signalling, regulating apoptosis and mitochondrial recovery through the UPRM™ (Van
Blerkom, 2004; Richani et al., 2021). Maintaining the balance between ROS production
and detoxification is thus crucial for proper embryo development (Halliwell and
Aruoma, 1991; Kehrer and Lund, 1994; Cardoso et al., 2019). As it is generally believed
that sperm mitochondrial proteins are degraded when entering the oocyte,
mitochondria are exclusively maternally inherited (Song et al.,, 2014). The
preimplantation embryo can only depend on the oocyte’s mitochondria as
mitochondrial replication does not start until the blastocyst stage. Therefore,
mitochondrial dysfunction may have a severe negative impact on the quality of
gametes, oocyte maturation and fertilization (Agarwal et al., 2012; Da Broi and Navarro,
2016; Budani et al., 2017; Abbasihormozi et al., 2019) and result in a detrimental impact
on early embryo development (Richani et al., 2021). In contrast to somatic cells,
mitochondrial dysfunction in oocytes does not lead to increased mitophagy (Boudoures

et al,, 2017). As a consequence, damaged mitochondria accumulate in the oocyte and
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mitochondrial dysfunction may persist during early embryo development (Marei et al.,
2019). Further exposure to lipotoxicity due to high concentrations of NEFAs in the
oviductal fluid can aggravate this even more. The absence of mitophagy in the setting
of a high-fat/high-sugar (HF/HS) exposure contributes to the oocyte-to-blastocyst
transmission of dysfunctional mitochondria (Boudoures et al.,, 2017). The limited
success rates in obese women going to IVF clinics were mainly attributed to poor
mitochondrial quality in the oocytes (Shamsi et al., 2013). Bovine oocytes that were
matured under lipotoxic conditions in vitro showed increased ROS levels in the oocytes
and consequently a lower developmental competence compared to the controls (Marei
et al,, 2017). The resulting blastocysts were triggered by OS regulating mechanisms and
showed signs of mitochondrial dysfunction. Diet-induced obesity in mice showed
oocytes and zygotes with altered mitochondrial function and increased ROS, resulting
in embryos with reduced developmental capacity (Igosheva et al., 2010). Furthermore,
pre-implantation embryos resulting from oocyte maturation under lipotoxic conditions
showed altered mitochondrial functions and DNA methylation (Desmet et al., 2016), as
well as significant epigenetic modifications in developmentally important genes
(Duranthon et al., 2008; Arnaud, 2010). A recent study from our laboratory
demonstrated that zygotes derived from metabolically compromised bovine oocytes,
by PA-exposure during final oocyte maturation, already exhibit altered histone
modifications. During in vitro culture, a concentration of PA was used that resembles
the serum and oviductal fluid pathophysiological concentrations (Jordaens et al.,
2017a). With this continued exposure to a lipotoxic microenvironment during early
embryo development, DNA and histone methylation marks were found to be increased
in morulae (Meulders et al., 2023). Moreover, Meulders et al. (2024) reported that
oocyte and early embryo epigenetic programming are dependent on mitochondrial ATP
production during maturation, using a bovine in vitro experiment. The significant

epigenetic modifications can distort implantation, placentation and foetal growth rate
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and compromise postnatal health (Young et al., 1998; Godfrey et al., 2007; Rivera and
Ross, 2013; Pisarska et al., 2019).

Abnormalities in mitochondrial function are evident at different levels. Mitochondrial
morphology is one of the factors contributing to their functioning. Normal
mitochondria in the oocyte have a smooth inner membrane, truncated cristae and a
round shape (Fabozzi et al., 2021). The oocytes of obese mice exhibit mitochondria with
a higher number of vacuoles, fewer cristae, increased cristae disarray and decreased
electron density of the mitochondrial matrix compared to oocyte mitochondria from
control mice (Luzzo et al.,, 2012). An unbalanced dietary intake also resulted in oocytes
with dumbbell shaped mitochondria. This was linked to alterations of their dynamics,
which may suggest the occurrence of fission and fusion (Boudoures et al., 2016). Swiss
mice that were fed a HF diet for 13 weeks showed oocytes with significantly increased
mitochondrial ultrastructural abnormalities. The abnormal mitochondria were
vacuolated with loose membranous structures, elongated, dumbbell and rose petal in
shape and contained highly electron dense foci or they were degenerated (Marei et al.,
2020). To guarantee proper oocyte maturation, fertilization and embryo development,
the number of mitochondria and their activity have to be regulated as well (Reynier et
al.,, 2001; Cummins, 2002; Kirillova et al., 2021). In that perspective, mtDNA copy
numbers have shown to be crucial to ensure acceptable fertilization rates. The analysis
of mtDNA content in fertilized and non-fertilized oocytes has shown that the non-
fertilized oocyte has a significant reduction of 35% in mtDNA copy numbers (Santos et
al., 2006). Also in mice it was shown that low mtDNA copy nhumber oocytes were more
likely to be negatively affected than high mtDNA copy number oocytes (Ge et al., 2012).
Mitochondrial DNA copy numbers are significantly higher in obese mice fed a HF diet
compared to control, lean mice (Igosheva et al., 2010; Luzzo et al., 2012) The magnitude
of polarity across the inner mitochondrial membrane is also involved in the

mitochondrial activity. High NEFA exposure during bovine in vitro maturation resulted
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in oocytes and cumulus cells with reduced inner MMP (Marei et al., 2017). Igosheva et
al. 2010 have observed oocytes with an increased MMP in obese mice (Igosheva et al.,
2010), whereas feeding a HF diet to mice resulted in oocytes with a significantly
reduced MMP in the study of Wu et al. (2010). Reduced oocyte developmental
competence has been associated with both decreased and increased MMP (Wilding et
al., 2001; Acton et al., 2004). This could be explained by the process of mitochondrial
uncoupling which in somatic cells is an actively regulated process in response to
oxidative stress to reduce further ROS and it constitutes the loss of inner MMP as an
attempt for cell survival (Brand, 2000). This may result in a heterogeneous population
of hyperactive and inactive mitochondria within the same oocyte. Another important
potential marker of oocyte developmental competence is the distribution pattern of
mitochondria throughout the oocyte. It was shown that, after maturation, oocytes with
larger mitochondrial clusters at the periphery were linked with higher developmental
competence compared whereas oocytes linked with reduced developmental
competence did not show this mitochondrial distribution pattern (Stojkovic et al.,
2001). Mitochondria surrounding the spindle is another indicator demonstrating
mitochondrial function in oocytes. During oocyte meiosis, mitochondria usually
surround the spindle to meet the energy demand of spindle migration and
chromosome segregation (Wang et al.,, 2020). Spindle defects and chromosome
alignments are significantly higher in HF diet fed mice compared to control mice
(Grindler and Moley, 2013). Studies in which mitochondrial function was inhibited
demonstrated defects in meiotic and mitotic spindles and inhibited oocyte maturation
and embryo development (Zhang et al., 2006; Dalton et al., 2014; Wu et al., 2015). An
established measure of mitochondrial function is the oxygen consumption rate (OCR)
of the oocytes. This can be measured using a Seahorse XF Bioanalyzer which detects
extracellular changes in the cellular consumption of oxygen and the efflux of protons
to measure rates of cellular mitochondrial respiration, glycolysis and ATP production.

As the Seahorse is based on extracellular flux analysis, the technique is a non-invasive
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technique and enables real-time determination of the impact of compounds on the
OCR (Muller et al., 2019).

Feeding an obesogenic diet leads to abnormalities in mitochondrial morphology,
mitochondrial distribution, metabolism and spindle formation in the oocyte. A direct
result of the mitochondrial dysfunction is reduced oocyte quality which ultimately leads

to subfertility.

In the reproductive tract, induction of stress responses have been documented in the
oocytes and GCs collected from HF diet-induced obese mice. Markers of oxidative and
cellular stress (e.g. ER stress markers: ATF4 and HSPAS5 (also known as GRP78 or BiP))
were found to be augmented compared to the controls (Wu et al., 2010). Expression
and activity of antioxidant enzymes have also been shown to be altered as a result of
obesity. Sadowska et al. (2019) for example showed an increase in SOD expression in
the uterus of Wistar rats fed with a 16% sucrose diet for 8 weeks (Sadowska et al.,
2019). In addition, Marei et al. (2020) reported an increase in PRDX6 expression in the
oocytes of Swiss mice fed with a HF diet for 13 weeks as well as a significant increase
of HSPE1, related to mitochondrial UPRs, in both oocytes and CCs (Marei et al., 2020).
Bovine oocytes that were matured under lipotoxic conditions showed higher ROS
content and exhibited upregulation of reduction-oxidation-related genes (Van Hoeck
et al., 2013). Moreover, Marei et al. (2019) reported that blastocysts produced from
palmitic acid (PA)-exposed oocytes had a higher mRNA expression of CAT, SOD, BiP and
ATF6 (Marei et al., 2019). It can thus be concluded that the impact of lipotoxicity,
caused by a HF diet, on oocyte quality is indeed mediated by OS, ER stress and
mitochondrial dysfunction. However, whereas the direct impact of obesity and
obesogenic diets on the ovarian FF microenvironment and oocyte quality is relatively
more documented, the effect on the microenvironment of other reproductive organs,
particularly the oviduct, remains poorly understood. The oviduct, however, provides

the earliest developmental environment for the embryo. Such unfavorable
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conditions associated with obesity and obesogenic diets in the oviductal tract may

thus directly lead to a disturbed reproductive outcome.

Obesogenic diet and obesity

|

Hyperlipidaemia
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Cellular lipid accumulation
and lipotoxicity

{ ER functions

ER stress. «—» t misfolded “—
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Altered cellular functions and apoptosis

Figure 5: Link between lipotoxicity, oxidative stress, endoplasmic reticulum stress and UPRs.
An overview of the sequence of the pathophysiological changes, that may occur at the cellular
level of peripheral tissues in association with the development of a metabolic disorder such
as obesity. Hyperlipidaemia due to an obesogenic diet results in lipotoxicity, which affects the
function and structure of mitochondria, leading to incomplete beta-oxidation of free fatty
acids (FFAs). This results in increased reactive oxygen species (ROS) (H20:2) levels and a
disturbance of the redox balance (oxidative stress). Lipotoxicity and oxidative stress can
disrupt endoplasmic reticulum (ER) functions leading to accumulation of mis-folded proteins,
causing ER stress, more ROS production, and the activation of unfolded protein responses
(UPRs). Under high levels of cellular stress this all leads to altered cell functions and apoptosis
(made with Biorender).

1.1.3.3 Inflammation
Inflammation is defined as dysregulated and persistent chemokine and cytokine

synthesis and secretion and has found to be linked to lipotoxicity pathways. As
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discussed before, increased circulating TGs cause adipocyte hypertrophy which results
in infiltration of adipose tissue with macrophages and T helper cells. These
macrophages secrete TNF-o. and other pro-inflammatory interleukins, like interleukin
6 (IL-6) (Snider and Wood, 2019). IL-6 and tumor necrosis factor alpha (TNF-a) are
cytokines with an inflammatory function. For example, TNF-o. activates the NF-xB
signal transduction pathway resulting in the production of more cytokines and
chemokines (IL-1P, IL-6, IL-12, IL-23, MCP-1, etc.) and an inflammatory state in the
adipose tissue (Fernandez-Sanchez et al., 2011; Liu et al., 2017; Snider and Wood,
2019). In addition, it has been shown that activation of NF-kB may increase pro-oxidant
genes such as NADPH oxidase in the adipose tissue, indicating the link between
inflammation and the generation of ROS (Fernandez-Sanchez et al., 2011; Lingappan,
2018). Similar responses also occur in non-adipose tissues. The peri-ovarian adipose
tissue of mice fed a HF diet for 7 months showed increased immune cell infiltration and
an upregulation of pro-inflammatory cytokine/chemokine gene expression (Nteeba et
al.,, 2013). In addition, excessive FA release can also influence insulin sensitivity by
modulating adipocyte secretion of adipokines and lipokines and FAs promote cytokine
production in macrophages causing adipose tissue inflammation, a known parameter
that also contributes to insulin resistance. (Morigny et al., 2016). Adipokines are
commonly involved in metabolic regulation and inflammatory processes and include
adipose-specific cytokines, secreted by adipocytes, such as leptin, adiponectin, visfatin
and resistin, and the non-adipose specific cytokines such as IL-6, interleukin 1B (IL-1pB),
and TNF-a (Silvestris et al., 2018). They are also known to maintain the integrity of the
hypothalamic-pituitary axis and regulate ovulatory processes and successful embryo
implantation (Tersigni et al., 2011; Silvestris et al., 2018). Alterations in adipokine
signalling can affect female fertility (Mitchell et al.,, 2005) by impacting the
hypothalamic-pituitary axis as well as ovarian follicles and early embryos in women
(Michalakis et al., 2013). For example, the progressive expansion of adipose tissue in

obese mothers culminates with hyperleptinemia and the establishment of leptin
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resistance which result in major consequences in follicle and oocyte growth and
maturation. The altered leptin signalling affects preovulatory follicle formation by
altering steroidogenesis and the communication between the granulosa cells (GCs) and
the oocyte, thereby hampering antrum formation and oocyte growth. Furthermore,
changed leptin signalling hinders meiosis resumption and cytoplasmic maturation, thus

drastically affecting oocyte maturation (Wolodko et al., 2021).

Lipotoxicity can lead to systemic inflammation already as early as 3 days after the start
of the HF diet, illustrated by significant higher plasma levels of IL-6 in C57BL/6 mice.
This may result in local inflammatory responses at the cellular level after long term HF
diet feeding. After 12 weeks and 16 weeks on the HF diet, IL-1f3 and IL-6 expression in
the muscles of the mice were increased as well as TNF-a in muscles and white adipose
tissue (WAT) was increased after 16 weeks of HF diet feeding. The inflammatory effects
appeared to be multiphasic, since no markers of inflammation were measurable
between 1 week and 12 weeks after the start of the HF diet. Therefore, Williams et al.
(2014) suggested that the inflammatory response develops in distinct phases (Williams
et al., 2014). This is in contrast with the result of a similar study where researchers
observed a gradual increase in inflammation in WAT after the start of a HF diet in mice
(Kleemann et al., 2010). The fact that both studies were executed on different mouse
strains, C57BL/6J mice (Williams et al., 2014) and E3L mice (Kleemann et al., 2010),
might explain the differences in their results. Haley et al. (2019) also described
contradicting results since their study showed no effects in the levels of IL-6 and TNF-
a in liver and adipose tissue after short term HF diet feeding of mice (Haley et al.,
2019a). However, are the cellular inflammatory changes in response to an obesogenic
diet observed in the peripheral tissues also elicited at the level of the reproductive
tract? Bovine endometrial cells that were treated in vitro with lipotoxic concentrations
of FFAs showed increased levels of both IL-6 and IL-8 24 hours after treatment, in a

dose-dependent manner (Chankeaw et al., 2018). In addition, increased expression of
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IL-6, IL-8 and TNF-o. was observed in ovaries from obese women and mice (Nteeba et
al., 2013; Ruebel et al., 2016; Xie et al., 2016). Higher BMI appeared to be linked with
elevated CRP concentrations in serum and FF, which is also characteristic for increased
inflammation and involved in OS (Das, 2001; Agarwal et al., 2008; Combelles et al.,
2009). Valckx et al observed that increased CRP in serum was reflected in the follicular
micro-environment of the maturing oocyte in women undergoing ART (Valckx et al.,
2012). In addition, intra-follicular lipid concentrations in overweight and obese patients
were reported to be associated with both pro-inflammatory (CRP, sICAM-1, IL-6, TNF-
a) and anti-inflammatory (adiponectin, IL-10) markers (Gonzalez et al., 2018). These
results confirm that lipotoxicity can induce a pro-inflammatory response in the
reproductive tissue which can have negative effects on the reproductive functions and
embryo development (Chankeaw et al., 2018). However, the multiphasic dynamics of
effects in response to an obesogenic diet as were described in the study of Williams et
al. (2014), have not been described in reproductive tissues.

Taken together, the different studies demonstrate that feeding a HF diet may induce
systemic or local inflammation. However, the dynamics and progression of the effects
in the reproductive tissue remains to be studied. In addition, whether feeding an
obesogenic diet elicits such inflammatory responses at the level of the oviduct,
thereby impacting the earliest environment for the growing embryo, is not known

yet.

1.2 Metabolic changes and their influence on oocyte quality

1.2.1 The follicular microenvironment

The micro-environment in which the oocyte grows and matures and the early embryo
develops is of high importance to ensure optimal oocyte developmental capacity and
subsequent embryo development and quality. Next to the uterine fluid, which consist
of glandular secretions, the micro-milieu comprises the follicular and oviductal fluid

(Rodgers and Irving-Rodgers, 2010; Bhusane et al., 2016; Saint-Dizier et al., 2019).
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Appropriate oocyte and embryo development requires several well-orchestrated
processes involved in oogenesis, folliculogenesis, fertilization and early embryogenesis.
Thorough understanding of these processes is thus of key importance to acquire more
insights in the impact of maternal metabolic disorders on oocyte quality and early
embryo development, and when these alterations may develop over time, since the
growing follicle and oocyte are very sensitive to changes in circulating metabolites in
the follicular fluid during folliculo- and oogenesis (Best and Bhattacharya, 2015; Valckx
et al., 2014b).

1.2.2 Importance of the follicular microenvironment in fertility

The follicle forms the functional unit in which the oocyte grows and matures until
ovulation. The follicular fluid (FF) accumulates in the antrum of the follicle during
follicular development and forms a specialized micro-environment that is responsible
for supporting the oocyte until its release into the oviduct (Hennet and Combelles,
2012). The FF is an ultrafiltrate derived from two sources, namely the bloodstream that
is connected via thecal capillaries in the cortical region of the ovary, and components
that are secreted by cell layers within the follicle, particularly the GCs. The fluid from
the bloodstream is filtrated through the blood-follicle barrier. The capillary network
surrounding the follicle expands as the follicle increases in size (Rodgers and Irving-
Rodgers, 2010; Hennet and Combelles, 2012). FF contains many components, such as
steroid hormones, FSH, LH, proteins, enzymes, cytokines, anticoagulants, ROS,
electrolytes, growth factors, enzymatic and non-enzymatic antioxidants, metabolites,
extracellular vesicles (EVs) and RNAs. A major determining factor for the
developmental competence of the oocyte is the nature of the follicular environment
from which it originates. Various components of the FF have an influence on the growth
and quality of the oocyte (Revelli et al., 2009; Hennet and Combelles, 2012; Basuino
and Silveira, 2016). As such, intrafollicular hormones such as growth hormone, FSH, LH,
progesterone and estretol, a natural estrogen (E4), are vital for folliculogenesis and

oogenesis (Scaramuzzi et al., 2011). The FF of the pre-ovulatory follicle contains a group
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of sterols, namely meiosis-activating sterols, that are involved in meiotic resumption
(Sun et al., 2009). Also FF metabolites such as amino acids, fatty acids, nucleotides and
other small molecules are essential for oocyte growth. Amino acids play an important
role in cellular functions such as energy production and protein synthesis and are
transported to the oocyte via the cumulus cells (CCs) (Van Winkle, 2001; Sutton et al.,
2003). Fatty acids serve as a cellular energy source and have important biological
functions in cell membrane biogenesis (Sturmey et al., 2009; Renaville et al., 2010) and
signalling (McKeegan and Sturmey, 2012). The most abundant NEFAs in serum and FF
are palmitic, stearic and oleic acid (Leroy et al., 2005; Valckx et al., 2014a). Other FF
metabolic substrates, e.g. glucose and pyruvate, are used by oocytes during maturation
(Rieger and Loskutoff, 1994). Taken together, this demonstrates the importance of the
follicular microenvironment to support the needs of the oocyte and regulate the cross-
talk between the oocyte and its surrounding cells. Changes in the composition of the
FF can have a direct impact on oocyte maturation and development as well as on the
metabolism of the oocyte’s supporting cells, such as the CCs (Jungheim and Moley,
2010) and may influence early embryo development and subsequent pregnancy (Gode

et al., 2011; Liu et al., 2012; Yang et al., 2015).

Increased inflammatory markers in FF may disrupt oocyte quality (Robker et al., 2011).
For example higher TNF-a levels are associated with poor oocyte quality (Lee et al.,
2000) and a lower number of fertilized oocytes (Gaafar et al., 2014). Higher levels of IL-
6 were observed in the FF of older IVF patients compared to younger patients, which
was related to a reduced chance of clinical pregnancy (Altun et al., 2011). Furthermore,
oxidative stress in FF can also be associated to impaired oocyte quality
(Chattopadhayay et al., 2010; Da Broi et al., 2016). Next to hormonal, paracrine and
autocrine signalling pathways, the components of the FF can also be altered by
systemic conditions (Chattopadhayay et al., 2010; Von Wald et al., 2010; Liu et al., 2012;
Prieto et al., 2012; Moreno et al., 2015; Da Broi et al., 2018). Metabolic changes in the
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blood were found to be reflected in the FF in both human and animal. Studying the
correlation between serum and FF in cattle during the early postpartum period and in
obese women indicated that metabolic changes in the serum, such as changes in the
concentration of glucose, urea, B-hydroxybutyrate (BHB), TGs, total protein, NEFAs,
total cholesterol as well as elevated insulin concentrations and increased C-reactive
protein (CRP) were reflected in the follicular micro-environment of the maturing oocyte
(Leroy et al., 2004; Valckx et al., 2012). Pantasri et al. (2015) reported that insulin,
glucose and TG levels in both blood and FF positively correlated with increasing BMI
and waist circumference. They also demonstrated that insulin increased in FF in
association with metabolic syndrome (Pantasri et al., 2015). Additionally, female
obesity was associated with FF alterations such as increased glucose and lactate,
decreased human chorionic gonadotropin (hCG) concentrations and increased
androgen activity, which may lead to poorer reproductive outcomes in these women
(Carrell et al., 2001; Robker et al., 2009b). In the study of Ruebel et al, increased levels
of FF leptin, CRP and TG levels were found compared to normal weight women (Ruebel
et al., 2017). In the FF of obese women that were subjected to ovum pick-up, Yang et
al. (2012) reported increased TG and NEFA concentrations which are negatively
associated with human cumulus-oocyte-complex (COC) morphology (Jungheim et al.,
2011b) and were reported to affect both murine oocyte maturation as well as embryo
quality in cattle (Van Hoeck et al., 2011; Van Hoeck et al., 2013). Furthermore, total
NEFA and TG concentrations in the FF were found to be affected by BMI (Valckx et al.,
2014a). Moreover, murine oocytes that were matured in medium supplemented with
TG/NEFA rich FF of obese women showed upregulation of genes related to ER stress
and increased oocyte lipid content (Yang et al., 2012), further suggesting a deleterious
effect of elevated TG and/or NEFA concentrations on oocyte quality. Addition of FF of
obese women during in vitro maturation of bovine oocytes affected oocyte

developmental competence and embryo quality (Valckx et al., 2015). The different
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alterations observed in the FF of obese women undergoing ART treatment are shown

in Table 1.

1.2.3 Cumulus-oocyte-complex interactions

The pre-ovulatory oocyte is known to be surrounded by multiple layers of specialized
somatic cells, the cumulus cells (CCs), which are essential to sustain oocyte maturation
and fertilization (Collado-Fernandez et al., 2012). Their cytoplasmic processes cross the
zona pellucida and penetrate the oocyte membrane, thereby forming the cumulus-
oocyte complex (COC). The CCs support the oocyte maturation and development by
the transportation of small molecules through gap junctions at the ends of their
processes. Amino acids, glucose metabolites, ions, GSH, nucleotides and RNA are
transported to the oocyte (Eppig, 2001; Gilchrist et al., 2004; Macaulay et al., 2016).
The oocyte on its turn regulates granulosa cell (GC) function by producing paracrine
factors, defined as oocyte-secreted factors (Gilchrist et al., 2004). Crucial processes,
such as cumulus expansion, have found to be disturbed or even prevented in the
absence of an oocyte (Sugiura et al., 2007). In the absence of CCs or when gap junctions
were inhibited, the in vitro maturation of bovine oocytes showed to result in oocytes
with an aberrant metabolism and a hampered capacity to support fertilization (Geshi
et al., 2000; Fatehi et al., 2002). Taken together, this shows that proper communication
between the oocyte and its surrounding CCs is highly important to acquire

developmental competence of the oocyte (Krisher, 2004).

Table 1. Overview of the alterations observed in follicular fluid collected upon ovum
pick-up in obese women undergoing assisted reproductive treatment
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(Robker et al., 2009b)

Averaged age: 35.2 + 0.97 years
Average BMI: > 30 kg/m?

(Valckx et al., 2012)

Average age: 35 years (stated as
‘representative cohort of all
women of reproductive age’)
BMI: > 30 kg/m?

A Triglyceride (Yang et al., 2012) Age : not indicated
BMI: > 30 kg/m?
(Valckx et al., 2014a) Average age: 35 years old
BMI: > 30 kg/m?
(Pantasri et al., 2015) Average age: 34.2 £ 4.6 years
BMI: > 30 kg/m?
(Ruebel et al., 2017) Average age : 32.1 £ 1.5 years
BMI: > 25 kg/m? (overweight)
(Yang et al., 2012; Valckx et al.,
M NEFA
2014a)
(Robker et al., 2009a; Valckx et
A Insulin
al., 2012; Pantasri et al., 2015)
 Glucose (Pantasri et al., 2015)
 Lactate (Robker et al., 2009a)
(Robker et al., 2009a) (Valckx
1 CRP et al., 2012; Ruebel et al.,
2017)
1 Androgen
(Robker et al., 2009a)
activity
Average age: not indicated, stated
J hCG (Carrell et al., 2001) ‘no significant differences in age
of patients’
BMI: > 30 kg/m?
1 Leptin (Ruebel et al., 2017)
J HDL-
(Valckx et al., 2012)
cholesterol

BMI = Body Mass Index; NEFA = Non-Esterified Fatty Acid; CRP = C-Reactive Protein; hCG = human

chorionic gonadotropin; HDL-cholesterol = High Density Lipoprotein Cholesterol
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1.2.4 Effects of metabolic stress on oocyte quality

Metabolic stress is demonstrated to be reflected in FF, thus surrounding the oocyte
during maturation. As such, it was demonstrated that murine folliculogenesis was
directly affected by metabolic stress. This was shown by reduced follicle diameter and
antrum formation after exposure to high NEFA concentrations during in vitro
development of follicles from B6CBAF1 mice (Valckx et al., 2014b). To obtain proper
embryo development, the oocyte needs to be of high quality. Poor quality oocytes may
be the cause of female subfertility and may hinder successful IVF. Various studies in
obese women have attributed early pregnancy loss and increased rates of miscarriage
to a reduced oocyte quality in these women (Fedorcsak et al., 2004; Lashen et al., 2004;
Robker, 2008). For instance, oocytes from obese women showed a higher incidence of
reduced quality with increased percentages of fractured zona pellucida or germinal
vesicle stage and reduced nuclear maturity. These oocytes can also have impaired in
vitro fertilization rates which frequently leads to inferior embryos. Disturbed
environmental conditions during oocyte maturation may lead to epigenetic
modifications to DNA and histone proteins, and compromised postnatal health
(Robker, 2008). Severe obesity was associated with a greater prevalence of spindle
anomalies and chromosome misalignment in failed fertilized oocytes, compared to
oocytes from women with a normal BMI (Machtinger et al., 2012). Different studies
have shown a reduced oocyte quality, size or maturity with elevated BMI in humans
(Carrell et al., 2001; Dokras et al., 2006). Women with a BMI exceeding 25 kg/m?
exhibited more germinal stage oocytes, postmature oocytes and oocytes with a
damaged zona pellucida at ovulation, which are all considered bad quality oocytes,
compared to women with a BMI between 20 and 25 kg/m? (Robker, 2008; Purcell and
Moley, 2011). Overweight or obese women undergoing ART showed to have oocytes
with a significantly smaller diameter (Marquard et al., 2011), which were less likely to

reach blastocyst stage, than oocytes from normal BMI women (Leary et al., 2015).
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Another study in obese women undergoing IVF has shown that elevated FFA levels in
their FF were associated with abnormal COC morphology (Jungheim et al., 2011b).

Female obese C57BL/6 mice that were fed a HF diet for 16 weeks demonstrated that
they were less likely to ovulate compared to the lean, control mice. The HF diet fed
mice showed a deterioration in oocyte quality which was manifested in slower
developmental competence during in vitro fertilization and culturing of the oocytes
that did ovulate (Minge et al., 2008). In addition, it has been shown that oocytes
collected from HF-diet induced obese mice exhibit altered mitochondrial functions and
0S, leading to alterations during subsequent embryo development. This was reported
in the study of Marei et al. (2020) where 13 weeks of feeding a HF diet increased the
MMP, ROS concentrations and mitochondrial ultrastructural abnormalities in the
oocytes of both outbred Swiss and inbred C57BL/6 mice compared to their controls
(Marei et al., 2020). Similar findings were observed by Igosheva et al. (2010) in C57BL/6
mice that were fed an obesogenic diet for 6 weeks. Furthermore, C57BL/6 mice fed a
HF diet for 16 weeks had ovaries containing significantly more apoptotic ovarian
follicles and fewer and smaller mature oocytes in comparison to the controls (Jungheim
et al., 2010). These studies show the impact of the obese state on oocyte quality after
long term periods of feeding an obesogenic diet and metabolic stress. However, the
dynamics of the effects on oocyte quality and the reproductive tissue and how quick

these changes are detectable and progress over time have not been elucidated.

The potential effects of diet and the different diet compositions on oocyte quality are
important to be investigated as well (Ashworth et al., 2009) as maternal dietary intake
has shown to be the main source of nourishment for the oocyte and early embryo
(Leese, 2012). Studies investigating the effects of obesity and metabolic stress on
oocyte quality often use diet-induced obese mouse models which are fed with different
diets and different diet compositions, such as high fat only, high fat/ high sugar, high

sugar only, the Western cafeteria diet and many more (Panchal and Brown, 2011). All

45



CHAPTER 1: GENERAL INTRODUCTION

different diets and their composition may have a differential impact on oocyte quality,
and ultimately on fertility. It has been reported that adding 6% fat to the diet causes
alteration of the FA profile of both serum and FF in cows and this altered FF FA
composition was reflected in the COC’s FA content and profile (Adamiak et al., 2005).
In human, reduced quality and developmental morpho-kinetics of preimplantation
embryos have been associated with insufficient maternal vegetable and fruit intake
during the periconception period (Hoek et al., 2020). On the other hand, a ‘high fish,
olive oil and low meat’ maternal dietary pattern during the early first trimester, was
linked with accelerated embryonic development in human (Parisi et al., 2018).
Consumption of a low-dose of sucrose for 6 months by healthy monkeys has shown to
inhibit oocyte maturation and early embryo gene expression (Chaffin et al., 2014). Very
little is known however about the importance of the duration of feeding and the
impact of duration on the development of effects. The consumption of an obesogenic
diet may already directly impact reproductive physiology pathways without
immediately inducing an obese metabolic state. Therefore, thorough investigation of
the impact of duration of feeding is needed, as oocyte quality and embryo
development may already be impacted directly after an obesogenic meal, long before

the development of the obese metabolic state.

1.2.4.1 Importance of used mouse model and strain in studying effects of

metabolic stress on oocyte quality
In the different studies investigating the effects of metabolic changes on oocyte quality
that were described above, different mouse strains were used as the model. Effects on
fertility were however reported to be strain dependent. Therefore, strain differences
should be considered when interpreting reproductive experiments using mouse
models (Kaleta, 1977; Ibanez et al., 2005). In addition, Marei et al. (2020) have recently
shown that the sensitivity to HF diet-induced obesity and its influence on the metabolic

profile and oocyte quality was dependent on the mitochondrial and/or genetic
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background of the mouse model. This was demonstrated by comparing the outbred
Swiss mice with the inbred C57BL/6N mice (Marei et al., 2020). The C57BL/6 strain is
the most commonly used polygenic strain in studies investigating the impact of HF/HS
diet exposure and obesity on metabolic health and fertility. The genetic homogeneity
in inbred strains minimizes variability in experimental settings (Nicholson et al., 2010).
However, the use of an inbred strain limits the extrapolation of acquired data and
conclusions to the human (outbred) physiology. In contrast, outbred strains show more
variation in responses to changes in environmental conditions due to the wide genetic
variability. An outbred strain, such as the Swiss strain, mimics however the human
genetic diversity and may therefore be more relevant when investigating the impact of

obesogenic diets, obesity and metabolic health on fertility.

1.3 What about the oviductal microenvironment?

In the previous sections we learned that the consumption of an obesogenic diet and
metabolic disorders such as obesity are associated with lipotoxicity which results in
oxidative stress, leading to mitochondrial dysfunction as well as ER stress. These
distinct effects are evident at the level of the oocyte, negatively impacting its
development and quality, thereby linking maternal metabolic disorders with
subfertility. In contrast to the effects on oocytes and the follicular microenvironment,
the effect of maternal metabolic stress on the oviduct is much less characterized.
Whether the introduction of an obesogenic diet or metabolic stress causes similar
responses that are locally initiated in the oviductal cells, potentially affecting pre-
implantation embryo development, has not been previously investigated. However,
several crucial reproductive events take place in the oviduct, such as fertilization, and
early embryo development (Besenfelder et al., 2012; Maillo et al., 2016a). During the
short period within the oviduct, the embryo will undergo embryo genome activation
and DNA methylation, thus comprising a sensitive and important period that can

determine subsequent stages of its development (Latham and Schultz, 2001; Inbar-
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Feigenberg et al., 2013). Improper establishment or erasure of epigenetic marks may
lead to permanently altered gene expression, abnormal development and early onset
of disease (Godfrey et al., 2007; Rivera and Ross, 2013). Such important processes make
the early developmental stages of the embryo most susceptible for environmental
changes. The oviduct can provide a favorable and dynamic microenvironment for ideal
functioning and development of these processes. The adverse reproductive outcome
linked with metabolic disorders may therefore be directly related to the conditions

within the oviductal tract. For that reason, this will be the focus in the next few sections.

1.3.1 The oviductal microenvironment

The oviductal micro-environment is composed of the oviductal epithelial cells (OECs)
and the oviductal fluid (OF). It provides nutrients, growth factors and antioxidants to
support key reproductive processes such as early embryo cleavage and survival and can
therefore have a significant impact on the overall reproductive outcome. Exposing in
vitro matured porcine oocytes to bovine OF has shown to improve porcine blastocyst
rates and quality (Lloyd et al., 2009). In addition, coincubation of matured oocytes with
OF resulted in altered gene expression through upregulation of antioxidative
mechanisms (Cebrian-Serrano et al., 2013), as well as improving bovine blastocyst
quality through increased cryotolerance and altered gene expression (Lopera-Vasquez
et al.,, 2017). Being the first interface between the female genital tract and the
conceptus, the oviduct mediates an early embryo-maternal dialog through cell
contacts, secreted molecules and extracellular vesicles (EVs) (Hunter, 2012a; Alminana
et al., 2017; Banliat et al., 2022). Exposure of bovine embryos during in vitro culture to
EVs derived from OF resulted in improved blastocyst quality (Alminana et al., 2017;
Lopera-Vasquez et al., 2017; Leal et al., 2022).

1.3.2 Anatomy and histology of the oviduct
The mammalian oviduct is composed of four segments: the infundibulum, responsible

for collecting ovulated oocytes; the ampulla, where fertilization occurs; the isthmus for
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preimplantation embryo development and the uterotubal junction which transits
embryos to the uterus (Li and Winuthayanon, 2017). The oviductal epithelium consists
of ciliary and secretory cells (Leese, 1988; Aviles et al., 2010; Maillo et al., 2016b; Li and
Winuthayanon, 2017). The distal (infundibulum and ampulla) and proximal (isthmus
and uterotubal junction) regions of the oviduct have shown functional (Ardon et al.,

2016) and transcriptomic differences (Bauersachs et al., 2003).

1.3.3 The role of the oviduct in fertility

For many years, researchers tended to underestimate the physiological importance of
the oviduct as the arrival of in vitro fertilization techniques in the 1970s allowed
procreation even when completely bypassing the oviduct. However, since then
different studies have reported that the morphology, gene expression and lipid and
protein composition of in vitro produced embryos were markedly different from their
in vivo counterparts. These differences were associated with lower pregnancy
outcomes and more health issues after birth (Goncalves et al., 2009; Ghersevich et al.,
2015; Lamy et al., 2018; Ferraz et al., 2019). This may highlight the vital role of the
oviduct, also called fallopian tube, in fertility. Researchers nowadays consider the
oviduct as the most suitable microenvironment for early embryo development (Saint-
Dizier et al., 2019) and therefore its dynamic functions have been studied substantially
the past years.

Due to its characteristic structure, the oviduct can be of crucial importance for
fertilization by acting as a sperm reservoir, serving the environment for sperm
capacitation and directing the spermatozoa and oocyte to each other (Alberts B, 2008).
Furthermore, the oviduct forms the environment for the earliest, though essential,
steps in embryo development. The human embryo spends approximately 3.5 days and
the murine embryo approximately 3 days in the oviduct (Croxatto, 2002) during which
events such as embryonic genome activation (which is crucial for further cell

differentiation, embryo implantation and fetal development (Latham and Schultz,
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2001)) and embryo epigenetic programming (including methylation and acetylation)
take place (Aviles et al., 2010; Besenfelder et al., 2012; Maillo et al., 2016a). Thus, the
oviduct does not serve merely as a tube to guide female and male gametes and to lead
the pre-implantation embryo in the direction of the uterus. Hampered environmental
conditions in the oviduct may interact with various crucial reproductive processes and
may lead to early termination of the pregnancy. However, information on this

assumption is very scarce and certainly, more research is needed.

When the oocyte surrounded by cumulus cells gets released in the oviduct, it needs
sufficient time to prepare for fertilization. To ensure this, the oocyte will be firmly
attached to the ciliated epithelium of the ampulla. The adhesion will also prevent
discarding viable oocytes by the oviductal flow, due to forceful ciliary beating (Kolle et
al., 2009). Oocyte growth is arrested at the metaphase stage of meiosis Il until
fertilization (Sadler, 2009). For successful fertilization a mature and healthy oocyte is
essential. Therefore, the oocyte has to progress to metaphase Il as the final step in
oocyte maturation to become developmentally competent. After ovulation and with
the extrusion of the second polar body at fertilization, the oocyte completes final
maturation (Coticchio et al., 2015). Oviductal hyaluronidase production causes the
oocyte to get released from the oviduct and to progress it’s journey towards the uterus
(Kolle et al., 2009).

Many thousands, even millions, of sperm cells are inseminated by the male and various
regulatory processes control their passage into and through the oviduct. After
insemination, the spermatozoa’s motility, as well as the muscular activity of the female
reproductive tract and chemotaxis, cause the spermatozoa to progress towards the
oocyte. This is in contrast with the accidental connection of sperm with the oocyte
during in vitro fertilization and thus indicates that the oviduct accommodates a
signalling cascade efficiently bringing the male and female gametes together (Kolle et

al., 2009).
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Only the fittest spermatozoa are permitted to enter the oviduct. The oviductal fluid
does not contain polymorph nuclear cells, unlike the uterine environment, and is
therefore considered a protective and safe environment for the privileged sperm that
reaches it (Holt and Fazeli, 2016a; Holt and Fazeli, 2016b). Most of the lumen of the
oviduct is occupied by extensive mucosal folding which can also occlude the lumen by
secretion of OF and/or contraction of smooth muscle cells. Thus, the luminal capacity
of the oviduct is limited (Suarez, 2008). The luminal fluid is known to be rich in mucinous
secretions and proteins. Up until after ovulation, sperm-oviduct interaction can be
strengthened by a plug, formed by oviductal mucus and forcing the spermatozoa in the
crypts of the oviduct (Palermo et al., 2014). The passage of spermatozoa is made even
more difficult by the luminal fluid’s effects on beat frequency and flagellar movement
of the sperm cells as well as the fluid’s high viscosity (Kirkman-Brown and Smith, 2011).
The latter can also prevent the passage of DNA-damaged spermatozoa through the
oviduct, which is needed as DNA damage is often linked to decreased motility in
humans. OECs appear to be able to identify altered sperm DNA through differences in
electronegative charge at the sperm membrane. Therefore, the oviduct is capable of
discriminating between mature and immature spermatozoa (Palermo et al., 2014).
Thus, the oviduct subjects the spermatozoa to various sperm selection processes to
either inhibit or facilitate their advancement towards the oocyte (Holt and Fazeli,
2016a).

When the spermatozoa pass the uterotubal junction and enter the isthmus of the
oviduct, they become trapped and held in a reservoir, by binding of the sperm to the
epithelial surface of the isthmus. This sperm reservoir function of the oviduct allows an
extension of sperm fertility from ejaculation or insemination until ovulation (Kolle et
al., 2009) as well as a gradual release during the periovulatory period, thereby reducing
the incidence of polyspermia, and to acquire the ability to fertilize the oocyte (Suarez,
2008). Only uncapacitated sperm can be bound to the ciliary epithelial cells. In addition,

sperm cell capacitation is inhibited as long as the sperm is bound to the oviduct
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(Rodriguez-Martinez, 2007). In human, spermatozoa can be stored for 5 days (Birkhead
and Moller, 1993; Kolle, 2022). Around ovulation, part of the stored spermatozoa are
gradually directed towards the ampullary-isthmic junction and sperm capacitation
takes place (Rodriguez-Martinez, 2007). Capacitation encompasses the series of
biochemical and physiological modifications that the sperm must undergo before the
acrosome reaction. Fast capacitation events take place when the sperm is released
from the epididymis and the flagellum is activated. Slow capacitation events occur in
the oviduct. For the slow events the presence of oviductal bicarbonate, calcium and
serum albumin are essential. The first stages of capacitation comprise membrane
destabilising changes and are primarily mediated by bicarbonate (Rodriguez-Martinez,
2007). By redistributing cholesterol in the cranial part of the sperm membrane,
bicarbonate achieves a cholesterol efflux due to the increased receptivity for serum
albumins. Furthermore, there will be an increased permeability for bicarbonate and
calcium ions as the sperm membrane fluidity is changed. Production of cyclic adenosine
monophosphate activates protein kinase A (PKA), which leads to the hyperactivated
sperm motility, which is vital for successful fertilization. Eventually, the sperm
acrosome reaction is needed to effectuate the fusion of the sperm and the oocyte
membrane during fertilization. This is carried out by the release of acrosomal enzymes
(Ickowicz et al., 2012). The OECs secrete extracellular vesicles which enhance
fertilization, protect against polyspermy and sperm entry and aid in embryonic
development (Alcantara-Neto et al., 2020; Harris et al., 2020). Taken together, the OECs
are triggered by the presence of spermatozoa to initiate various reactions influencing
sperm storage, survival, motility and capacitation (Holt and Fazeli, 2016a; Holt and
Fazeli, 2016b). In a relatively short period of time many steps, each being able to modify
the early embryonic microenvironment, take place before embryo development in the
oviduct (an overview is shown in Figure 7). After successful fertilization, the oviduct
supports the early embryo by providing it with an optimal environment as described

later.
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Thus, primarily the oviduct comprises the microenvironment in which the first very
critical stages in the development of the pre-implantation embryo take place.
Therefore, suboptimal growth conditions in the oviduct can have a severe impact on

overall reproductive outcome.
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Figure 7. Overview of the different processes taking place in the oviductal micro-
environment before and during embryonic development (Image from (Saint-Dizier
et al., 2019))

1.3.4 Physiological characteristics of the oviductal micro-environment

Many components of the oviductal micro-environment influence or may contribute to
the optimal development of the early embryo such as growth factors, ions, vitamins
and energy substrates (Aviles et al., 2010; Hu and Yu, 2017), but also the specific
physiological characteristics of the oviductal micro-environment, such as temperature,
pH, oxygen pressure and redox potential. These physiological parameters show
dynamic changes linked with the anatomical location and time, thereby matching the
needs of the embryo in each specific developmental stage (Gardner, 1998; Hugentobler

et al., 2008; Ghersevich et al., 2015). During the different phases of the menstrual or
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oestrus cycle the temperature in the mammalian oviduct was found to vary. These
temperature gradients are thought to be important for oocyte and sperm maturation
and may thus play a vital role in events that occur shortly before and after fertilization
(Hunter, 2012b). In contrast to temperature, pH does not appear to be changing
according to the estrous cycle stage. The mammalian oviductal fluid has a pH of around
7.6 to 7.9, which is typically higher than uterine and venous pH. High levels of carbonic
anhydrase in the oviductal epithelium lead to the production of bicarbonate which
regulates the pH of the oviductal fluid. (Hugentobler et al., 2004). In different species
the oxygen tension of the oviduct was found to be much less than half the atmospheric
0,, ranging from 60 mm HG to as low as 11 mm Hg. Such low oxygen tension in the
oviductal micro-environment was shown to improve embryo development as it reduces

the amount of reactive oxygen species (Bermejo-Alvarez et al., 2010).

1.3.5 The oviductal fluid: formation and composition

The OF is essential to support all reproductive events that occur in the oviduct and its
components contribute to optimal early embryo development. It is predominantly
composed by secretions of the oviductal epithelium, complemented by a limited
amount of FF and CCs at ovulation (Hansen et al., 1991). It consists of components that
are either de novo secreted by the OECs or passively and actively transported over the
epithelial barrier from the circulating blood or the interstitial tissue (Leese, 1988; Leese
et al., 2001; Aviles et al., 2010). Oviductal secretions are regulated by a range of factors
and processes, such as ovulation, insemination, the presence of gametes, the embryo,
sex steroid hormones, metabolism and energy balance (reviewed by (Saint-Dizier et al.,
2019)). OF production is driven by catecholamines, ATP and acetylcholamine and
appears to be increased during estrous (Gott et al., 1988; Leese et al., 2001). Recent
years, the wider use of mass spectrometry techniques has increased the understanding
of the complex composition of the OF (for reviews see (Aviles et al., 2010; Saint-Dizier

et al., 2019; Bastos et al., 2022)).
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Energy substrates in the OF, such as glucose, lactate, pyruvate, support both female
and male survival as well as early embryo development. The early embryo mostly uses
oxidative phosphorylation (mainly from pyruvate and lactate) (Thompson et al., 2000).
Lipids are also highly abundant in the OF and can significantly influence the oviductal
and embryonic cell signalling and molecular functions (Saint-Dizier et al., 2019). They
provide a potential source of energy and contribute to cell proliferation and
differentiation. A variety of lipids have been identified in the OF, including TGs,
cholesterol and FAs (Rizos et al., 2010b), as well as HDLs and LDLs (Gad et al., 2012;
Marey et al., 2016), glycerophospholipids and sphingolipids (Enright et al., 2000; Gad
et al.,, 2012). Amino acids in the OF support protein synthesis and supply nitrogen
needed for normal cell function and proliferation (Tay et al., 1997; Hugentobler et al.,
2007). They also serve as an energy source, signalling molecules and osmolytes
(Gardner et al., 1989; Leese et al., 2008; Tartia et al., 2009). Steroid hormones can be
introduced in the OF via the peritoneal fluid, blood, seminal plasma after ejaculation
and also GCs after ovulation of a cumulus-oocyte complex (Hunter, 2012a), and may
participate in the optimal transport of gametes and embryo (Bahat and Eisenbach,
2006). Studying the proteome of the OF has shown that the most abundant proteins in
oviductal secretions include serum albumin, oviductin (OVGP1), heat shock proteins
(HSPs), annexins, tubulin subunits, complement C3 and myosins (Wijayagunawardane
et al., 1998; Smits et al., 2016; Rodriguez-Alonso et al., 2019). A recent study identified
56 proteins that were involved in embryo-maternal interactions in the bovine oviduct
(Banliat et al., 2020). A majority of proteins in the OF were also found in extracellular
vesicle (EV) fractions isolated from bovine OF (Salzano et al., 2018), which may suggest
that a large part of the OF proteins are actively released from the OECs as EV cargos.
Furthermore, a bovine study demonstrated, using mass spectrometry, that more than
50 OF proteins interacted with the embryo (Fontes et al., 2014) and the majority of

these embryo-interacting proteins were also identified in bovine and feline oviductal
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exosomes (Ulbrich et al., 2003; Salzano et al., 2018), indicating the role of EVs in the
embryo-maternal dialogue in the oviduct.

EVs originating from the oviduct epithelium have recently been identified as major
components of the OF (Alminana and Bauersachs, 2019). They are also present in a
wide variety of other biofluids such as the uterine, seminal and follicular fluid. EVs are
nano-sized membranous vesicles and by exocytosis they transfer signal and regulatory
molecules. Their molecular cargo includes micro RNAs (miRNAs), mRNAs, proteins,
lipids, and metabolites and can be easily delivered and fused with cell plasma
membranes (Kim et al., 2017; Jeppesen et al., 2019). The EVs serve a crucial role in
transmitting information and organelles between living cells (Mathieu et al., 2019;
D'Souza et al., 2021) and can modify the epigenetic signature by transferring small
molecule RNAs between donor cells (Mannavola et al., 2019; Willis et al., 2021).
Through their contents, EVs can ensure proper cell communication between the
mother and the embryo. The molecular cargo of bovine oviductal EVs was reported to
dynamically change across the estrous cycle (Alminana et al., 2017; Alminana et al.,
2018). EVs present in the female genital tract fluid are crucial for gamete fertilization
and early preimplantation embryonic development (Saadeldin et al., 2015; Alminana et
al., 2017; Alminana and Bauersachs, 2019; Alminana and Bauersachs, 2020; Bridi et al.,
2020). They have shown to positively impact bovine embryo development and quality
during in vitro embryo culture (Lopera-Vasquez et al., 2016). EVs from the preovulatory
follicle may also enter the oviduct at ovulation. In cattle, EVs from FF were reported to
be internalized by developing embryos in vitro and to modulate metabolic and
developmental-related genes as well as miRNA and global DNA methylation (Saint-
Dizier et al., 2019). Furthermore, oviductal epithelial cell extracellular vesicles (OEC-
EVs) reduced apoptosis and improved porcine embryo quality by reducing ROS (Fang
et al., 2022). A recent study demonstrated that the molecular cargo, specifically
upregulated miR-378-3p, of EVs secreted by blastocysts plays a crucial role in

promoting blastocyst hatching, which is essential for embryo implantation (Pavani et
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al., 2022). In addition, porcine OEC-EV treatment during porcine IVF was reported to
significantly improve concentration of cortical granules in the oocytes and increase
oocyte mitochondrial activity, reduce polyspermy and increase the IVF success rate
(Fang et al., 2023). Improved blastocyst quality was reported when bovine embryos
were exposed to EVs derived from oviductal fluid, as well as uterine fluid, in a
sequential in vitro culture system that mimics the anatomical developmental sequence
which would happen during early development in vivo (Leal et al., 2022). In addition,
co-culture of murine embryos with human oviductal EVs resulted in increased murine
embryo viability in vitro (Li et al., 2023).

Overall, the components of the oviductal fluid are well characterized and highlight the
vital role and importance of the strongly regulated oviductal micro-environment for

embryo development.

1.3.6 Impact of gametes and embryos on the oviduct micro-environment and vice
versa

Ovulation and/or insemination are followed by a dialogue between the oviduct and the
gametes and embryo. Different studies have shown that oviduct-gamete
communication is an intricate dialogue leading to successful fertilization (Liao et al.,
2011; Maillo et al., 2016a; Yousef et al., 2016). The introduction of sperm or oocytes
elicits different responses of the oviduct, for example alterations in the oviductal
proteome (Georgiou et al., 2005) and oviductal ER signalling pathways (Orihuela et al.,
2009). The crosstalk between oocyte, sperm and oviduct may be a way to guarantee
the connection of oocyte and sperm at an appropriate time (Fernandez-Fuertes et al.,
2018). Survival of spermatozoa within the oviduct is supported by the oviductal cells
and their secretory products as they contribute to the regulation of sperm capacitation,
motility and acrosome reaction (Bergqvist and Rodriguez-Martinez, 2006; Leese et al.,
2008). The impact of oviductal secretions on gamete functionality and the interaction

between gametes has been reviewed by Ghersevich et al. (2015).
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The oviduct-embryo crosstalk is a two-way process in which signals can be sent and
received from both the oviduct and the embryo (Fernandez-Fuertes et al., 2018).
Studies in different species have shown changes in the oviductal vascularization,
number of secretory cells (Kolle et al., 2009), immune functions (Alminana et al., 2012;
Maillo et al., 2015) and OECs gene expression (Schmaltz-Panneau et al., 2014) in
response to the presence of an embryo. In addition, a recent study on bovine embryos
highlighted the great contribution of the maternal environment to the embryo
proteome as it led to higher degradation of mitochondrial proteins at early
developmental stages, lower abundance of proteins involved in protein synthesis at the
time of embryonic genome activation and a global upregulation of carbohydrate and
small molecule metabolic pathways compared to in vitro production. They also
demonstrated that embryos developed in vivo uptake large amounts of OVGP1 and
probably other oviduct fluid-derived proteins as soon as the 4-6 cell stage (Banliat et
al., 2022). Furthermore, as described before, an important component of the OF are
EVs. They also contribute to the embryo-oviduct communication and have been the
focus of many studies (reviewed by (Bastos et al., 2022)). Already in the first moments
of embryonic-maternal communication in the oviduct, both maternal and embryonic
EVs are exchanged to prepare for the maternal recognition of pregnancy (Mazzarella et

al., 2021).

It is evident from the previous sections that the oviduct serves as a dynamic
environment in which optimal conditions are provided for various reproductive
processes, including early embryo development (Aviles et al., 2010). The oviduct itself
also has to adjust its micro-environment to the specific needs of each of these
processes. The early embryonic environment has been shown to have a substantial
influence on the developing organism, despite the short period of this developmental
stage. Studies on both human and animal embryos discovered that in vitro fertilized

embryos, bypassing the gamete/embryo-oviductal communications, show genomic
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imprinting alterations and poorer developmental potential (Rizos et al., 2002; Rizos et
al., 2008; Kleijkers et al., 2014; Lazaraviciute et al., 2014; Duranthon and Chavatte-
Palmer, 2018). These studies indicate the pivotal role of oviduct-embryo interactions
on early embryo development. The cells of the zygote and cleavage-stage embryo hold
the potential to form all cell lineages of the embryonic and extra-embryonic tissues. As
such, these cells have the potential to influence the phenotype of all successive cell
types as the organism grows, differentiates and ages. The implication is, therefore, that
adverse conditions which alter the developmental trajectory of these cells may have
long-term implications for the health and development of the resulting offspring. The
translation of environmental cues to phenotypic outcome can be due by epigenetic
modification of the genome to modulate chromatin packaging and gene expression in
a cell- and lineage-specific manner. Different studies in both human and animal have
suggested epigenetic changes in embryonic and extra-embryonic tissues to contribute
to adverse outcomes of ARTs (Niemitz and Feinberg, 2004; Katari et al., 2009; El Hajj
and Haaf, 2013; Lucas, 2013; de Waal et al., 2014; de Waal et al., 2015) and reviewed
by (Mani et al., 2020).

1.3.7 Effects of metabolic stress on the oviductal microenvironment

In most mammalian species, the embryo spends the first 3-4 days of life in the oviduct.
During the early developmental stages the embryo is specifically sensitive to changes
in its growth environment (Maillo et al., 2016a; Li and Winuthayanon, 2017). Changes
in the biochemical composition of the oviductal microenvironment such as nutrient
availability and OS, were found to induce molecular and metabolic dysfunction in
mammalian preimplantation embryos which was demonstrated by impaired
mitochondrial function, high lipid content, smaller size and altered DNA methylation in
obese rodent models or metabolically stressed cows (reviewed by (Velazquez, 2015)).
Such alterations may lead to embryonic death or long- term defects that puts the

subsequent development at risk (Robertson et al., 2018). As the earliest developmental
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environment for the embryo is provided by the oviduct, the conditions within the
oviductal tract may directly contribute to an adverse reproductive outcome during
metabolic disorders. Information regarding the impact of metabolic stress on the
oviductal microenvironment is however limited. According to the “Quiet Embryo”
Hypothesis , the viability of preimplantation embryos requires a metabolism that is
‘quiet’ rather than ‘active’ (Baumann et al., 2007). An ‘active’ metabolism during early
development, due to e.g. nutritional overload, is associated with poorer outcomes in
later life. In line with this hypothesis, nutritional overload in the oviduct may alter the
embryo metabolic phenotype which can have negative effects on further development
(Leese et al., 2007).

Jordaens et al. (2017) showed that plasma concentrations of NEFAs are reflected in the
OF (Jordaens et al., 2017a). Thus, next to modulating blood and follicular metabolites,
the maternal metabolic and nutritional state may also influence OF composition. This
further highlights it is crucial to consider oviductal conditions as the OF forms the
earliest embryonic environment. Although the oviductal epithelium functions as a
gatekeeper selectively controlling molecular transfer from the blood to the oviduct to
control the environment of the early embryo, NEFAs were shown to be either
selectively transferred across the in vitro bovine oviductal epithelium or intracellularly
metabolized, thereby impairing the barrier function of the BOECs (Jordaens et al.,
2017b). Additionally, in vitro exposure of BOECs to elevated NEFA concentrations
resulted in direct embryo toxicity and a reduced ability of the oviduct to support and
protect early embryo development (Jordaens et al., 2020).

Only a few studies have demonstrated a possible direct impact of maternal metabolic
disorders on the oviductal microenvironment. Researchers investigated the effect of
nutrition and metabolism on the early embryonic microenvironment through embryo
transfer in the oviducts of metabolically compromised cattle. These studies
demonstrated that the oviductal environment in metabolically stressed lactating and

intensively fed dairy cattle was less supportive for embryo development and survival

60



CHAPTER 1: GENERAL INTRODUCTION

compared to heifers (Rizos et al., 2010a) and to non-lactating (metabolically healthy)
cows fed a maintenance diet (Maillo et al., 2012). This indicates that the conditions in
the reproductive tract define its ability to sustain early embryo development (Rizos et
al., 2010a; Maillo et al., 2012; Matoba et al., 2012). In vitro research has shown that
NEFA exposure during bovine embryo culture hampered embryo quality through
reduced blastocyst formation and cell number, accompanied by an increase in
apoptosis (Van Hoeck et al., 2013) which may potentially be caused by internalization
of FAs (Listenberger et al., 2003; Leroy et al., 2010). Similar observations were made in
murine embryos as exposure to pathological NEFA-concentrations during in vitro
culture showed to induce effects on embryo growth and metabolism (Jungheim et al.,
2011a). In addition, elevated NEFA concentrations during the in vitro culture period
directly impacted early bovine embryo development, as they affected embryo DNA
methylation and transcript patterns (Desmet et al., 2016). Moreover, recently it has
been reported that zygotes from metabolically compromised (PA-exposed) oocytes had
increased histone acetylation and methylation levels and that continued exposure to
the lipotoxic environment during early embryo development, resulted in increased
DNA and histone methylation marks in morulae. These effects were associated with
embryo ATP production and mitochondrial dysfunction (Meulders et al.,, 2023).
Furthermore, Yousif et al (Yousif et al., 2020) aimed to gain more insights in how a high-
fat environment in obese patients affects preimplantation development by studying
the direct effects of FFA exposure on preimplantation embryos. For this, the
researchers treated 2-cell mouse embryos in vitro with increasing concentrations of
palmitic acid (PA), the most abundant NEFA in circulation (Abdelmagid et al., 2015) and
the Western diet (Ricchi et al., 2009), and oleic acid (OA), the most abundant
monounsaturated NEFA in human serum (Abdelmagid et al., 2015), previously shown
to counteract the detrimental effects of saturated FAs (Aardema et al., 2011). Their
results showed that PA treatment reduced blastocyst development and altered ER

stress pathway transcript levels. OA co-treatment with PA reversed the PA effects on
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blastocyst development and ER stress transcript levels but also increased lipid droplet
formation and reduced mitochondrial stress. Yousif et al (Yousif et al., 2020) concluded
that the preimplantation embryo employs stress mechanisms to avoid deleterious
effects of PA exposure, but that their protective ability may be overwhelmed by
exposure to increasing concentrations of PA. However, more time course experiments
are needed to fully understand such stage-specific effects.

Various studies investigating the follicular microenvironment have shown that other
maternal metabolic stress factors such as circulating inflammatory cytokines and ROS
are also reflected in the ovarian FF (Nteeba et al., 2013; Ruebel et al., 2016; Xie et al.,
2016; Gonzalez et al., 2018). Whether maternal metabolic stress can be associated with
oxidative stress or inflammatory responses in the oviduct and the dynamics and
progression of these responses after the start of an obesogenic diet have not been
previously investigated in animal models or in humans. One study has shown that
exposure of BOECs to PA in vitro resulted in an increase in IL-8 concentrations already
after 24 hours (Ohtsu et al., 2017).

While differences in the response to an obesogenic diet and obesity and the impact on
oocyte quality between outbred en inbred mouse strains have been described (Marei
et al., 2020), this has not been studied at the oviductal level and will therefore be

considered in the current PhD thesis.

Overall, the embryonic growth conditions in the oviduct can thus be a key factor
contributing to the reduced embryo quality that is associated with the maternal
metabolic state. Suboptimal growth conditions significantly contribute to early
embryonic loss and may alter the metabolism of the reduced number of surviving
blastocysts, even potentially leading to lasting effects for the offspring (Jungheim et
al., 2011a). Although the oviductal epithelium is well characterized in recent studies,
the mechanisms by which consumption of an obesogenic diet and/or the

development of obesity in vivo may affect the function of the oviductal cells have not
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been elucidated. This may however provide new insights in whether the impact of
metabolic stress on fertility is only mediated through reduced oocyte quality at the

ovarian level or also by a direct impact on early embryo development in the oviduct.

1.4 The development of effects of metabolic stress on reproductive functions
over time

1.4.1 When does an obesogenic diet start to affect the oocyte and/or oviduct?

The many adverse effects of metabolic stress and/or obesity on reproductive health
have been previously discussed in detail. Various studies using animal models have
elucidated some of the underlying mechanisms that result in reduced oocyte quality
(Jungheim et al., 2010; Wu et al., 2011; Jungheim et al., 2012; Valckx et al., 2014b;
Marei et al., 2017). Studies investigating the impact of metabolic stress on the oviductal
microenvironment are scarce (Rizos et al., 2010a; Jordaens et al., 2020). As discussed,
HF diets are commonly used to induce obesity in mouse models and have shown to
lead to hyperlipidaemia, systemic lipotoxicity and oxidative stress, which is reflected in
the ovarian follicular microenvironment (Reynolds et al., 2015). The effects of the HF
diet and obesity on cellular functions depend on the time period of exposure to the
dietary components. The timeframe, however, during which these adverse effects may
develop in the reproductive tract has not been elucidated. This could however provide
insights in the potential distinct acute effects elicited after short-term exposure to an
obesogenic diet or chronic effects detected after long-term feeding of an obesogenic.
Mice that were fed a HF diet for 16 weeks showed induced mtDNA damage in their liver
and skeletal muscle, which is linked to mitochondrial dysfunction and increased OS
(Yuzefovych et al., 2013). Feeding mice a HF diet for a short period of only 3 days, thus
in the absence of obesity, has shown to impair glucose tolerance and increase plasma
glucose and insulin. Compared to long-term feeding of 7.5 months (30 weeks), a short-
term feeding period did not impact body weight, adipose tissue, lipid profile or

inflammatory markers (Haley et al., 2019a). Already 1 hour after a high-fat meal,
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circulating endotoxin levels, irrespective of metabolic state, were shown to be
increased in human (Harte et al., 2012). London et al (2017) investigated the different
effects of short or long-term exposure to a HF diet on PKA regulation in mice. HF diet-
feeding for 4 days already resulted in a suppression of hepatic PKA as a protective
peripheral effect against obesity, whereas long-term HF diet feeding of 14 weeks
resulted in dysregulated hepatic and hypothalamic PKA signalling as a signature of
obesity (London et al., 2017). As previously described, Williams et al. (2014) suggested
that the inflammatory effects due to feeding a HF diet in mice developed in distinct
phases. Although the phases or the timeframe during which a HF diet may induce
inflammatory changes is inconsistent among different mouse studies (Kleemann et al.,
2010; Haley et al., 2019a), it shows that different periods of exposure to an obesogenic
diet elicits different responses in the peripheral tissues over time. Few studies
investigated the effects after different periods of exposure to a HF diet on the
reproductive tract. Long-term HF diet feeding of 7 months in mice elevated expression
of inflammatory-mediator genes in both the ovary and surrounding adipose depot,
potentially negatively affecting ovarian function (Nteeba et al., 2013). Feeding of a HF
diet for 16 weeks resulted in female obese mice that were less likely to ovulate
compared to lean, control animals and in vitro fertilization and culture of the oocytes
that did ovulate showed slower developmental competence (Minge et al., 2008). In
addition, ovaries that contained significantly more apoptotic ovarian follicles and
fewer, smaller mature oocytes were also observed in obese mice after 16 weeks of HF
diet feeding compared to control mice (Jungheim et al., 2010). Feeding mice a HF diet
for 13 weeks resulted in increased oocyte lipid droplet accumulation (Marei et al.,
2020), a lower average number of oocytes collected from the oviduct after hormonal
stimulation and a significantly increased proportion of oocyte mitochondrial structural
abnormalities (Smits et al., 2021). Furthermore, oocytes collected from mice fed a HF
diet for 4 weeks displayed higher rates of meiotic aneuploidy with fragmented

disorganized meiotic spindles and chromosomes that were not properly aligned on the
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metaphase plate (Luzzo et al., 2012). Four and 6 weeks of HF diet feeding also resulted
in increased mitochondrial ultrastructural abnormalities in oocytes, altered
mitochondrial inner membrane potential and ATP production, altered mitochondrial
biogenesis and mtDNA copy numbers, compared to control mice (Igosheva et al., 2010;
Wu et al., 2010). An overview of all these reported changes after different feeding
periods of an obesogenic diet is presented in Figure 8.

However, unlike the impact of feeding a HF diet on the ovarian microenvironment and
oocyte quality, the effects of obesogenic diets and obesity on the oviduct are much less
characterized. In addition, the development of effects on the ovarian follicular and
oviductal microenvironment after different periods of consuming an obesogenic diet
remains to be investigated. The consumption of a Western type diet over the course of
several weeks may lead to an exaggerated impact on metabolism, inflammation and
many more health effects (reviewed by Clemente-Suarez et al. (2023)). However, it has
been reported that even a single HF meal can already have significant health effects.
As such, a single oral dose of saturated fat in healthy individuals increased hepatic TG
accumulation, insulin resistance, gluconeogenesis and ATP concentrations in the
human liver and induced peripheral insulin resistance in skeletal muscle and adipose
tissue. Furthermore, a single saturated fat load in mice induced hepatic insulin
resistance and affected hepatic gene expression (Hernandez et al., 2017). Thus,
regardless of an individual being obese or metabolically stressed, they may already be
affected after the consumption of a single obesogenic meal. Whether such an acute
impact is evident at the reproductive level is not known yet. Therefore, studying the
pathophysiological changes in the reproductive tract that may develop after different
durations of feeding an obesogenic diet, may provide fundamental insights in the
potential impact on embryo development and the timeframe at which the early
embryo might be at risk. Even short-term consumption of an obesogenic diet, may

already influence oocyte quality and early embryo development, ultimately leading
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to reduced fertility. However, this is only an assumption and thorough investigation

is needed.

1.4.2 What are the dynamics and progressive nature of the effects that may be
detected in the oocyte and oviduct?

While just one week of feeding a HF diet induces glucose intolerance and hepatic insulin
resistance in mice (Burchfield et al., 2018; Small et al., 2018), other features of the
metabolic phenotype have shown to become apparent after more than 4 weeks of
feeding (Buettner et al., 2007; Reuter, 2007). As mentioned before, mice consuming a
HF diet for only 3 days showed systemic inflammation and reduced glucose intolerance.
The development of these responses to the obesogenic diet showed to be multiphasic
and limited to distinct phases of short-term and long-term HF diet feeding. In between
these phases an adaptation period was observed in which glucose tolerance was stable
and no markers of inflammation were detected (Williams et al., 2014). These findings
indicates that HF diet exposure can lead to temporal changes over time which may be
mediated by short-term feeding and progress over time with prolonged obesogenic
feeding and the development of the obese phenotype. It is important to mention that
in contrast to human studies in which patients are categorised as obese based on their
BMI (= 30 kg/m?) (Purnell, 2000), there is no specific marker or consensus to define
obesity in mice (as was previously discussed and reviewed by Dias et al. (2021)).
Researchers define the state of obesity based on their own parameters and
assumptions. Since defining a specific timepoint for the onset of obesity after the start
of an obesogenic diet is not straight forward, the responses to an obesogenic diet may
also be described dependent on the duration of exposure, namely as acute and chronic
effects that occur after short and long-term feeding respectively. While a lot of research
has been conducted to investigate the direct impact of obesity and obesogenic diets on
the ovarian FF microenvironment and oocyte quality, only few studies aimed to

investigate the distinct impact of obesity after long-term feeding and the responses
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elicited after short-term HF diet exposure in the reproductive tract. As such, a study
using a diet-induced obese mouse model demonstrated the time-dependent
development of gene expression changes due to feeding a HF diet. After 4 weeks on
the diet, during early obesity, as was stated by the researchers, the transcriptome of
CCs was affected by increased leptin signalling and mainly alterations in genes involved
in membrane trafficking, cytoskeleton organisation and glucose metabolism were
detected. On the other hand, during late obesity, 16 weeks of DIO, leptin resistance
was established and transcriptomic analysis of the CCs indicated the activation of the
inflammatory response and cellular anatomical morphogenesis, with inhibition of
metabolism and transport. As a consequence, it was suggested that obesity conditions
are able to contribute to considerable time-dependent changes in gene expression of
CCs, which in the early stages of obesity may be causally related to increased leptin
signalling in the ovary whereas in the late stages they are possibly results of the
metabolic changes taking place in the obese mothers (Wolodko et al., 2020). Another
study demonstrated that the consumption of the HF diet resulted in hampered fertility,
higher proinflammatory cytokine levels and increased ovarian macrophage infiltration,
independent of obesity (Skaznik-Wikiel et al., 2016).

Although these studies show distinct effects after short and long-term exposure to a
HF diet or in the absence of obesity, the pattern of the development of effects over
time remains unclear. It is, for example, not known whether the locally initiated
changes in the oviduct in response to obesogenic diet exposure for different durations
of feeding, would show similar dynamics and progression over time as was observed
by Williams et al. (2014) in the reduced glucose tolerance and the systemic

inflammatory response after consuming an obesogenic diet over time.

Studying the timeframe of the adverse effects in the follicular and oviductal micro-
environment due to the introduction of an obesogenic diet and obesity might provide

us with a better insight in whether these effects are acute, after short-term exposure,
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or chronic, after long-term exposure and the development of obesity and its
associated altered metabolic state. This may aid in understanding the mechanisms by
which these pathophysiological changes develop and the timeframe at which oocyte
and embryo development might be affected. Such insights are important for
increasing awareness and implementing preventative measures during the

periconceptional period to enhance fertility.
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Figure 8: Presentation of the different observed effects after different feeding periods of an obesogenic diet in mice (h = hour; d =
days; w = weeks; PKA = Protein Kinase A; MMP = mitochondrial membrane potential; ATP = Adenosine TriPhosphate; mtDNA =
mitochondrial DNA; ivf = in vitro fertilisation) (made with Biorender). (Igosheva et al., 2010; Jungheim et al., 2010; Kleemann et al.,
2010; Wu et al., 2010; Harte et al., 2012; Luzzo et al., 2012; Nteeba et al., 2013; Yuzefovych et al., 2013; Williams et al., 2014; London
et al,, 2017; Haley et al., 2019b; Marei et al., 2020; Smits et al., 2021)
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Hypothesis and Aims

The increased consumption of an obesogenic diet and the lack of physical activity is
leading to a rapidly increasing prevalence of obesity. More and more evidence shows
that metabolic disorders linked to obesity can have direct negative effects on fertility.
Obesogenic diets are characterized by a high fat content which leads to increased
adiposity, hyperlipidemia and inflammation, resulting in cellular dysfunction due to
lipotoxicity, reduced insulin sensitivity and oxidative stress. The severity of this
metabolic disorder is even further exacerbated by the high sugar content of the
obesogenic diets. The direct impact of a high-fat/high-sugar (HF/HS) diet and obesity
on cellular functions depends on the duration of the direct exposure to the dietary
components. This timeframe during which the detrimental effects may develop after
the start of consuming an obesogenic diet has not been previously investigated.
However, it is important to know how fast an obesogenic diet starts to affect different
physiological functions, including reproduction, as it is not known whether such
detrimental effects are chronic and caused by the longer-term feeding of the diet and
the impact of the obese phenotype and the associated metabolic disorders, or merely
acute and caused by short-term feeding of the diet and through the direct impact of
the specific composition of that obesogenic diet (traditionally containing high amounts
of saturated fatty acids and sugars). In this PhD thesis we wanted to better understand
the potential impact of an obesogenic diet and/or the obese phenotype on embryo
development and to estimate the importance of the duration of this exposure
Therefore, we hypothesized that short and long-term feeding of a HF/HS diet leads to
acute but also chronic changes in the oocyte quality and in the micro-environment of
the newly formed embryo (i.e. the oviduct) of mice. For this we especially focus on

local changes in oxidative stress levels, inflammatory responses and the lipid profile.

To understand and mimic the mechanisms by which an obesogenic diet impacts
fertility, HF/HS diet-induced obese mouse models have often been used. The inbred
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C57BL/6N strain is most commonly used in such studies, however, an outbred strain
(Swiss mice) is more pathophysiologically relevant to the human (outbred) physiology,
which might facilitate translation to the human population. The sensitivity to
obesogenic diet-induced obesity and its influence on the metabolic profile and oocyte
quality have been shown to be dependent on the genetic background of the mouse
model. This was recently demonstrated by comparing the outbred Swiss mice with the
inbred C57BL/6N mice. Such strain difference may potentially confound our

understanding of the impact of an obesogenic diet on early embryo development.

As the oviduct plays a crucial role in providing the optimal micro-environment for
oocyte fertilisation and the first steps of embryo development, we aimed to

investigate:

1. A. whether short and long-term feeding of an obesogenic (HF/HS) diet results
in differential acute and/or chronic changes in the transcriptome of oviductal
epithelial cells (OEC) in Swiss compared to C57BL/6N mice, particularly related
to genes involved in oxidative and cellular stress levels and inflammatory

responses (Chapter 3) and

B. whether the nature and magnitude of these changes depend on the duration
of feeding.

Hereto, we wished to investigate OEC samples collected from Swiss and
C57BL/6N mice that were fed a HF/HS diet for different periods of time, namely

3 days, 1 week, 4 weeks, 8 weeks, 12 weeks and 16 weeks. (Chapter 3)

The dynamics and the nature of changes in the lipid composition of the oviduct upon
and during HF/HS diet feeding has not been described. However, as described above,
fatty acids play an important role as structural membrane components, in cell signalling

and cell-to-cell interactions. Thus, alterations to the lipid composition of the oviduct
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may reduce its ability to support early embryo development, which may have long-
lasting consequences. Therefore, it is important to understand how diet and obesity
can influence the oviductal lipidomic profile to better estimate changes in the embryo

supportive capacity of the oviduct. For that reason, we aimed to:

2. investigate whether a HF/HS diet can alter the lipidomic profile of the oviduct

in an outbred Swiss mouse model and to study the patterns of these changes
in the oviductal epithelial layer over time as the mice continue to consume the
obesogenic diet for a longer period and develop obesity.
Hereto, oviductal cross-sections were analysed using the matrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI MSI) technique for
the analysis of the spatial distribution of lipids in the oviducts after 3 days, 1
week, 4 weeks, 8 weeks, 12 weeks and 16 weeks of feeding the HF/HS diet.
(Chapter 4)

Whereas the effects of maternal metabolic stress on the oviduct were much less well
characterized, the direct impact of an obesogenic diet and obesity on the ovarian
follicular fluid micro-environment and oocyte quality is relatively more documented in
animal models and women. It is known that the impact of lipotoxicity, caused by an
obesogenic diet, on oocyte quality is mediated by oxidative stress, endoplasmic
reticulum stress and mitochondrial dysfunction. However, also here the nature and
magnitude of these changes may be dependent on the duration of feeding (and thus
the development of the obesogenic phenotype), which is still to be investigated.

Therefore, we aimed to investigate:

3. whether feeding a HF/HS diet to Swiss mice for different short and long-term

periods of time, namely 24 hours, 3 days, 1 week, 4 weeks, 8 weeks, 12 weeks
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and 16 weeks, leads to acute and/or chronic changes in the ovary, oocyte

quality and the cellular pathways in the granulosa cells. (Chapter 5)

As previously described, the absence of a specific marker or consensus to assess the
presence or absence of obesity in mice, makes defining a specific timepoint for the
onset of obesity after the start of feeding an obesogenic diet difficult. Therefore, in this
PhD thesis, the findings were described as acute and chronic changes that were defined
based on the duration of exposure, being short and long-term feeding of the
obesogenic diet. The effects detected after short-term exposure to the obesogenic diet
of 24 hours, 3 days and up to 1 week, are considered acute effects. Based on previous
research, continued feeding was expected to show an adaptive phase in between short
and long-term exposure (from 1 week up to 12 weeks) to the diet. Effects that were
detected after long-term exposure to the diet of 12 and 16 weeks were considered
chronic effects. A general overview of the experimental design of the research

conducted in this PhD thesis is presented in Figure 1.
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Figure 1. General experimental design of the experiments conducted in this PhD thesis with a presentation of the different
outcome parameters and their assessed time points (made with Biorender). (OEC = Oviductal Epithelial Cells; OE = Oviductal
Epithelium; HF/HS = high-fat/high-sugar)
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CHAPTER 3: WESTERN TYPE DIET — OVIDUCTAL EPITHELIAL CELLS GENE EXPRESSION OVER TIME

1. Abstract
Research question: How long does it take for an obesogenic (high-fat/high-sugar,

HF/HS) diet to influence the oviductal microenvironment? What are the affected
cellular pathways and are they dependent on the genetic background of the mouse
model?

Design: Female Swiss (outbred) and C57BL/6N (B6, inbred) mice were fed either a
control (10% fat) or HF/HS (60% fat, 20% fructose) diet. Body weight was measured
weekly. Mice were sacrificed at 3 days (3d), 1 week (1w), 4w, 8w, 12w and 16w on the
diet (n=5 per treatment per time point). Total cholesterol concentrations and
inflammatory cytokines were measured in serum. Oviductal epithelial cells (OECs) were
used to study the expression of genes involved in (mitochondrial) oxidative stress (OS),
endoplasmic reticulum (ER) stress and inflammation using qPCR.

Results: Body weight and blood cholesterol increased significantly in the HF/HS mice in
both strains compared to controls. In Swiss mice, HF/HS diet acutely increased ER-stress
and OS-related genes in the OECs already after 3d. Subsequently, mitochondrial and
cytoplasmic antioxidants were upregulated and ER-stress was alleviated at 1w. After 4-
8w (mid-phase), the expression of ER-stress and OS-related genes was increased again
and persisted throughout the late-phase (12-16w). Serum inflammatory cytokines and
inflammatory marker-gene expression in the OECs were increased only in the late-
phase. Some of the OEC stress responses were stronger or earlier in the B6.
Conclusions: OECs are sensitive to an obesogenic diet and may exhibit acute stress
responses already after a few days of feeding. This may impact the oviductal

microenvironment and contribute to diet-induced subfertility.

Keywords: Cellular stress; High-fat/high-sugar diet; Inflammation; Metabolic stress;
Oviductal epithelial cells
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2. Introduction
The prevalence of obesity and type-ll diabetes is rapidly increasing worldwide

(Oestreich and Moley, 2017; WHO, 2021) due to the increased consumption of the
obesogenic diet and the lack of physical activity (Saklayen, 2018; Bluher, 2019; Haley et
al., 2019). Metabolic syndrome has become a major health hazard of the modern world
with an average prevalence of 31% (Engin, 2017; Saklayen, 2018). Recently there is
increasing evidence that metabolic disorders linked to obesity can have direct negative
effects on fertility (Silvestris et al., 2018). Obese or overweight women are less likely to
achieve spontaneous pregnancy and have lower reproductive outcomes (Klenov and
Jungheim, 2014). The underlying mechanisms are progressively unravelled but are not
fully elucidated.

Obesogenic diets are characterized by a high fat content (Panchal and Brown, 2011),
especially saturated fats, which are known to lead to increased adiposity,
hyperlipidemia and inflammation. This results in cellular dysfunction due to lipotoxicity,
reduced insulin sensitivity and oxidative stress (OS) (Engin; Lin et al., 2005; Fernandez-
Sanchez et al., 2011; Herdt, 2013; Engin, 2017). The high sugar content in these diets
(Panchal and Brown, 2011) further exacerbates the severity of this metabolic disorder
(Stanhope, 2016).

High-fat/high-sugar (HF/HS) diet-induced obesity in mice has been used in many
studies to mimic and understand the mechanisms by which an obesogenic diet impacts
fertility. Beside possible systemic endocrine disruption, the impact of HF/HS diet and
obesity has been shown to be mainly mediated through direct detrimental effects on
the reproductive organs during oocyte and embryo development and during pregnancy
(Jungheim and Moley, 2010). The direct impact of obesity on the ovarian follicular fluid
(FF) microenvironment and oocyte quality is relatively more documented and clearly
elucidated in animal models (Robker, 2008; Igosheva et al., 2010a; Jungheim et al.,
2010; Wu et al., 2011; Jungheim et al., 2012; Valckx et al., 2014; Marei et al., 2017,

Marei et al., 2020) and women (Wittemer et al., 2000; Valckx et al., 2012; Gonzalez et

115



CHAPTER 3: WESTERN TYPE DIET — OVIDUCTAL EPITHELIAL CELLS GENE EXPRESSION OVER TIME

al., 2018). Oocytes matured under lipotoxic conditions exhibit altered mitochondrial
functions and OS, an aberrant proteomic profile and metabolic activity, ultimately
leading to lower oocyte developmental competence and lower embryo quality (Robker,
2008; Igosheva et al., 2010b; Van Hoeck et al., 2013; Marei et al., 2017; Marei et al.,
2020; Smits et al., 2021).

The effects of maternal metabolic stress on the oviduct are much less well
characterized. This is however important as several crucial reproductive events take
place in the oviduct such as oocyte and sperm capacitation and fertilization, syngamy,
embryo genome activation and epigenetic (re)programming (Aviles et al.,, 2010;
Besenfelder et al., 2012; Maillo et al., 2016; Li and Winuthayanon, 2017). The oviductal
secretory epithelial cells and the oviductal fluid provide nutrients, growth factors and
antioxidants (AO) to support early embryo development (which is in most mammalian
species during the first 3-5 days post-fertilization) and changes in this micro-
environment may lead to lower pregnancy success or even to offspring health defects
(Velazquez, 2015; Robertson et al., 2018).

Only a few studies have previously expanded on that. For example it has been shown
that cows suffering from severe negative energy balance and systemic hyperlipidemia
and lipotoxicity due to fat mobilization exhibited reduced oviductal ability to support
embryo development after embryo transfer (Rizos et al., 2010; Yousif et al., 2020).
Additionally, Jordaens et al. (2020) showed that in vitro exposure of bovine oviductal
cells to elevated non-esterified fatty acid (NEFA) concentrations leads to direct embryo
toxicity and to a reduced oviductal ability to support and protect early embryo
development (Jordaens et al., 2020). Nevertheless, potential direct effects of HF/HS
diet-induced obesity on the oviductal microenvironment have not been investigated in
humans or in relevant animal models.

The direct impact of a HF/HS diet and obesity on cellular functions depends on the
duration of the direct exposure to the dietary components. Systemic inflammation was

reported in mice as early as 3 days (3d) after the start of the high-fat diet (HFD) and
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was shown to be limited to distinct phases (acute and late periods) with an adaptive
period in between (Williams et al., 2014). In contrast, other studies demonstrated a
gradual increase (Kleemann et al., 2010) or even no inflammatory responses (Haley et
al., 2019) in mice fed a HFD. Local inflammatory responses are also expected at the
cellular level and may contribute to reproductive dysfunction (Ohtsu et al., 2017,
Chankeaw et al., 2018). On the other hand, diet-induced hyperlipidemia is also known
to induce lipotoxicity in non-adipose tissues, alter cellular metabolism due to
mitochondrial dysfunction, and increase OS levels (Engin; Lin et al., 2005; Herdt, 2013).
Nevertheless, it is not known if the microenvironment of the oviduct exhibits such
pathophysiological changes in response to an obesogenic diet. Also the timeframe
during which these alterations may develop after consuming an obesogenic diet has
not been previously investigated. Fundamental insight in this area is necessary to
determine the potential impact on embryo development and the timeframe at which
the early embryo might be at risk.

We have recently shown that the sensitivity to HFD-induced obesity and its influence
on the metabolic profile and oocyte quality was dependent on the mitochondrial
and/or genetic background of the mouse model. This was demonstrated by comparing
the outbred Swiss mice with the inbred C57BL/6N mice (Marei et al., 2020). Such
difference may also influence the metabolic impact on the oviductal

microenvironment.

In this study, we hypothesized that feeding a HF/HS diet can lead to acute and/or long-
term changes in the oviduct of mice, particularly related to oxidative and cellular stress
levels and inflammatory responses and that the nature and magnitude of these changes
depend on the duration of feeding. This may also be dependent on the mouse strain
used in the model. To test this hypothesis, we aimed to analyze serum and oviductal
epithelial cell (OEC) samples collected from Swiss and C57BL/6N mice that were

exposed to a HF/HS diet for different periods of time, namely 24 hours, 3 days, 1 week,
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4 weeks, 8 weeks, 12 weeks and 16 weeks. Outcome parameters were focused on
serum total cholesterol and cytokine concentrations and on the expression of genes
involved in response to OS, endoplasmic reticulum (ER) stress and inflammation in

OECs.

3. Material and methods

3.1. Ethical approval

All procedures in this study were approved by the ethical committee of the University
of Antwerp and performed according (ECD approval number nr. 2014-57). All methods
were performed in accordance with the relevant guidelines and regulations. This study

complies with the ARRIVE guidelines. Euthanasia was done by decapitation.

3.2. Experimental animals, diet and experimental design
Five-week-old, non-pregnant, sexually mature female outbred Rj:Orl Swiss mice
(hereafter referred to as “Swiss” mice, n=70, Janvier labs), and inbred C57BL/6N mice

(hereafter referred to as “Black 6” (B6) mice, n=70, Janvier labs) were used.

Mice of each strain were randomly divided into two groups with ad libitum access to
either a control diet (CTRL) or a high-fat/high-sugar diet (HF/HS). A HF/HS diet is more
representative for the typical Western style diet, compared to high-fat diet only. The
HF/HS group was fed with 60 ki% fat (beef tallow) and 9.4% sucrose diet (E15741-34,
Sniff diets, Soest, Germany; Supplementary file 1) in combination with supplementing
drinking water with fructose at a final concentration of 20% (Merck, 102109450). Beef
tallow was chosen over lard because beef tallow contains more saturated fatty acids.
Fructose was chosen over glucose or sucrose since a high consumption of fructose has
proven to lead to insulin resistance and obesity in rodents (Tappy and Le, 2010). A high-
fat/high-fructose diet is known to induce metabolic syndrome and type 2 diabetes in

mice (Panchal and Brown, 2011; Dissard et al., 2013). Fructose will also stimulate higher
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food consumption because it is more palatable and has a reduced capacity to stimulate
satiety. Furthermore, fructose appears to be a better inducer of metabolic syndrome

compared to glucose (Pereira et al., 2017).

Mice in the control group had ad libitum access to water and were exposed to a
matched, purified (not a grain-based chow diet) CTRL diet (E157453-04, Sniff diets,
Soest, Germany; Supplementary file 2), containing 10 kJ% fat and 7% sucrose. This diet
is also lower in saturated fatty acids. Food intake of all mice was monitored and mice

were weighed weekly during the whole experiment.

Mice were euthanized by decapitation at 7 time points (n=5 per treatment per time
point): 24 hours, 3 days, 1 week (1w), 4w, 8w, 12w and 16w after the start of feeding
of the CTRL and the HF/HS diets. Mice were not fasted before euthanasia to avoid
counteracting the dietary effects especially in the early timepoints. Serum and OECs
were collected as explained hereafter to study different outcome parameters. Female
mice were exposed to bedding from male cages 24 hours before euthanasia to
synchronize their estrous cycles (Whitten effect) and to collect the samples during the
follicular phase (before ovulation), ensuring no follicular cells or oocytes are present in
the oviduct at sample collection. The time points at which samples were collected are
based on the results of previous studies where multiphasic acute and long-term effects

of a HFD on general metabolic features have been reported (Williams et al., 2014).

3.3 Live body weight

The weight of each mouse was recorded weekly. The weight gain data is derived from
35 mice per dietary group per strain at the first time point. The number of mice were
reduced after each time point due to culling of a subset of animals (n=5 per strain) at

each time point for sample collection.
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3.4 Serum collection and analysis

Mice were decapitated, and blood was collected immediately after decapitation and
centrifuged after 30 min at 6000xg for 2 min at 4°C. Serum was then stored at -80°C.
Serum samples of both Swiss and B6 mice of all time points were analyzed for total
cholesterol concentrations in a commercial certified laboratory (Algemeen Medisch
Labo, AML, Antwerp, Belgium) using automated facilities. Total cholesterol
concentrations were measured on an Abbott Architect c16000 (Abbott, Illinois, U.S.A).
Serum cytokine concentration was determined using a multiplex bead-based
immunoassay according to the manufacturer’s guidelines (LEGENDplex™ mouse
cytokine panel 2 kit, BioLegend) and flowcytometry (FACSCantoll). The kit allows
simultaneous quantification of 13 mouse cytokines (IL-1a, IL-13, IL-6, IL-10, IL12p70, IL-
17A, 1L-23, IL-27, MCP-1, IFN-f3, IFN-y, TNF-a. and GM-CSF). This was measured in the
Swiss serum samples but not in the B6 mice due to insufficient volume of the collected
serum. An overview of the different cytokines and their function can be found in S1
Table. The setup of the flow cytometer was performed according to the setup
procedure provided by the manufacturer. As a validation step, a template for data
acquisition was obtained using the raw beads that were provided in the kit. The Median
Fluorescence Intensity (MFI) of each cytokine was measured in duplicate. The individual
cytokine concentrations were calculated by linear equation using a 7 point standard
curve.

3.5 Oviductal epithelial cells collection and analysis

At each time point, mice were dissected and the oviducts were collected in L15 medium
(Thermo Fisher Scientific, Belgium) supplemented with 50 IU/mL penicillin G sodium
salt (Merck, Belgium). The oviducts were straightened and milked with a bent needle
for cell collection (OECs) in L15 medium, which was done in a DNAse and RNAse-free
environment. The medium containing cells was transferred to a vial which was then
centrifuged at 600xg for 10 minutes at 25°C and the supernatant was removed. This

centrifugation step was repeated after adding RNAse-free phosphate buffered saline
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(PBS; Life Technologies, Belgium) for pellet washing. The supernatant was removed and

the pellets were snap frozen in liquid nitrogen (LN;) and stored at -80°C.
3.6 Quantification of gene expression using real time qPCR

3.6.1 RNA extraction

Total RNA was extracted from OECs of both Swiss mice and B6 mice (5 mice/ strain/
treatment/ time point) using a TRIzol® (Invitrogen) based protocol according to the
manufacturer’s instructions. RNA samples were stored at -80°C until cDNA synthesis.
RNA purity and concentrations were assessed using a NanoDrop™. All RNA samples
had an acceptable 260/280 ratio. RNA integrity was also checked using an Agilent RNA
6000 nano kit and a Bioanalyzer (Agilent, Santa Clara, California, U.S.A) and all samples
had acceptable RIN values (27) except a few samples collected at 24h which were
excluded from the analysis. A few other samples were not included in the analysis due
to a very low RNA yield. Therefore, gene expression data is reported based on at least

three samples per treatment per time point.

3.6.2 cDNA synthesis
cDNA was synthesized from 1750 ng RNA/sample using Omniscript RT kit (Qiagen).
First, RNA samples were treated with DNase (Promega RQ1 RNase-free DNase kit) to

eliminate genomic DNA contamination.

3.6.3 Quantification of gene expression using qPCR

Transcripts of the target genes of interest were quantified by quantitative Polymerase
Chain Reaction (qPCR) (QuantStudio™ 3 Real-Time PCR System (Thermofisher Sci))
using SYBR green (SsoAdvanced Universal SYBR Green supermix, Bio-Rad). RT-negative
control samples and no template control samples (lacking cDNA template) were
included, and all samples were analysed in duplicates in the same run per gene. Genes

of interest were related to OS (SOD2, PRDX1, PRDX3, PRDX6, NRF1, NRF2), ER-stress
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(BiP, ATF4), mitochondrial stress (HSPE1, HSPD1), chaperons (HSPA8) and inflammation
(IL-1p, IL-6, NFkB, TNF-c) (an overview of the genes of interest and their function can
be found in S2 Table). Quantification (Cq values) was normalized using the geometric
mean of 3 housekeeping genes (ACTB, B2M, H2AFZ) for the Swiss samples and 2
housekeeping genes (ACTB, PPIA) for the B6 samples, according to their stability scores
calculated by the NormFinder add-in in Excel (MOMA, Aarhus University Hospital,
Denmark). The relative expression of each gene was calculated using the comparative
quantification cycle method (224¢7), as described by Livak and Schmittgen (2001) (Livak
and Schmittgen, 2001). Forward and reverse primers for all genes of interest were
designed using the Primer-BLAST tool of the U.S. National Center for Biotechnolgy
Information (NCBI) and ordered at Sigma-Aldrich. The annealing and reading
temperature of all assays were optimized using a gradient gPCR on a QuantStudio™ 3
Real-Time PCR System (Thermofisher Sci). An overview of all primer sequences,
expected PCR product lengths, GeneBank accession numbers and temperatures can be

found in Table 1.

Table 1. Primer sequences, expected PCR product lengths, GeneBank accession numbers and

temperatures of the primers used for qPCR

EXON
GENEBANK
FRAGMENT SPANNING ANNEALING
GENE PRIMER SEQUENCE (5’-3’) ACCESSION
SIZE (BP) NO /INTRON  T°C
) FLANKING
Oxidative stress
CTGGACAAACCTGAGCCCTA
SOD2 186 NM_013671.3 | Intron 63
GCAGCAATCTGTAAGCGACCT
NRF1 CTCATCCAGGTTGGTACAGG 164 NM_010938.4 | Intron 59

122

READIN
GTC

<80



PRDX1

PRDX3

PRDX6

NRF2

BiP
(HSPA5
)

ATF4

HSPE1

HSPD1

HSPA8
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GTCGTCTGGATGGTCATTTC
TGTCCCACGGAGATCATTGC
GGGTGTGTTAATCCATGCCAG
TCGTCAAGCACCTGAGTGTC
TTGGCTTGATCGTAGGGGAC

GTTGACTGGAAGAAGGGAGAG
A

GCCACGATCTTTCTACGGAC
CTCCCAGGTTGCCCACATTC
GAGCTATTGAGGGACTGGGC

Endoplasmic reticulum stress

AGGTGGGCAAACCAAGACAT

CTTTGGTTGCTTGTCGCTGG

CGGCTATGGATGATGGCTTG
AGAGCTCATCTGGCATGGTTT
Mitochondrial stress

GGAGGGAAAGGAAAGAGTGG
AG

TAGTTCAGACATCAGTGGAATG
GC

GCCAATAACACAAACGAAGAG
G

GCATCCACAGCCAACATCAC
Protein folding (chaperons)
CCTCGGAAAGACCGTTACCA

AGCCGTAAGCAATAGCAGCA

120

147

246

177

158

156

211

146

152

NM_011034.4

NM_007452.2

NM_007453.4

NM_010902.4

NM_0011634
341

NM_0012871
80.1

NM_008303.4

NM_010477.4

NM_031165.5

123

Exon

Exon

Exon

Exon

Intron

Intron

Intron

Intron

Exon

63

63

63

63

63

59

63

59

63

<81

<81

<80

76-78

<80

<80

<80



IL-18

IL-6

NFkB

TNF- o

B2M

ACTB

H2AFZ

PPIA
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Inflammation

TGTCTTTCCCGTGGACCTTC

AGCTCATGGAGAATATCACTTG
TG

CGTGGAAATGAGAAAAGAGTT
GTG

TCTGAAGGACTCTGGCTTTGTC
CCTGCAACAGATGGGCTACA
TTGCGGAAGGATGTCTCCAC
GTCCCCAAAGGGATGAGAAGT
TTGCTACGACGTGGGCTACA
Housekeeping genes

GGTCTTTCTATATCCTGGCTCAC
A

TTGATCACATGTCTCGATCCCA

GCAAGTACTCTGTGTGGATCG
G

AACGCAGCTCAGTAACAGTCC
CCTCACCGCAGAGGTACTTGA
CCACGTATAGCAAGCTGCAAG
ATGGCAAGCATGTGGTCTTTGG

GGGTAGGGACGCTCTCCTGA

3.7 Statistical analysis
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Each individual mouse is considered as an experimental unit. Power analysis was

performed with the PS program for Power and Sample Size calculations (version 3.1.2,

2014 (from Vanderbilt University)) to achieve a power (1-B) of 90% to detect statistical
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differences at P-value (P) <0.05 based on expected mean differences from similar
previous experiments performed in our laboratory. All statistical analyses were carried
out using IBM Statistics SPSS (IBM SPSS statistics version 26). All the outcome measures
generated numerical data and were checked for normality of distribution and

homogeneity of variance.

Live body weight was analysed using repeated measures ANOVA to study the main
effects and interaction of treatment and time. In addition, two-tailed independent
sample T-tests were performed to study the effect of treatment on body weight within
each time point. Serum cholesterol data were analysed using a univariate ANOVA test
on the control groups of different time points to check for potential aging effects. In
addition, two-tailed independent sample T-tests were performed to study treatment

effects within each time point.

Serum cytokine and gene expression data were not normally distributed. Aging effects
were tested by comparing the controls of different timepoints using a Kruskal Wallis
test with Bonferroni correction. Since no significant age effects could be detected, and
based on preliminary comparisons between the HF/HS and control at each time point,
and patterns of gene expression, it was decided to merge the data into biologically
relevant distinct phases. Differences at 3d were considered as “acute phase” changes
and those at 1w are referred to as an “early phase”. Data from 4w and 8w were merged
as a “mid phase” and those from 12w and 16w were presented as a “late phase”. At
each phase, cytokine data and gene expression data were analysed using two-tailed
independent sample T-tests on log-transformed data to study the treatment effect.

All data are expressed as mean +/- S.E.M. (standard error of mean). Data were
considered significantly different at P< 0.05 and higher P-values up to 0.1 are described

as tendencies.
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Pearson correlation was performed to assess the relationship between serum
cholesterol concentrations, body weight and gene expression patterns in Swiss mice

and B6 mice.

4. Results

4.1 The impact of the HF/HS diet on body weight

Repeated measures ANOVA showed a significant treatment x time effect for both Swiss
mice and B6 mice (P < 0.001). HF/HS diet progressively increased body weight of both
Swiss and B6 mice. The difference in body weight between the HF/HS and the control
group was already significant from 1w onwards in the Swiss mice, and from 2w onwards
in B6 mice. Bigger error bars, and thus more variance, was observed in the Swiss strain
compared to the B6 strain. Body weight continued to increase in the B6 mice until 16w
while it reached a plateau at 12w after the onset of the dietary treatment in the Swiss

mice (Fig 1).
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Fig 1. The effect of HF/HS diet on body weight in Swiss mice and B6 mice. Experimental
feeding was started at WO. Body weight was weekly monitored. Data are shown as mean +
SEM. Significant difference (P < 0.05) between treatment groups within each strain per time
point are indicated by an asterisk (*).

4.2 Serum total cholesterol concentrations
Based on the two way ANOVA, no effects of age on serum total cholesterol

concentrations were detected for both the Swiss (P = 0.544) and the B6 (P = 0.303)
strain. In Swiss mice, there was no effect of diet on blood cholesterol concentration at
24h and 3d (P > 0.1). Feeding the HF/HS diet for 1 week significantly increased blood
total cholesterol concentrations (P = 0.004). This difference could not be detected after
4 weeks (P =0.136) but was more distinct again at 8w, 12w and 16 weeks (P = 0.006, P
=0.068 and P =0.085 respectively) (Fig 2A). Less variation was observed in the B6 strain.
Exposure to the diet for only 3d already resulted in a significant increase in blood total

cholesterol concentrations (P = 0.001). This significant increase in cholesterol
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concentration remained present at all time points thereafter (1w to 12w: P < 0.001;

16w: P = 0.003) (Fig 2B).

In addition, Pearson correlation showed that serum cholesterol concentration
correlated positively with body weight for both Swiss mice (Pearson correlation factor

(r) =0.322; P = 0.008) and B6 mice (r = 0.536; P = 0.000) (S3 and S4 Tables).
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Fig 2. The effect of HF/HS diet on total serum cholesterol concentrations in both Swiss (A)
and B6 (B) mice. Data are shown as mean + SEM. Significant differences (P < 0.05) between
HF/HS and control groups within each strain per time point are indicated by an asterisk (*).
Tendencies (P < 0.1 and > 0.05) are indicated by a dollar sign ($).
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4.3 Serum cytokine concentrations of Swiss mice
Based on the Kruskal Wallis test, no effects of age could be detected (P > 0.1) for any

of the tested cytokines. The concentrations of GM-CSF, IFN-B, IL-1a. , IFN-y, MCP-1,
TNF-a and IL-17A were not affected by diet (P > 0.1) at any of the time points (Figs 3A,
3B, 3C, 3D, 3E, 3F, 3G). Whereas, the HF/HS group exhibited higher serum
concentrations of IL-23 (P = 0.017), IL-10 (P = 0.046), IL-27 (P = 0.049), I1L12p70 (P =
0.050) and IL-1B (P =0.011) and a tendency for a higher IL-6 (P = 0.070) only at the late
phase compared with the control mice (Figs 3H, 3, 3K, 3L, 3M, 3J).
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Fig 3. HF/HS diet effects on serum concentrations (pg/mL) of different cytokines in Swiss mice.
GM-CSF (A), IFN-B (B), IL-1a. (C), IFN-y (D), MCP-1 (E), TNF-o. (F), IL-17A (G), IL-23 (H), IL-10 (1),
IL-6 (J), IL-27 (K), IL12p70 (L), IL-1 (M). Data are shown as mean = SEM. Significant differences
(P £ 0.05) between HF/HS and control groups per time point are indicated by an asterisk (*).
Tendencies (P < 0.1 and > 0.05) are indicated by a dollar sign ($).
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4.4 Gene expression patterns in OECs of Swiss mice

Kruskal Wallis comparison between the controls of different time points showed that
aging did not affect gene expression patterns for any of the tested genes (P > 0.1).
PRDX1, PRDX3 and PRDX6 are all genes involved in OS. PRDX3 mRNA expression in
HF/HS OECs was already significantly increased (P = 0.049) after 3d compared to the
controls. No differences in expression were seen during the early and mid-phase.
During the late phase, PRDX3 expression tended to be upregulated (P = 0.101) in the
HF/HS group. PRDX1 only showed a tendency for upregulation (P = 0.086) during the
early phase. PRDX6 expression was only significantly increased during the late phase (P
= 0.030) (Figs 4A, 4B, 4C). NRF1, a gene involved in OS pathways, did not show any
differences at any time point between controls and HF/HS (Fig 4D). NRF2, another gene
related to OS , tended to be upregulated 3d after a HF/HS diet (P = 0.077) and during
the mid-phase (P = 0.057). No differences in expression between HF/HS group and
control group were observed during the early phase and late phase (Fig 4E). SOD2, also
related to OS, showed a continuous increase in expression in the HF/HS group starting
at 1w. However, during the mid-phase this increase was not significant (P = 0.064) (Fig
4F). An upregulation of BiP, a marker gene related to ER-stress, was apparent in the
acute phase (P =0.042), mid-phase (P =0.014) and late phase (P = 0.029). Nevertheless,
ATF4, the downstream transcription factor of BiP, showed no significant differences
between controls and HF/HS (P > 0.1) (Figs 4G and 4H). IL-14 was significantly
upregulated (P = 0.050) during the late phase in the HF/HS group (Fig 4l). Finally,
markers of mitochondrial stress (HSPE1, HSPD1) and protein folding (HSPA8) showed
no different expression levels (P> 0.1) at any of the time points (Figs 4J, 4K, 4L). Pearson
correlation showed a positive correlation between IL-153 and PRDX6 (r = 0.492; P =
0.011) and also NRF1 and NRF2 correlated positively (r = 0.918; P = 0.000), all

irrespective of time point (S3 Table).
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4.5 Gene expression patterns in OECs of B6 mice

Similar to the Swiss mice, no age effects could be detected for any of the tested genes
(P>0.1). PRDX1, a marker of OS, was significantly increased in the HF/HS group 3d after
the start of the diet (P = 0.019). No differences in expression levels of PRDX1 were
measured at later time points. PRDX3 and PRDX6 did not show a significant difference
between HF/HS and control group at any of the time points (Figs 5A, 5B, 5C). No
significant differences in mRNA expression were found for NRF1 (Fig 5D). As was
observed for PRDX1, NRF2, which is also related to OS, only showed a significantly
increased expression level after 3d (P = 0.021) (Fig 5E). SOD2 expression was
significantly increased in the HF/HS group during the mid-phase (P = 0.042). No
significant differences were observed at other time points (Fig 5F). BiP and ATF4 were
analyzed to evaluate ER-stress, and both were significantly higher in the HF/HS group
3d after the start of experimental feeding with P-values of 0.006 and 0.008 respectively
(Figs 5G and 5H). IL-1 S was significantly higher expressed in the HF/HS group during the
mid-phase (P =0.002) (Fig 51). After 3d, HSPD1, a marker gene for mitochondrial stress,
was significantly upregulated in the HF/HS group (P = 0.008). HSPE1 never showed
significant different expression levels (Fig 5J, 5K). Finally, HSPA8, which is related to
protein folding, was significantly increased in the HF/HS group after 3d with a P-value
of 0.002 (Fig 5L). The graphs (Fig 5) show that, all genes (except HSPD1, NRF2 and ATF4)
were downregulated in the HF/HS compared to the controls at 1w and during the late
phase. However, these differences were not significant. A positive correlation was
found between BiP and ATF4 (r = 0.665; P = 0.000) and between NRF1 and NRF2 (r =
0.741; P = 0.000) (S4 Table).

133



CHAPTER 3: WESTERN TYPE DIET — OVIDUCTAL EPITHELIAL CELLS GENE EXPRESSION OVER TIME

A PRDX1
100 Treatment
e CTRL
O 3o WHF
£
"
& 60
]
$ 40
=
2 20
00—
1w mid- late-
C phase  phase
PRDX6 Treatment
40 CTRL
§ WHF
g 30
»
@
=]
s 20
£
o
., i
w
00"
1w late-
E phnse phase
60 s NRF2 Treatment
%] CTRL
4 50 HHF
c
Ew $
£ a0
8
g 20
°©
v g0 = I I I -
00—
3d iw mid- late-
phase phase
G BiP
250! * Treatment
§ CTRL
WHF
: 200 *
» *
% 150
$ 100
2
£ so0
g I Sunln 5k I
3d 1w mid- late-
I phase  phase
IL1b *
o 80 Treatment
u CTRL
o
£ 60 WHF
'3
o
o
g 40
: ]
o
2 20
S
R B §
00— :
3d w mid- late-
phase phase
K . HSPD1
o 30| Treatment
8 |
o CTRL
£ WHF
$ 20|
=]
]
£
S
°
w
00—
1w mid- late-
phase phase
Phases

Fold changes of PRDX3

50

40

30

20

Fold changes in OEC

10

m

60|

40!

20|

Fold changes in OEC

X

IS
=)

w
o

Fold changes in OEC
=

o

30|

20|

10|

Fold changes in OEC

00

-

3
>

80|

60|

Fold changes in OEC

134

PRDX3
Treatment
CTRL
WHF
i Ii l
1w mid-
phase phase
NRF1
Treatment
CTRL
WHF
1w ldo-
phase phase
SOD2
Treatment
CTRL
HHF
*
=
1 1 I
1w mid- late-
phase  phase
ATF4
Treatment
CTRL
MHF
Ii L[I
1w mid- late-
phase phase
HSPE1
Treatment
CTRL
‘ HHF
1w mid- late-
phase  phase
HSPA8
Treatment
CTRL
WHF
i i o
mid- late-
phase  phase
Phases



CHAPTER 3: WESTERN TYPE DIET — OVIDUCTAL EPITHELIAL CELLS GENE EXPRESSION OVER TIME

Fig 4. HF/HS diet effects on transcription markers of oxidative stress (A,B,C,D,E,F), ER-stress
(G,H), inflammation (I), mitochondrial stress (J,K) and protein folding (L) in Swiss OECs.
Columns display mean = SEM of fold changes relative to housekeeping genes. Significant
changes (P < 0.05) between HF/HS and control groups per time point are indicated with an
asterisk (*). Tendencies (P < 0.1 and > 0.05) are indicated by a dollar sign (S). ND stands for
‘not detected’.
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Fig 5. HF/HS diet effects on transcription markers of oxidative stress (A,B,C,D,E,F), ER-stress
(G,H), inflammation (I), mitochondrial stress (J,K) and protein folding (L) in B6 OECs.
Columns display means = SEM of fold changes relative to housekeeping genes. Significant
changes (P < 0.05) between HF/HS and control groups per time point are indicated with an
asterisk (*).

5. Discussion

The aim of this study was to investigate the effect of feeding a HF/HS diet for different
durations (from 24h to 16 weeks) on the oviductal epithelial cell (OECs) physiology in
both B6 (inbred) and Swiss (outbred) mice. We chose to focus this investigation at the
transcriptomic level because changing gene expression is the first cellular response to
stress. We focused the analysis on a strategically selected list of genes that are known
to be involved in cellular lipotoxicity and oxidative stress. This maximises the chance of
detecting specific changes compared to wide screening techniques such as RNAseq
where such differences might be overlooked. Feeding a HF/HS diet resulted in a
significant increase in body weight and blood cholesterol concentrations compared to
the controls very early after starting the HF/HS diet feeding. These effects progressively
increased over time and were later, in the Swiss mice, associated with a significant
increase in circulating inflammatory cytokines after 12w compared with mice fed a
control diet. Feeding a HF/HS diet altered the expression of genes related to oxidative
stress (OS) in the OECs as early as 3d, which was subsequently followed by a cascade of
transcriptomic changes related to mitochondrial reactive oxygen species (ROS)
production and ER-stress, and ultimately transcriptomic changes showing a local
inflammatory response during the late phase (12-16w). The magnitude and timing of

these transcriptomic changes were strain dependent.
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5.1 Temporal systemic metabolic changes after the introduction of a HF/HS
diet

The difference in weight gain between HF/HS and controls mice was significant starting
from 1w of feeding in the Swiss mice and from 2w in the B6 mice, which is in line with
our previous report (Marei et al., 2020). The response of Swiss mice in weight gain was
more variable compared to B6 mice due to their outbred nature. Swiss mice reached a
maximum weight (plateau) at 12w whereas the B6 continued to increase in weight until
week 16. This might be due to a metabolic adaptation to the increased adiposity in
older Swiss mice (Krishna et al., 2016) while the B6 mice appear to maintain their ability
to store fat in their adipocytes (Kleinert et al., 2018). Feeding a HF/HS diet also led to a
significant increase in serum total cholesterol concentration both in Swiss (from 1w
onwards) and B6 (from 3d onwards) mice. The significant increase in body weight and
serum total cholesterol concentrations confirm that not only the B6 (Eisinger et al.,
2014), but also the Swiss strain is metabolically sensitive to the high dietary saturated
fat and fructose content (Marei et al., 2020). Such acute increase in serum cholesterol
in B6, already from 3d after feeding, was also reported by Williams et al. (2014).
Cholesterol concentrations continued to increase over time in both HF/HS groups and
were also more variable in the Swiss mice. Total cholesterol concentrations were
relatively lower in the B6 compared to the Swiss mice regardless of the diet, which is
obviously due to the genetic background (Carter et al., 1997). Different factors might
influence the difference in total cholesterol concentrations, such as increased hepatic
synthesis rates of cholesterol due to obesity (Stahlberg et al., 1997) or intestinal
cholesterol absorption which showed to have a direct correlation to serum cholesterol
concentrations in mice (Schwarz et al.,, 2001). These factors may suggest a lower
capacity of B6 mice to synthesize cholesterol in the liver or absorb cholesterol. Our data
also show a positive correlation between body weight and total serum cholesterol
concentrations, which was expected since increased weight gain has been shown to be

associated with a higher rate of cholesterol synthesis (Nestel et al., 1973).
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To investigate if a HF/HS diet can also induce a systemic inflammatory response, and to
study the time by which such response is detected after feeding, we analyzed the 13
most commonly investigated inflammatory cytokines in serum using a multiplex
immunoassay. We found that six of the tested cytokines, namely IL-6, IL-10, 1L12p70,
IL-23, IL-27 and IL-1B, were significantly higher during the late phase (12-16w) in the
HF/HS mice serum compared to the controls, whereas no signs of inflammation could
be detected earlier. Williams et al. (2014) reported an increased systemic inflammation
in B6 mice (increased serum IL-6) only after 12w of HFD feeding, but an acute
inflammatory response was also observed at 3d. IL-6 is produced by adipocytes and
therefore its increased concentration might be due to obesity (Wueest and Konrad,
2018; Snider and Wood, 2019). On the other hand, our data show that the other
measured cytokines including TNF-o. and MCP-1 were not changed at any time point,
which is also in line with previous studies (Williams et al., 2014; Haley et al., 2019; Li et
al., 2020). Surprisingly, we found that IL-10, a cytokine with an anti-inflammatory
capacity that limits the production of IL-1q, IL-1j3, IL-6, IL-12, TNF-oe and MCP-1 (Couper
et al., 2008) was increased during the late phase in the HF/HS group. This increase was
not detected in the study of Li et al. (2020) in Kunming, C57BL/6, BALB/c and ICR mouse
strains and may be compensatory. IL-6, a pro-inflammatory cytokine which is
stimulated by IL-17A (Zenobia and Hajishengallis, 2015) and I[L12p70, a pro-
inflammatory cytokine related to IL-27 and IL-23 (Gee et al., 2009) were still significantly
higher or tended to be higher in the HF/HS group during late phase. It is probably not a
coincidence that also IL-27, a cytokine with both pro-inflammatory and anti-
inflammatory capacities and IL-23, which is considered a pro-inflammatory cytokine,
were significantly increased during this phase (Carl and Bai, 2008; Tang et al., 2012).
Besides IL-6, IL-17A is also known to stimulate the production of IL-13, which was also
increased during late phase in the serum of HF/HS mice (Zenobia and Hajishengallis,

2015).
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5.2 Acute and chronic effects after short and long-term feeding of the
obesogenic diet and the dietary induced metabolic stress on the oviduct

As mentioned in the introduction, the impact of HF/HS diet-induced metabolic
alterations on the oviductal cell functions are not clearly defined. As described in other
cell types, the mechanisms by which hyperlipidaemia induces lipotoxicity are known to
be mainly mediated through OS, mitochondrial dysfunction, ER-stress and local cellular
inflammatory responses (Engin; Lin et al., 2005; Herdt, 2013). Therefore we focused on
these pathways in our OEC gene expression analysis. Studies for example showed an
increase in proinflammatory genes and genes related to OS in ovaries of 4w HF-fed

Sprague Dawley (SD) rats (Ruebel et al., 2016).

We could detect changes in the expression of some of the target genes, an effect which
was dependent both on the duration of feeding and on the mouse strain. In Swiss mice,
we observed that 3d of feeding a HF/HS diet already resulted in increased expression
of genes related to ER-stress and OS in the OECs; since both BiP and PRDX3 were
significantly upregulated. BiP is an ER chaperon protein that binds to misfolded proteins
in the ER lumen and helps stabilizing and restoring the efficiency of protein folding by
initiating UPRs (Wang et al., 2017). Nevertheless, ATF4, the downstream transcription
factor of BiP, was not upregulated at any of the time points, meaning that the ATF4-
mediated UPR in ER was not initiated. PRDX3 is a mitochondrial AO (Jeong et al., 2018)
and hence its upregulation indicates an increased cellular OS level particularly within
the mitochondria (Sadowska et al., 2019). These changes were accompanied by a
tendency for a higher NRF2 expression also at 3d, a protein that reacts to OS and ER-
stress and act as a transcription factor that upregulates the expression of genes
harbouring the antioxidant response element (ARE) sequence in their promotor, like
the mitochondrial SOD2 (Ohtsuji et al., 2008; Ruperez et al., 2014; Ashtekar et al.,
2018). Altogether, this suggests an acute increase in mitochondrial OS and (mild) ER-

stress in response to introducing a HF/HS diet, even before a significant change in body
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weight or serum cholesterol could be detected. On the other hand, the expression of
NRF1, which is a transcription factor with a similar binding specificity and expression
profile as NRF2 (Ohtsuji et al., 2008) was not significantly affected by diet. Nevertheless,
the level of expression of NRF1 and NRF2 were significantly positively correlated in the
Swiss OEC data. A few days later, the increase in NRF2 expression observed at 3d was
indeed followed by an upregulation of SOD2 at 1w (early phase), showing that the
downstream effect of NRF2 on SOD2 was provoked (Ma et al., 2021). An increase in
SOD2 expression was also previously recorded in the white adipose tissue of obese
mice and in the uterus, but not in the ovaries, of Wistar rats that were fed a HFD for 8w
(Ruperez et al., 2014; Sadowska et al., 2019). In addition, Jordaens at al. (2017) reported
a significant increase in SOD1 expression in bovine OECs that were exposed to lipotoxic
concentrations of free fatty acids in vitro (Jordaens et al.,, 2017). Nevertheless,
according to our knowledge, our data here is the first to report such early NRF2-SOD2
OS response in the oviduct. The increase in SOD2 reported here was also accompanied
by a tendency for a higher PRDX1 (AO) expression, which is also considered an NRF2-
regulated gene (Ma, 2013). At the ER level, and unlike the response at 3d, BiP
expression in the HF/HS group at 1w was similar to the controls indicating that protein
folding in the ER was temporarily stabilized, and confirming that the ER-stress exhibited
at 3d was mild. During the mid-phase (4-8w) a second wave of NRF2/SOD2 AO response
and ER-stress (BiP) was apparent. But again, no significant change in the ATF4
expression was detected. Finally, in the late phase (12-16w), in addition to the SOD2
and BiP which remained upregulated in the HF/HS OECs, a significantly higher
expression of both PRDX6 and IL-1/ was detected. This timing of PRDX6 upregulation
is similar to that reported in Swiss oocytes after 13w of feeding a high fat diet (Marei
et al., 2020). PRDX6 is an AO enzyme modulated by the inflammatory cytokines IFN-y
and TNF-a. It regulates TNF or IFN-induced apoptosis through IL-1 production, by its
phospholipase A2 (PLA2) activity (Burke and Dennis, 2009; Paula et al., 2013; Vazquez-

Medina et al., 2013; Arevalo and Vazquez-Medina, 2018). Hence, the simultaneous
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upregulation of PRDX6 and IL-1 3 strongly suggests a chronic diet-induced inflammatory
response in the oviduct during the late phase. PRDX6 does not only play a protective
AO role, but is also considered as an activator of inflammatory pathways (Arevalo and
Vazquez-Medina, 2018).

It is important to note the dynamics of the different PRDX antioxidants (PRDX1, 3 and
6) in the OECs in this study in response to the HF/HS diet. Unlike PRDX6, both PRDX1
and PRDX3 are not modulated by cytokines. And while PRDX1 and PRDX6 are localized
in the cytosol, PRDX3 is expressed in the mitochondria (Paula et al., 2013; Vazquez-
Medina et al., 2013). Therefore, the early upregulation of PRDX3 at 3d may indicate
that mitochondria are more sensitive to lipotoxicity compared to the ER in the OECs.
Nevertheless, markers of mitochondrial stress (HSPD1, HSPE1) were not affected by the
HF/HS diet. However, it has been previously shown that feeding a high-fat diet for 16
weeks induces mtDNA damage which correlates with mitochondrial dysfunction and
increased OS in skeletal muscle and liver of mice (Yuzefovych et al., 2013). Again, in our
study this indicates that the level of mitochondrial OS was not strong enough to induce
mitochondrial UPRs in the OECs.

On the other hand, in B6 mice, the effects of the HF/HS diet on OECs gene expression
were similar but not identical to the responses seen in the Swiss mice. Likewise, the
changes in gene expression suggested an increase in OS and ER-stress already at 3d
after the start of the HF/HS diet feeding. NRF2 (AO), PRDX1 (AO) and BiP (ER-stress)
were significantly upregulated at 3d in the HF/HS B6 OECs. The earlier upregulation of
NRF2 downstream gene PRDX1 compared to the Swiss OECs (where it was upregulated
at 1w) may be explained by the fact that NRF2 is not only activated by increasing levels
of ROS, but also by increased circulating cholesterol as observed by Ma (2013), since
serum cholesterol concentrations were increased earlier in B6 mice compared to Swiss
mice. In contrast to the Swiss OECs, ATF4 (the downstream transcription factor of BiP)
was also significantly increased after 3d. This indicates an early activation of the ATF4-

dependent UPRs in the ER and a higher level of cellular stress compared to that
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experienced in the Swiss OECs (Ron and Walter, 2007). BiP and ATF4 expression levels
were positively correlated in the B6 OEC samples (r = 0.665; P < 0.001) but not in Swiss.
HSPAS8, which is important for the correct folding of proteins, was also significantly
increased during the acute phase (3d). This is different from the Swiss mice where no
changes in HSPAS8 expression were recorded, again suggesting a higher degree of stress
in the B6 mice. As observed in the Swiss strain, NRF1 expression was positively
correlated with NRF2 but was not significantly upregulated. It is remarkable that
HSPD1, which is a marker gene for mitochondrial stress and responsible for refolding
of misfolded proteins in the mitochondria (Klebl et al., 2021) was also significantly
upregulated at 3d. This indicates that, unlike in Swiss mice, the HF/HS diet induced a
very acute mitochondrial stress in B6 OECs. These cells failed to upregulate PRDX3
expression which may have contributed to increased mitochondrial stress levels. Marei
et al. (2020) also reported an increase in mitochondrial stress in cumulus cells of HFD
fed B6 mice that was not found in oocytes or cumulus cells of HFD fed Swiss mice.
However, in their study it was HSPE1 that was significantly differentially expressed
(Marei et al., 2020). Such higher mitochondrial sensitivity in B6 has been previously
described to be genetic in origin due to inbreeding. Cross insertion of mtDNA from B6
mice to the outbred C3H/HeN mice in vivo resulted in higher mitochondrial inner
membrane potential and the generation of more ROS in cardiomyocytes (Fetterman et
al., 2013). A higher proportion of abnormal mitochondria was also detected in the
oocytes of the B6 compared to the Swiss oocytes even in mice fed a normal diet (Marei
et al., 2020). Subsequently, and in contrast to the changes observed at 3d, none of the
tested genes was significantly affected by the diet during the early phase (at 1w),
suggesting that the stress levels were temporarily normalized or stabilized by the
earlier adaptations in gene transcription. After longer exposure to the diet, during the
mid-phase, a significant increase in mitochondrial SOD2 was detected, showing a
second wave of mitochondrial OS and the presence of a NRF2/SOD2 AO response. In

addition, /L-1was also significantly increased during this phase, indicating a relatively
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earlier inflammatory response compared to that seen in the Swiss OECs at the late
phase. However, this change was not accompanied with changes in PRDX6 expression
in B6. Upregulation of /IL-1 was also reported in the muscles of B6 mice after 12w of
HFD feeding (Williams et al., 2014). This relatively earlier sign of cellular inflammation
in B6 compared to Swiss might also be due to the relatively higher cellular stress levels.
Finally, during the late phase, none of the tested genes was significantly affected by
diet despite the continued increase in weight gain and hypercholesterolemia. This
could be due to the advanced age of the mice at this time point and the relatively
shorter reproductive lifespan of the B6 compared to Swiss mice (Czajkowska et al.,

2020).

Our gene expression data shows that the sequence of pathophysiological changes that
are known to occur at the cellular level in response to diet-induced lipotoxicity are
evident in the oviduct of both Swiss and B6 mice. In other words, the OECs appear to
be sensitive to the maternal metabolic stress induced by the HF/HS diet. These cells are
in direct contact with the embryo and create its micro-environment (Aviles et al., 2010).
Based on our in-depth analysis of the strategically-selected target genes, we can state
that the sequence of changes in Swiss mice start with an acute increase in OS and
protein misfolding in the ER followed by the initiation of a cascade of transcriptomic
changes to control mitochondrial ROS production and ER-stress. The specific metabolic
changes in B6 mice are mainly observed during the acute phase (3d) and involve higher
levels of mitochondrial OS. The level of cellular stress appears to be higher in B6 to the
level that stimulates the expression of UPR genes in the ER and mitochondria. Despite
the activation of some endogenous AO mechanisms, chronic exposure to such stress
results in local inflammatory responses that were initiated earlier in B6 mice compared

to the Swiss mice.

It is important to notice that these very interesting and biologically relevant differences

that we could detect between the dietary groups at different timepoints validated one
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another as they formed a very logical network of molecular interaction and cellular
events. The fact that similar pathways are affected in a similar sequence (with a few
differences in severity) in both mouse strains can also be seen as a strong validation of

the described responses.

We are the first to show that the impact of the HF/HS diet on OECs can lead to changes
in the oviductal microenvironment that may occur as a very acute oxidative stress
response to the diet even before the development of an obese phenotype. These
changes can put the developing embryo at risk and may lead to reduced fertility. This
illustrates that the mechanism by which the obesogenic diet impacts fertility is not only
mediated through reduced oocyte quality, but might also directly impact early embryo
development in the oviduct, leading to long-term effects on fetal development,
pregnancy success, and postnatal health through epigenetic alterations. Therefore, our
findings might explain why subtle nutritional challenges exerted exclusively during the
preimplantation period, resulted in offspring with a higher risk of developing
deleterious phenotypes in adulthood (Velazquez, 2015). However, such impact on the
developing zygote within the oviduct of HF/HS diet-fed mothers is practically and

technically very difficult to investigate.

In conclusion, administration of a HF/HS diet for a short period (as shown here at 3d)
results in acute systemic changes and acute local OS or mitochondrial stress effects on
OECs, evident already after short-term obesogenic feeding and before the
development of an obese phenotype. The acute effects in the OECs initiate a cascade
of transcriptomic changes to control mitochondrial ROS production and ER-stress.
However, in the mid and late phase a persistent upregulation of (mitochondrial) OS and
ER-stress is observed, with ultimate signs of local and systemic inflammation in the late
phase.

To the best of our knowledge, this is the first study that describes the effect of

metabolic stress on the oviductal microenvironment in vivo and illustrates that
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oviductal cells can sense (or can react on) systemic diet-induced hyperlipidaemia.
Further studies in our laboratory currently focus on the impact of such increased OEC
stress levels on early embryo development. This study also shows different responses
to a HF/HS diet between Swiss and B6 mice. The acute responses showed a higher
mitochondrial sensitivity in B6 mice compared to the Swiss mice, which were showing
acute OS responses. B6 mice showed earlier local inflammatory responses compared
to the Swiss mice. These differences indicate that the effects of a HF/HS diet are

dependent on the genetic background which should aid in designing further research.
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6. Supplementary material

S1 Table. Functions and full names of cytokines measured in the serum

Cytokine Full name Function
GM-CSF Granulocyte Monomeric glycoprotein that functions as a
macrophage colony- cytokine. Stimulates stem cells to produce
stimulating factor granulocytes (neutrophils, eosinophils and
basophils) (Becher et al., 2016).

IFN-B Interferon 3 Type | interferon. Induces the transcription of
genes encoding inflammatory cytokines and
chemokines (GeneCards).

IL-1a Interleukin 1a Inflammatory cytokine that activates the
inflammatory process (Di Paolo and
Shayakhmetov, 2016). Cytokine required for
activating the innate immune response (Ott et al.,
2007).

IFN-y Interferon y Type Il interferon with an antiviral activity (Tau and
Rothman, 1999).

MCP-1 Monocyte Chemokine that regulates the migration and

chemoattractant infiltration of monocytes/macrophages
protein-1 (GenecCards).
TNF-a Tumor necrosis factor Inflammatory cytokine produced by
a macrophages/monocytes during acute
inflammation. Responsible for a diverse range of
signalling events within cells, leading to necrosis or
apoptosis (Idriss and Naismith, 2000). Cytokine
required for activating the innate immune
response (Ott et al., 2007).
IL-17A Interleukin 17A Proinflammatory cytokine produced by activated T

cells. Stimulates the expression of IL6 and COX-2
(Zenobia and Hajishengallis, 2015).

147




CHAPTER 3: WESTERN TYPE DIET — OVIDUCTAL EPITHELIAL CELLS GENE EXPRESSION OVER TIME

IL-23 Interleukin 23 Pro-inflammatory cytokine that stimulates the
production of IL-17 (Tang et al., 2012).

IL-10 Interleukin 10 Anti-inflammatory cytokine that limits the
production of proinflammatory cytokines and
chemokines (Couper et al., 2008).

IL-6 Interleukin 6 Both a pro-inflammatory and an anti-inflammatory
cytokine. Induces different acute phase proteins
and IL-10 but has also inhibitory effects in TNF-a.
and IL-1 (Tanaka et al., 2014).

IL-27 Interleukin 27 Has both pro-inflammatory and anti-inflammatory
properties. Considerable conflicting data exists
about the role of IL-27 (Carl and Bai, 2008).

IL12p70 Interleukin 12p70 Pro-inflammatory cytokine. Induces IFN- y and
TNF-a production (Gee et al., 2009).

IL-1B8 Interleukin 13 Pro-inflammatory cytokine. Synergizes with TNF to
produce IL-6. Synergize with IL-23 to induce IL-17
production (Zenobia and Hajishengallis, 2015).
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S2 Table. Functions and full names of genes of interest used for qPCR

Gene

Full name

Domain

Function

soD2

Superoxide dismutase 2

Oxidative stress

Mitochondrial enzyme that helps
maintain the redox balance by
converting superoxide radicals to
hydrogen peroxide (Ashtekar et
al., 2018).

NRF1

Nuclear respiratory
factor 1

Oxidative stress

Binds to ARE (antioxidant
response element) and regulates
the expression of a number of
genes involved in oxidative stress
(Biswas and Chan, 2010).

PRDX1

Peroxiredoxin-1

Oxidative stress

Antioxidant protein, constitute a
potent defence system for
maintaining redox balance by
converting hydrogen peroxide to
water (Jeong et al., 2018).

PRDX3

Peroxiredoxin-3 /
Thioredoxin-dependent
peroxide reductase

Oxidative stress

Antioxidant protein, constitute a
potent defence system for
maintaining redox balance by
converting hydrogen peroxide to
water (Jeong et al., 2018).

PRDX6

Peroxiredoxin-6

Oxidative stress

Antioxidant protein, constitute a
potent defence system for
maintaining redox balance by
converting hydrogen peroxide to
water (Jeong et al., 2018).

NRF2

Nuclear factor
erythroid 2-related
factor 2

Oxidative stress

Binds to ARE (antioxidant
response element) and regulates
the expression of a number of
genes involved in oxidative stress
(Biswas and Chan, 2010).
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BiP Binding Endoplasmic Involved in maintaining proper

(HSPA5) | immunoglobulin reticulum stress | protein folding and assembly in
protein (Heat Shock the ER (Wang et al., 2014).
Protein Family A
Member 5)

ATF4 Activating transcription | Endoplasmic Coordinates the response to
factor 4 reticulum stress | oxidative stress and ER-stress by

promoting expression of genes
linked to resistance to oxidative
stress (Lange et al., 2008).

HSPE1 Heat shock protein Mitochondrial Assists folding of proteins in the
family E member 1 stress mitochondrial matrix space (Bie et
al., 2016).
HSPD1 Heat shock protein Mitochondrial Responsible for (re)-folding of
family D member 1 stress nuclear-encoded proteins that are

imported into the mitochondria
(Klebl et al., 2021).

HSPAS8 Heat shock protein Protein folding Plays a role in protein quality
family A member 8 (chaperons) control, ensuring the correct
folding and re-folding of selected
proteins (Bonam et al., 2019).

-1 Interleukin-1beta Inflammation Inflammatory cytokine (Madan et
al., 2009).
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S3 Table. Pearson correlation Swiss mice

Weight Cholesterol BiP PRDX1 HSPE1 SOoD2 PRDX6 PRDX3 NRF2 HSPD1 HSPA8 ATF4 NRF1 IL-18
Weight Pearson Correlation 1
Sig. (2-tailed)
Cholester Pearson Correlation .322%* 1
ol Sig. (2-tailed) 0,008
e Pearson Correlation 0,205 .330* 1
Sig. (2-tailed) 0,193 0,035
T Pearson Correlation -0,027 .361* 0,117 1
Sig. (2-tailed) 0,864 0,02 0,46
e Pearson Correlation 0,01 0,052 597** -0,135 1
Sig. (2-tailed) 0,952 0,748 0 0,393
S0D2 Pearson Correlation 0,163 A14%* 0,289 .683** 0,033 1
Sig. (2-tailed) 0,302 0,007 0,063 0 0,835
A Pearson Correlation .563** .359* 0,186 .330%* 0,07 .349* 1
Sig. (2-tailed) 0 0,025 0,25 0,038 0,669 0,027
PRDX3 Pearson Correlation -0,165 0,123 0,282 551** 0,012 .526%* 0,105 1
Sig. (2-tailed) 0,297 0,442 0,07 0 0,938 0 0,521
NRF2 Pearson Correlation -0,211 -0,216 -0,074 0,01 -0,122 0,028 -0,141 .325%* 1
Sig. (2-tailed) 0,179 0,176 0,639 0,948 0,442 0,858 0,385 0,036
HSPD1 Pearson Correlation -0,243 -0,209 -0,032 0,195 -0,072 -0,014 -0,177 .628** .580** 1
Sig. (2-tailed) 0,121 0,189 0,842 0,216 0,651 0,928 0,275 0 0
T Pearson Correlation -0,258 -0,205 0,024 0,114 -0,025 0,138 -0,193 .565** .924** .750** 1
Sig. (2-tailed) 0,099 0,2 0,878 0,47 0,874 0,382 0,234 0 0 0
T Pearson Correlation -0,122 -0,251 -0,136 0,193 -0,218 0,099 -0,106 .560** 720** .832** 795** 1
Sig. (2-tailed) 0,44 0,114 0,389 0,221 0,165 0,531 0,513 0 0 0 0
NRF1 Pearson Correlation -0,204 -0,199 -0,026 0,072 -0,135 -0,025 0,029 A448%* 918** .801** 916** .842** 1
Sig. (2-tailed) 0,194 0,213 0,872 0,649 0,393 0,873 0,857 0,003 0 0 0 0
118 Pearson Correlation 684 479* 0,07 0,381  -0,043  .540** 492 0,13 0,17  -0,203 0,04 0,236 0,348
Sig. (2-tailed) 0 0,015 0,733 0,055 0,833 0,004 0,011 0,525 0,407 0,32 0,844 0,247 0,081

** Correlation is significant at the 0.01 level (2-tailed)
* Correlation is significant at the 0.05 level (2-tailed)
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S4 Table. Pearson correlation B6 mice

Weight Cholesterol BiP PRDX1 HSPE1 S0D2 PRDX6 PRDX3 NRF2 HSPD1 HSPA8 ATF4 NRF1 I-18

) Pearson Correlation 1
Weight . .
Sig. (2-tailed)
Cholester Pearson Correlation 536" 1
ol Sig. (2-tailed) 0
e Pearson Correlation -0,047 0,22 1
Sig. (2-tailed) 0,766 0,162
Pearson Correlation -0,215 -0,16 0,04 1
PRDX1 - -
Sig. (2-tailed) 0,171 0,312 0,802
- Pearson Correlation -0,031 -0,099 -0,194 409" 1
Sig. (2-tailed) 0,845 0,533 0,218 0,007
o Pearson Correlation -0,173 0,009 0,186 443" 0,106 1
Sig. (2-tailed) 0,273 0,955 0,237 0,003 0,502
PROXG Pearson Correlation -0,045 0,005 0,103 322" 0,052 0,208 1
Sig. (2-tailed) 0,779 0,974 0,515 0,037 0,743 0,187
prox3 Fearson Correlation 0,068 -0,105 0,085 560" 0,032 601" 470" 1
Sig. (2-tailed) 0,669 0,509 0,59 0 0,841 0 0,002
NRF2 Pearson Correlation 0,09 0,199 478" 0,259 -0,079 0,118 439" 308" 1
Sig. (2-tailed) 0,571 0,206 0,001 0,097 0,618 0,455 0,004 0,047
HSPD1 Pearson Correlation -0,039 0,14 462" 0,11 -0,045 0,027 499" 0,118 826" 1
Sig. (2-tailed) 0,806 0,377 0,002 0,487 0,776 0,864 0,001 0,455 0
nspag Fearson Correlation 0,01 0,188  649™ 0,125  -0,038  -0,048 4177 0,15 772" 840" 1
Sig. (2-tailed) 0,948 0,234 0 0,429 0,813 0,764 0,006 0,345 0 0
ATFa Pearson Correlation -0,071 0,194 665" 0,172 -0,248 0,221 472" 0,226 748" 775" 808" 1
Sig. (2-tailed) 0,655 0,219 0 0,276 0,113 0,161 0,002 0,151 0 0 0
NRF1 Pearson Correlation -0,069 0,056 425" -0,033 -0,104 0,122 335" 0,09 741" 8827 627" 696 1
Sig. (2-tailed) 0,664 0,727 0,005 0,837 0,513 0,44 0,03 0,569 0 0 0 0
118 Pearson Correlation -0,175 -0,089 -0,003 644" 0,109 0,307 0,133 558" 398" 0,19 0,093 0,169 0,174
Sig. (2-tailed) 0,392 0,666 0,989 0 0,595 0,127 0,517 0,003 0,044 0,353 0,65 0,409 0,394

** Correlation is significant at the 0.01 level (2-tailed)
* Correlation is significant at the 0.05 level (2-tailed)
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DIO - 60 kJ% fat (beef tallow) ssniff

HF diet for rodents with tallow (& soybean oll) | corresponds to D12492 (Il) mod. :;'

Description

This purified diet of the DIO series has very high fat contents (tallow). It is therefore used to in-
duce obesity and metabolic syndrome / diabetes (NIDDM) in mice. Beef tallow is charactenzed

by a more saturated fatty acid composition (C16:0 & C18:0) compared to lard. .
The det is intended for ad ibitum feedng. The animals showd have free accass fo Fesh walor. ..l'..,.,,f'
Gross Energy (GE) 25.0 MJ'kg U = Physiological fuel valve (Atwater):
1 correspond to 5, 150 kealkg
Metabolizable Energy (ME) 21.6 MJ/kg
100%
80% Crude Nutrients [%%]
' Fat Crude protein (N x 6.25) 24.4
60% Crude fat 34.6
Crude fibre 6.0
N Crude ash 5.3
e Starch 0.1
. 20 KJ% Protein Sugar 04
00 kJ% | Carbohydrates M free extracts 26.3
0%
Minerals [2] Amino acids [%] Vitamins per kg
Calcium 0.92 Lysine 2.02 Vitamin A 15,000 U
Phosphorus 0.64 Methionine 0.86 Vitamin D 1,500 U
Ca/P 1.44:1 Cystine 0.45 Vitamin E 150 mg
Sodium 0.20 Met+Cys 1.31 Vitamin K (as MNB) 20 mg
Magnesium 0.23 Threonine 1.07 Thiamine (B,) 25 mg
Potassium 0.97 Tryptophan 0.33 Riboflavin (Bz) 16 mg
Arginine 0.95 Pyridoxine (Bg) 16 mg
Fatty acids [=&] Histidine 0.74 Cobalamin (Bz) 30 ug
C 120 0.04 Valine 1.70 Nicotinic acid 47 mg
C 14:0 1.18 Iscleucine 1.38 Pantothenic acid 55 mg
C 160 8.27 Leucine 2.42 Folic acid 16 mg
C 170 0.38 Phenylalanine 1.27 Biotin 300 ug
C 180 .06 Phe+Tyr 2.56 Choline 1,140 mg
C 20:0 0.04 Glycine 0.52
C 16:1 1.33 Glutamic acid 5.50 Trace elements per kg
C 1841 12.29 Aspartic acid 1.82 Iron 168 mg
C18:2 253 Proline 2.80 Manganese 95 mg
C18:3 0.34 Serine 1.46 Zine B5 mg
Alanine 0.81 Copper 13 mg
lodine 1.2 mg
Selenium 0.2 mg

Main products

E15741-20 Meal / powder
E15741-24 10 mm pellets

E15741-247 10 mm pellets, y-iradiated 25 kGy
Extra cholestera addifion on request (customzed)
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DIO - 10 kJ% fat, ~7 % sucrose ssniffF

v

LF Control diet for rodents with lard (& soybean oil) | corresponds to D12450J ,

v
e

Description

This purified diet of the DIO series is one of three control diets with low fat and energy contents. &
The sucrose content of this diet has been further reduced 6.8 %. P
The diet is intendad for ad libitum feeding. The animals should have free access to frash water. )=
N o
Gross Energy (GE) 17.9 MJ/Kkg Y - Physiological fuel value (Atwater);
Metabolizable Energy (ME) " 15.2 MJ/kg S e AL R
100% Fat
80% 0 Protein Crude Nutn.ents [%]
Crude protein (N x 6.25) 18.2
60% Crude fat 41
Crude fibre 5.0
40% Carbohydrates Crude ash 5.3
Starch 43.5
" Sugar 6.8
2 N free extracts 63.0
0%
Minerals [%] Amino acids [%] Vitamins per kg
Calcium 0.92 Lysine 1.52 Vitamin A 15,000 U
Phosphorus 0.63 Methionine 0.66 Vitamin D 1,500 U
Ca/P 1.46:1 Cystine 0.33 Vitamin E 150 mg
Sodium 0.20 Met+Cys 0.99 Vitamin K (as MNB) 20 mg
Magnesium 0.23 Threonine 0.80 Thiamine (B;) 25 mg
Potassium 0.97 Tryptophan 0.24 Riboflavin (B5) 16 mg
Arginine 0.71 Pyridoxine (Bsg) 16 mg
Fatty acids [26] Histidine 0.55 Cobalamin (B,) 30 ug
C 12:.0 0.01 Valine 1.27 Nicotinic acid 47 mg
C 140 0.04 Isoleucine 1.02 Pantothenic acid 55 mg
C 16:0 0.69 Leucine 1.80 Folic acid 16 mg
C 18:0 0.31 Phenylalanine 0.95 Biotin 300 g
C 20:0 0.02 Phe+Tyr 1.90 Choline 920 mg
C 16:1 0.05 Glycine 0.39
C 18:1 1.30 Glutamic acid 4.10 Trace elements per kg
C 18:2 1.43 Aspartic acid 1.35 Iron 168 mg
C 18:3 0.15 Proline 2.09 Manganese 95 mg
Serine 1.09 Zinc 65 mg
Alanine 0.55 Copper 13 mg
lodine 12 mg
Selenium 0.2 mg
Main products

E157453-00 Meal/ powder
E157453-04 10 mm peliets
E157453-047 10 mm pellets, y-irradiated 25 kGy
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Simple Summary: This study investigated the lipidomic changes in the oviduct at
different time points (from 3 days to 16 weeks) during feeding an obesogenic diet, in an
outbred mouse model. We used MALDI mass spectrometry imaging focusing on
changes in the oviductal epithelium (OE). The obesogenic diet resulted in an overall
higher average peak intensity of all detected lipids, and we could identify differentially
regulated lipids (DRLs) already after 3 days. The number of DRLs progressively increased
and became more persistent after long-term obesogenic diet feeding. Functional
annotation revealed that the alterations were mainly in phospholipids, sphingomyelins

and lysophospholipids.

1. Abstract

We investigated whether a high-fat/high-sugar (HF/HS) diet alters the lipidomic profile
of the oviductal epithelium (OE) and studied the patterns of these changes over time.
Female outbred Swiss mice were fed either a control (10% fat) or HF/HS (60% fat, 20%
fructose) diet. Mice (n = 3 per treatment per time point) were sacrificed and oviducts
were collected at 3 days and 1, 4, 8, 12 and 16 weeks on the diet. Lipids in the OE were
imaged using matrix-assisted laser desorption ionisation mass spectrometry imaging.
Discriminative m/z values and differentially regulated lipids were determined in the
HF/HS versus control OEs at each time point. Feeding the obesogenic diet resulted in
acute changes in the lipid profile in the OE already after 3 days, and thus even before
the development of an obese phenotype. The changes in the lipid profile of the OE
progressively increased and became more persistent after long-term HF/HS diet
feeding. Functional annotation revealed a differential abundance of phospholipids,
sphingomyelins and lysophospholipids in particular. These alterations appear to be not
only caused by the direct accumulation of the excess circulating dietary fat but also a
reduction in the de novo synthesis of several lipid classes, due to oxidative stress and
endoplasmic reticulum dysfunction. The described diet-induced lipidomic changes

suggest alterations in the OE functions and the oviductal microenvironment which may
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impact crucial reproductive events that take place in the oviduct, such as fertilization

and early embryo development.

Keywords: obesity; infertility; high-fat/high-sugar diet; oviductal epithelium;
lipidomics; MALDI-MSI
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2. Introduction

The prevalence of obesity among women of reproductive age has been significantly
increasing worldwide, mainly due to the overconsumption of obesogenic (high-
fat/high-sugar, HF/HS) diets and a sedentary lifestyle. This is strongly linked with
reduced fertility (Silvestris et al., 2018). Overweight and obese women are more likely
to have lower fertilization rates, poor oocyte and embryo quality, and higher rates of
miscarriage compared to normal-weight women (Pandey et al., 2010; Dag and Dilbaz,
2015). Several studies have demonstrated that most pregnancy losses occur very early,
in the first 2 weeks after fertilization, suggesting early preimplantation embryo
mortality and failure of implantation (Fedorcsak et al., 2004; Tremellen et al., 2017).
This is usually attributed to reduced oocyte quality (Pandey et al., 2010; Gonzalez et al.,
2022; Leroy et al., 2022). However, alterations in the oviductal microenvironment may
also impact early embryo development and increase the risk of early embryonic losses
(Li and Winuthayanon, 2017). Several crucial reproductive events take place in the
oviduct, such as oocyte and sperm capacitation, fertilization, early embryo
development, embryo genome activation and epigenetic (re)programming (Aviles et al.,
2010; Besenfelder et al., 2012; Maillo et al., 2016; Li and Winuthayanon, 2017).
Nevertheless, very little is known about the potential effects of an obesogenic diet and

obesity on the oviduct and its microenvironment.

High-fat/high-sugar (HF/HS)-diet-induced obese mouse models are frequently used to
study the pathogenesis of obesity and its complications (de Moura et al., 2021). The
consumption of obesogenic diets has been shown to induce acute responses, as early
as after three days of feeding, where mice exhibit reduced glucose tolerance, and
increased blood cholesterol and inflammatory cytokines (Williams et al., 2014; Haley et
al., 2019). Prolonged feeding of an obesogenic diet leads to insulin resistance and
increases hyperlipidaemia, which increases adiposity and accumulation of lipids in non-

adipose tissues, causing lipotoxicity and oxidative stress which eventually results in
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cellular dysfunctions (Lin et al., 2005; Fernandez-Sanchez et al., 2011; Herdt, 2013;
Engin, 2017a; Engin). More specifically, diet-induced changes in the lipid content of
different tissues such as the liver, heart and muscles have been described, which is
associated with alterations in cellular metabolism and functions and an increased risk
of various metabolic disorders (Liisberg et al., 2016; Valsesia et al., 2016; Pakiet et al.,
2020; Spooner et al., 2021). These tissues are metabolically highly active and might be
more sensitive to changes in circulating lipids. Whether the same changes also occur in
the reproductive tissues is not known. Some studies have shown evidence of increased
lipid content in the ovarian follicular fluid microenvironment and the oocytes in diet-
induced obese mouse models (Robker, 2008; Igosheva et al., 2010; Jungheim et al.,
2010; Wu et al., 2011; Jungheim et al., 2012; Valckx et al., 2014; Marei et al., 2017,
Marei et al., 2020; Smits et al., 2022) and in women (Wittemer et al., 2000; Valckx et
al.,, 2012; Gonzalez et al., 2018). Many of these studies have demonstrated a direct
lipotoxic impact on oocyte developmental competence. Furthermore, the effect on
ovarian functions appears to be mainly induced by the obesogenic diet per se regardless
of the development of the obese phenotype (Skaznik-Wikiel et al., 2016). On the other
hand, the potential effects of HF/HS-diet-induced obesity on the oviductal
microenvironment and its lipid content have not been elucidated in humans or in

relevant animal models.

The sensitivity of the oviduct to hyperlipidemia has been examined only in a few
studies. Free fatty acid (FFA) concentrations in the blood were shown to be correlated
to those in the oviductal fluid in cattle (Jordaens et al., 2017a) and exposure of the
oviductal cells in vitro to high FFA concentrations altered the oviductal cell proliferation
and integrity, and sperm binding capacity (Jordaens et al., 2015). Data from studies in
which bovine embryos, in vitro produced under standard conditions, were transferred
to the oviducts of cows suffering from high blood FFA concentrations due to negative

energy balance, indicate that the oviducts of these cows may be compromised in their
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ability to support early embryo development, which may contribute to lower survival
rates of the embryos compared to the embryos transferred to healthy cows (Rizos et
al., 2010; Maillo et al., 2012). In addition, we have recently shown that feeding an HF/HS
diet in mice upregulated genes involved in endoplasmic reticulum stress responses and
in oxidative stress in the oviductal epithelial cells only after 3 days of feeding (Moorkens
et al., 2022). These responses reoccurred and were aggravated during later phases of
HF/HS feeding and were associated with marks of inflammation after long-term feeding
and the development of obesity (Moorkens et al., 2022). Whether such impact is linked

to alterations in the lipid profile of the oviduct is not known yet.

Importantly, feeding an obesogenic diet is not only expected to increase neutral lipid
accumulation in somatic cells, but may also change the composition of lipids that play
very important roles in the structure and functions of the plasma membrane,
membranous organelles, and in cell signalling and cell-to-cell interaction (Cockcroft,
2021). Alterations in the dietary fat content and in the ratio between saturated and
unsaturated fatty acids could influence the lipid profile of the ovarian follicular fluid,
follicular cells and endometrial epithelial cells in cows and sheep (Childs et al., 2008)
(Childs et al., 2008; Wonnacott et al., 2010; Zachut et al., 2011; Freret et al., 2019). This
has not been illustrated in the oviduct while it is now generally accepted that
biochemical alterations in the oviduct can be critical for early embryo development
(Niemann and Wrenzycki, 2000; Desmet et al., 2016). The oviductal cells and fluid are
rich in lipids, such as cholesterol; high- (HDLs) and low-density lipoproteins (LDLs),
triglycerides and fatty acids, (Banliat et al., 2019) as well as phospholipids and
sphingolipids (Henault and Killian, 1993; Skotland et al., 2019), which can significantly
influence the oviductal and embryonic cell signalling and molecular functions (Saint-

Dizier et al., 2019).

Taken together, a profound understanding of how diet and obesity can influence the

oviductal lipidomic profile is important for increasing awareness and implementing
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preventative measures during the periconceptional period to enhance fertility.
Advances in the matrix-assisted laser desorption ionization mass spectrometry imaging
(MALDI MSI) technique have enabled the analysis of the spatial distribution of small
molecules such as lipids in tissues of interest (Meding and Walch, 2013), and the
technique was successfully used to describe the spatial distribution of different lipid
classes in the ovarian follicles (Uzbekova et al., 2015). The aim of this study was to
investigate whether an HF/HS diet can alter the lipidomic profile of the oviductal
epithelium and to study the patterns of these changes in the oviductal epithelial layer
over time as the mice continue to consume such an obesogenic diet and develop an

obese phenotype. This was examined in an outbred mouse model.

3. Material and Methods

3.1. Ethical Approval

All procedures in this study were approved by the ethical committee of the University
of Antwerp and performed accordingly (ECD approval number no. 2014-57). All
methods were performed in accordance with the relevant ethical guidelines and

regulations. This study complies with the ARRIVE guidelines (Percie du Sert et al., 2020).

3.2. Experimental Animals, Diet and Experimental Design

Five-week-old, non-pregnant, sexually mature female outbred Rj:Orl Swiss mice
(hereafter referred to as “Swiss” mice, n = 42, Janvier labs) were used. The mice were
randomly divided into two groups with ad libitum access to either a control diet (CTRL)
or a high-fat/high-sugar diet (HF/HS). An HF/HS diet is more representative of the typical
Western-style diet, compared to a high-fat diet (HFD) (Panchal and Brown, 2011). The
HF/HS group was fed with a 60 kJ% fat (beef tallow) and 9.4% sucrose diet (E15741-34,
Sniff diets, Soest, Germany) in combination with drinking water containing 20% fructose
(Merck, 102109450). Beef tallow was chosen since it contains more saturated fat

compared to lard. Fructose was chosen over glucose and sucrose because high
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consumption of fructose is known to cause insulin resistance and obesity in rodents
(Tappy and Le, 2010). A high-fat/high-fructose diet can thus induce metabolic syndrome
and type 2 diabetes in mice (Panchal and Brown, 2011). Furthermore, it has been shown
that fructose has a reduced capacity to stimulate satiety and it also appears to be a

better inducer of metabolic syndrome compared to glucose (Pereira et al., 2017).

Mice in the control group were exposed to a matched, purified (not a grain-based chow
diet) CTRL diet (E157453-04, Sniff diets, Soest, Germany), containing 10 k% fat and 7%
sucrose, and had ad libitum access to fructose-free water. This CTRL diet is also lower
in saturated fatty acids. Experimental feeding continued for up to 16 weeks. The food
intake of all mice was monitored and the mice were weighed weekly during the whole

experiment.

Mice were euthanized by decapitation at 6 different time points (n = 3 per treatment
per time point): 3 days, 1 week (1 w), 4 w, 8 w, 12 w and 16 w after the start of feeding
the CTRL or the HF/HS diet. Oviducts were collected as explained below to study
different outcome parameters. Female mice were exposed to bedding from male cages
24 h before euthanasia to synchronize their oestrous cycles (Whitten effect) (Whitten,
1956) and to collect the samples during the follicular phase (before ovulation), ensuring
no follicular cells or oocytes were present in the oviduct at sample collection. The time
points at which samples were collected are based on the results of previous studies
where multiphasic acute and long-term effects of an HFD on general metabolic features

in mice have been reported (Williams et al., 2014).

3.3. Assessment of Live Body Weight

The weight of each mouse was recorded weekly. The weight gain data are derived from
21 mice per dietary group at the first time point. The number of mice was reduced after
each time point due to the culling of a subset of animals (n = 3) at each time point for

sample collection.
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3.4. Oviduct Collection

At each time point, mice were dissected and the oviducts were collected in L15 medium
(Thermo Fisher Scientific, Belgium) supplemented with 50 IU/mL penicillin G sodium
salt (Merck, Belgium). Fat and surrounding tissue were removed under a
stereomicroscope. The oviducts were straightened by dissecting the surrounding
connective tissue and ligaments, and trimmed from both sides to remove the
infundibulum and isthmus regions (Behringer, 2012). From each mouse, one oviduct
was used for lipidomic analysis, while the other oviduct was used to collect oviductal
epithelial cells (OECs) for gene expression analysis, the data of which is already
published in Moorkens et al. (2022) (Moorkens et al., 2022). The ampullary parts of
oviducts that were used for lipidomic analysis were then washed two times in
phosphate-buffered saline (PBS; Life Technologies, Belgium), wrapped straight in a

piece of aluminium foil, snap frozen in liquid nitrogen and stored at -80 °C.

3.5. Assessment of the Lipid Distribution in the OE Using MALDI Mass
Spectrometry Imaging (MALDI MSI)

Matrix-assisted laser desorption ionisation (MALDI) imaging was used for the imaging

of lipids that are present in the mouse oviductal tissue.

3.6. Reagents

Carboxymethylcellulose (CMC), norharmane, red phosphorus, ammonium acetate
(NH4OAc 7.5M solution) and formic acid (FA) were obtained from Sigma (Merck Life
Science B.V., Overijse, Belgium, molecular grade). LC-MS-grade acetone, isopropanol
(IPA), methanol (MeOH) and water were obtained from Biosolve B.V. (Valkenswaard,
Netherlands), while n-hexane was obtained from VWR International BVBA (Leuven,

Belgium).
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3.7. Sample Preparation and Processing and Imaging Data Acquisition

The straightened oviduct segments were first embedded in 2% carboxymethyl cellulose
(CMC) after which they were stored at -80 °C. The embedded oviduct segments were
then thawed from -80 °C to -20 °C for 30 min, after which 10 um oviductal ampullary
sections were obtained using a cryostat (Leica Microsystems, Belgium BVBA). The
sections were mounted on indium tin oxide (ITO)-coated slides (LaserBio Labs, Sophia-
Antipolis, Valbonne France) (n = 3 sections per animal per treatment group) and dried
under vacuum in a desiccator for 15 min. Norharmane was used as a matrix as it is
suitable for both negative and positive reflectron modes (Scott et al., 2016). Sublimation
of the slide with matrix was necessary for the successful generation of ions by the
absorption of laser irradiation. The matrix was sublimated for 13 min using a
sublimation setup assembled in-house, composed of a sublimation apparatus (Merck)

that was heated at 140 °C with an oil bath (Filter Service NV, Eupen, Belgium).

Lipid imaging was performed using a RapifleX MALDI Tissue-typer TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany). The instrument was equipped with
a Smartbeam 3D Nd:YAG (355 mm) laser capable of firing up to 10 kHz and was
controlled using FlexControl 4.0 (Build 46) software (Bruker Daltonics). The single
smartbeam parameter was set to a 6-um x 6-um scan range with a resulting field size
of 10 um. Spectra at the scan range of m/z 400-2000 were obtained in positive and
negative reflectron mode at a laser repetition rate of 10 kHz. Both acquisition modes
were used to detect all possible lipids that ionise better in either the positive or the
negative reflectron mode. The sampling rate was set to 1.25 GS/s. The laser power was
adjusted using test shots at random positions on the sample in order to reach the
optimal ionization threshold. A total of 500 laser shots were accumulated for each
raster point. The deflection of masses below m/z 400 was activated by default. Spectra

were acquired at a lateral resolution of 10 um. External calibration was performed using
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the PepMix 6 standard (LaserBio Labs) and red phosphorus adducts in positive and

negative modes, respectively.

3.8. Assessment of the Different Histological Regions in the Oviductal Cross-
Section Using Histological Staining

A bright field image was obtained for each section used for MALDI MSI after
hematoxylin and eosin (H&E) staining. For that, the matrix was first removed by
submerging the slide in 70% then 100% isopropanol (Carl-Roth, Karlsruhe, Germany).
The slides were placed in an acetic acid formaldehyde (VWR, Leuven, Belgium) solution
for 2 min (min), after which they were dipped five times in tap water and then
AquaDest. H&E staining was then performed following standard procedures (Cardiff et
al., 2014). Finally, the sections were covered with DPX mount medium and a cover slip
and stored at room temperature. Images were made of the H&E-stained sections and
these images were used to align (co-register) the MALDI MSI images to identify the

epithelial cell layer of the oviduct as described below.

3.9. Lipidomic Data Acquisition and Analysis of the Oviductal Epithelial Cell
Layer

The MSI data sets were analysed with SCiLS Lab 3D, version 2016b (Bruker Daltonics)
(Trede et al., 2012). SCiLS reduces the impact of systematic and technical variations to
improve the reproducibility of MALDI MSI experiments. The baseline was corrected
using the Tophat morphological algorithm and the data were normalized based on the
total ion count (TIC) method (Deininger et al., 2011). Orthogonal matching pursuit
(OMP) was used for peak detection and the peaks were aligned to the mean spectrum

by centroid matching (Alexandrov and Kobarg, 2011).

A first overview of the spatial regions of the luminal epithelial cells and stroma in the
cross sections of the oviduct along the ampulla was achieved through spatial

segmentation by applying the bisecting k-means algorithm using the Manhattan
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distance metric. The depth of clustering was selected interactively. The cluster
corresponding to the epithelial cell regions was identified by co-registering the MS
images with the optical scans of the same section after it had been subjected to H&E
staining. Spectra from this cluster were subjected to receiver operating characteristic
(ROC) analysis at each time point to detect m/z values that were discriminative between
the HF/HS and CTRL groups. The ROC curve, which plots sensitivity versus 1-specificity
(Zou et al., 2007) is a commonly used measure to assess how well a test or model can
discriminate individuals, such as the detected masses, into two classes (Cook, 2008),
such as HF/HS and CTRL in the case of our study. To avoid the technical bias that may
occur towards the detection of more abundant lipid masses, the ROC analysis was
performed in two directions: HF/HS versus CTRL and CTRL versus HF/HS. The analysis
was also followed by MS/MS and database search to identify the detected differentially
regulated lipids (DRLs) as described by Bertevello et al. (2018) (Bertevello et al., 2018).

3.10. Statistical Analysis

Each individual mouse is considered an experimental unit. Statistical analysis of live
body weight was carried out using IBM Statistics SPSS (IBM SPSS statistics version 26).
The numerical data were checked for homogeneity of variance using Levene’s test. Live
body weight was analysed using repeated measures ANOVA to study the main effects
and interaction of treatment and time. In addition, two-tailed independent sample t-
tests were performed to study the effect of treatment on body weight at each time
point. As previously mentioned, MSI data sets were analysed with SCiLS Lab 3D, version

2016b (Bruker Daltonics).

The receiver operating characteristic (ROC) analysis was used to evaluate whether a
detected lipid signal was discriminative between the CTRL and HF/HS OE. For this, two
directions of change were tested: HF/HS vs. CTRL and CTRL vs. HF/HS. A discrimination
threshold of 0.7 was used for the area under the curve (AUC) of the ROC plot, above

which a mass is considered discriminative or differentially regulated between the two
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treatment groups. A representative ROC plot can be found in the Supplementary
Materials (Figure S1). Masses with an AUC = 0.7 in the HF/HS vs. CTRL analysis were

higher in abundance in the HF/HS group compared to the CTRLs, and vice versa.

4, Results

4.1. The Impact of the HF/HS Diet on Live Body Weight

A significant treatment x time effect of the HF/HS diet consumption on body weight was
shown (p < 0.001) using repeated measures ANOVA. The difference in body weight
between the HF/HS and the control group was already significant from 1 w onwards.
The increase in body weight in the HF/HS group reached a plateau at 12 w of feeding
where the mice were about 33.6% heavier than those in the control group (48.30 g +

2.14vs.36.16 g+ 1.17) (Figure 1).
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Figure 1. The effect of HF/HS diet on body weight in Swiss mice. Experimental feeding
was started at 5 weeks of age (W0) for 21 mice per dietary group at the first time
point. Body weight was monitored weekly. The number of mice was reduced after
each time point due to the culling of a subset of animals (n = 3) at each time point for
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sample collection. Data are shown as mean + SEM. Significant differences (p < 0.05)
between treatment groups per time point are indicated by an asterisk (*).

4.2. Distinct Lipid Distribution in the OE

The OE was highlighted as the region of interest on H&E staining images (Figure 2A) as
well as on the optical scans (Figure 2B). Spatial segmentation, a method that generates
a segmentation map by grouping spectra acquired in an imaging experiment by
similarity using a clustering algorithm (bisecting k-means), was applied to the imaging
datasets (Figure 2C). This method showed that spectra acquired from regions
associated with the oviductal epithelia (brown) are distinct from those acquired from
regions associated with the stromal (green) regions, and can be isolated for further
statistical analyses. An overlay of the H&E image and the spatial segmentation maps
was used for alignment and to focus the subsequent analysis on the epithelial layer

(Figure 2D).
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Lipids MSI ~“Overlay

Figure 2. MALDI MSI analysis of two representative oviductal cross-sections at the 16-
week time point. (A) Histological images of the oviductal cross-sections with the region
of interest (ROI; the epithelium) highlighted in blue and (B) the co-registration of the
MS images with the optical scans with the ROl indicated in green. (C) Spatial
segmentation maps of the whole acquired spectrum with each ROI arbitrarily assigned
a particular colour to show specific clusters associated with the OE (highlighted in
brown) and oviductal stroma (highlighted in green). (D) Histological image overlaid
(overlay) on spatial segmentation maps.

lon density maps indeed demonstrate the preferential localization and variable
abundance of specific lipid species in either the OE or oviductal stroma. For example,
Figure 3 demonstrates that m/z 863.6 is more abundant in the mucosa (represented by
an orange-red coloured OE) compared to the oviductal stroma (which is green-blue
coloured), whereas m/z 810.5 is more abundant in other parts of the stroma
(represented by orange-red colour in this region) and less abundant in the oviductal

mucosa (displayed by the light blue colour).
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Figure 3. lon density maps plotting the distribution of specific lipid masses, m/z 863.6
and m/z 810.5, based on their intensity across the entire tissue section showing their
preferential localization to the OE (m/z 863.6) and the oviductal stroma (m/z 810.5).
The intensity levels of the m/z values are presented by a colour gradient going from
dark blue, corresponding to the lowest intensity (i.e., low abundance of that specific
lipid mass in a particular spot), to dark red, showing the highest intensity.

4.3. The effect of the HF/HS Diet on the Average MALDI MSI Peak Intensity at
Different Time Points
MALDI imaging analysis of the oviductal sections was performed in both positive and

negative reflectron modes. Skyline projection spectra were generated from all detected
ion signals in the scan range of m/z 400-2000 coming from all CTRL or all HF/HS
oviductal epithelium sections at each time point. The skyline projection spectra show
numerous peaks with variable intensity in both negative (Figure 4A) and positive (Figure
4B) modes. The m/z peak coming from matrix clusters is represented in both spectra at

the m/z interval of m/z 500 and was excluded (interval size of 14 m/z) from the analysis.
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Figure 4. Representative skyline projection spectra of MALDI MSI analysis of the
oviductal epithelium sections in negative (A) and positive (B) reflectron mode. CTRL
samples are represented by green peaks; HF/HS samples are represented by red peaks.
Y-axis shows the absolute intensity of the detected peaks or m/z (mass-to-charge ratio)
signals that are shown on the X-axis.

The overall average peak intensity of all detected signals on the spectra varied from one
time point to another. This could be due to technical reasons such as matrix deposition
variation and detector sensitivity variation which are difficult to avoid in lipidomic
analysis. All control and HF/HS samples of each time point were always processed,
imaged and analysed together in one batch. Therefore, we focus on the relative
comparison between the control and the HF/HS samples at each time point. The results
show that the HF/HS OE exhibit a higher overall average peak intensity at all time points
compared to the CTRL OE (Figure 5). At 3 days of feeding, the average peak intensity of
the HF/HS OE cells was more than twofold higher than that of the CTRLs. In both
acquisition modes, this difference was less pronounced from 1 to 12 weeks and then

increased again at 16 weeks.
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Figure 5. The average peak intensity of all signals coming from CTRL and HF/HS oviductal
epithelia over the different time points in negative (A) and positive (B) reflectron mode.
Data are shown as mean = SEM.
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4.4 DRLs Induced by the HF/HS Diet at Each Time Point

4.4.1 ROC Analysis of Spectra

Receiver operating characteristic (ROC) analysis on the spectra of the OE revealed a
progressive change in the lipid profile of the OE in response to HF/HS diet feeding over
time, compared to the CTRLs. This was shown by an increase in the total number of
detected discriminative masses (DMs) over the different time points for both
acquisition modes and in both directions of the ROC analysis (HF/HS vs. CTRL and CTRL
vs. HF/HS) (Table 1). A total of 11 masses were discriminative already after 3 days of
feeding. This increased to 74 masses at 1 week and stayed in this range until week 12.
A marked increase in the number of DMs (227) was then detected at 16 w of feeding.
The majority of these DMs were more abundant in the CTRL OE compared to the HF/HS

OE (i.e., were detected in the CTRL vs. HF/HS comparison).

Table 1. Number of discriminative masses (DMs) at each time point for both acquisition
modes and both comparisons. Both positive and negative acquisition modes were used
to maximize the detection of different lipids.

Time . -
Point Negative Mode Positive Mode Total Total |Total DMs
HF/HS vs.| CTRLvs. |HF/HS vs.| CTRL vs. |HF/HS vs.| CTRL vs.
CTRL HF/HS CTRL HF/HS CTRL HF/HS
3d none 10 none 1 none 11 11
1w 28 12 1 33 29 45 74
4w 5 39 17 16 22 55 77
8w 23 21 24 29 47 50 97
12w 37 18 7 2 44 20 64
16w 27 83 18 99 45 182 227
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In order to illustrate and confirm this difference, the overall average intensity of all DMs
detected at 16 w (as a representative example) in the HF/HS vs. CTRL comparison (45
DMs) and in the CTRL vs. HF/HS comparison (182 DMs) are plotted in Figure 6 to show
the differences in their intensities between the HF/HS and CTRL groups. HF/HS vs. CTRL

DMs indeed exhibit higher intensities in the HF/HS group, and vice versa.

In both acquisition modes, the detected DRLs across all time points were focused in
specific mass ranges (Figure 7). Most peaks were detected at around m/z 700-900 and
a few lipid ions were detected around m/z 1400-1600. A few more peaks were detected
in a lower mass range below m/z 700. The lipid classes corresponding to these mass

ranges are specified in the Supplementary Materials (Tables S3 and S4).

Furthermore, we noticed that the majority of the DMs detected at 16 weeks were also
discriminative at other time points as shown in the Supplementary Materials (Tables S1

and S2).
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ROC 16w HF vs. CTRL

B CTRL_16W
M HF_16W
HE
ROC 16w CTRL vs. HF
M CTRL 16W
I HF_16W

Figure 6. Representative boxplots showing the distribution of the average intensity of
the peaks of ROC-detected DRL in the OE in either the HF/HS vs. CTRL (A) or CTRL vs.
HF/HS (B) comparison after 16 w of feeding. (Legend: HF = HF/HS.)
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Figure 7. Distribution of molecular weight (m/z) of the DRLs across all time points
detected in negative (A) and positive (B) reflectron mode. (Legend: HF = HF/HS; CTL =
CTRL.)
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4.4.2. Assignment of Differentially Regulated Lipids

A total of 206/549 ROC-identified DMs could be putatively annotated in both modes
from all time points: 119 DMs in the CTRL vs. HF/HS comparison, and 87 DMs in the
HF/HS vs. CTRL comparison. An overview of all ROC-detected DMs and their putative
assignments can be found in Tables S3 and S4 as well as a summary of putative
annotations in the Supplementary Materials (Table S5). The database with estimated
assignments included a few possible annotations for the most detected masses.
Therefore, the annotations are described in categories which include all possible
assignments. As shown in Figure 8, the majority of the assigned DMs in both CTRL vs.
HF/HS and HF/HS vs. CTRL comparisons were found to belong to phospholipids
(putatively assigned to either phosphatidylcholines (PCs), phosphatidylethanolamines
(PEs), phosphatidylserines (PSs), or to phosphatidylinositols (Pls), and/or
sphingomyelins (SMs). Only a few DMs were identified as lysophospholipids (LPs,
putatively assigned to either LysoPC (LPC), LysoPE (LPE), LysoPS (LPS), or LysoPI (LPI).

The proportions of PCs, PEs and PSs were altered as early as 3 d in both directions of
change, CTRL vs. HF/HS and HF/HS vs. CTRL, and at all time points. DMs specifically
assigned to PEs or to the PC/PE category were detected at later time points especially
from 8 w onwards in both directions. DMs identified as Pls were relatively more
abundant in the CTRL vs. HF/HS comparison than the other direction (in total 34/119
(28.6%) vs. 17/87 (19.5%)). Alterations in lysophospholipids were relatively more

abundant in the HF/HS vs. CTRL comparison in all time points starting from 1 w.
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Figure 8. Lipid class categories of the putative annotations for the ROC-identified
masses in the CTRL vs. HF/HS and HF/HS vs. CTRL comparisons at each time point and
in total. Lipids could be putatively assigned either to phosphatidylcholines (PCs),
phosphatidylethanolamines (PEs), and phosphatidylserines (PSs); or assigned to
phosphatidylinositols (Pls) and/or sphingomyelins (SMs). A few lipid species were
identified as LysoPC (LPC), LysoPE (LPE), LysoPS (LPS), and LysoPI (LPI).

5. Discussion

The aim of this study was to investigate whether an HF/HS diet can alter the lipidomic
profile of the oviductal epithelium (OE) of mice and to study the patterns of these
changes over time as the mice continue to consume the obesogenic diet for short to
long-term time periods and develop obesity. This was tested in an outbred Swiss mouse

model, to increase the pathophysiological relevance to humans and livestock animals.

The oviductal physiology is very difficult to study, especially in mice, due to the small
size and therefore limited access to biological material such as the oviductal cells. For
the first time, we were able to apply the use of MALDI mass spectrometry imaging
technology on murine oviducts and examine the changes in the lipidomic profile of the
OE due to feeding an HF/HS diet. Distinct differences could be detected already at 3

days and 1 week (w) of HF/HS diet feeding. These differences then remained relatively
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stable until 12 w before marked lipidomic changes could be detected again at 16 w. The
majority of these differences were assigned to phospholipids, sphingomyelins as well

as a few lysophospholipids.

We only focused on the ampullar region of the oviduct, where fertilization and the first
three days of early embryo development take place (Elsevier, 2014). The ampulla has
more secretory cells and is thus more active in de novo lipid synthesis compared to the
isthmus (Henault and Killian, 1993) (Kolle et al., 2009). Most of the lipid synthesis occurs
in the epithelium (Henault and Killian, 1993). In the present study, the detected masses
exhibited very specific spatial distribution patterns which matched the corresponding
histological layers of the oviduct, and indeed, a distinct lipid profile of the OE was
noticeable in contrast with the surrounding stroma. Such a contrasting lipid profile of
the OE could be due to the presence of secretory cells (Behringer, 2012). Distinct lipid
profiles of epithelial cell layers compared to stroma have been reported in other tissues

such as ovarian tissue (Doria et al., 2016) and prostate tissue (Weisser and Krieg, 1997).

Previous findings from our laboratory showed that mice are metabolically sensitive to
high dietary saturated fat and high fructose consumption (Marei et al., 2020). Blood
analysis of the mice used in the present study was reported in our previous paper
(Moorkens et al.,, 2022), showing a significant increase in blood total cholesterol
concentrations already after feeding the HF/HS diet for 1 w. This acute increase in
cholesterol levels was no longer detectable at 4 w of feeding, but the difference became
distinct again at 8 w, 12 w and 16 weeks of feeding (Moorkens et al., 2022). Similar
duration-specific differences are also observed here in the present study. We saw a
distinct lipidomic profile of the OE of the HF/HS-fed mice compared with the controls
already at 3 days of feeding. This is shown by the increased average peak intensity of all
detected signals in the spectra from the OE, and by the detection of DMs by the ROC
analysis of the ion signals. The number of DMs gradually increased over time while the

average peak intensity decreased in general, i.e., moving from a non-specific overall
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change in the OE lipid profile to a more specific change in certain lipid species.
Furthermore, the results showed that the differences were stable from 1 w to 12 w of
feeding. At 16 w of feeding, both the detected DMs and the average peak intensity were
relatively high. This pattern of change also corresponds to the same distinct phases of
systemic metabolic alterations reported in mice fed an HF/HS diet as described by
Williams et al. (2014). In that study, an elevated glucose concentration and an acute
phase response was reported already after 3 d of feeding. These effects were improved
at 1 w of feeding and remained stable until 12 w. Inflammatory markers were
undetectable during this period. At 16 w, Williams et al. reported another increase in
glucose concentration and inflammation. They concluded that the development of diet-
induced obesity and glucose intolerance consists of distinct phases, in which they
proposed the time period between 1 w and 12 w as an adaptation phase in the diet-
induced metabolic changes. Adaptative mechanisms determining the difference in
cellular fatty acid metabolism in short-term vs. long-term HF/HS diet feeding were also

described by Ciapaite et al. (2011).

In addition, the pattern of changes in the overall average peak intensity of the OE can
also be linked to the gene expression patterns of the OECs collected from the same
mice, as previously published (Moorkens et al., 2022). There, we showed that feeding
an HF/HS diet significantly increased acute stress responses, as indicated by an
increased level of oxidative stress and endoplasmic reticulum (ER) stress marker genes
after only 3 d of feeding. This was followed by a phase (between 1 w and 8 w) in which
these transcriptomic changes were temporarily normalized (became less distinct). But
finally, a significant upregulation of genes associated with OS and ER stress as well as
inflammation was detected again at 12 to 16 w in the HF/HS group (Moorkens et al.,
2022). The results of these studies show strong evidence of the sensitivity of the oviduct

and OE to systemic metabolic changes at both transcriptomic and lipidomic levels.
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Further analysis showed that some of the detected discriminative masses (DMs) were
common between the different feeding periods, and many of them were detected again
at 16 w (see Tables S1 and S2). This can be seen as a validation of the results and strongly
suggests that the detected DMs are specifically altered in response to the diet-induced
metabolic alteration, potentially for a specific function or signalling response. Persistent
alterations in common lipid species over different periods of HFD feeding were also
reported in mice and rats in other tissues such as in the liver (Turner et al., 2013) and in
the brain (Sighinolfi et al.,, 2021). Moreover, the lipidomic changes occurring after
chronic exposure (16 w) to the HFD were shown to be irreversible, as they persist even
after switching to a chow diet (Sighinolfi et al., 2021). Our findings show a relatively low
number of common DMs between the early time points up until 12 w of feeding, which
may indicate that the changes due to the HF/HS diet during this phase are variable and
reversible. The low number of common DMs between the earlier time points may also
be due to a high rate of turnover of lipids in the OE. The lipid profile in any tissue is a
result of lipid uptake, metabolism and de novo synthesis. In vitro research in our
laboratory using bovine oviductal epithelial cells cultured in a polarized set-up

confirmed that OE cells are capable of de novo lipid synthesis (Jordaens et al., 2017b).

The main organelle for lipid biosynthesis is the ER as it produces the majority of
structural phospholipids (Bell et al., 1981). As shown in our previous study, consuming
the HF/HS diet leads to oxidative stress and ER stress in the OECs already after 3 d of
feeding (Moorkens et al., 2022). Although the cause—consequence relationship is not
certain as the diet leads to a complex network of interacting changes, ER stress is known
to be a key component of the pathogenesis of diet-induced lipotoxicity in many tissues
and cells and diet-induced alterations in ER functions can indirectly alter the de novo
lipid biosynthesis. Also, alterations in the blood lipid concentrations and degree of fatty
acid saturation can directly influence the tissue lipid (selective) uptake and impact

cellular lipid composition. In the present study, the detected DMs that were
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discriminative in the CTRL vs. HF/HS comparison (more abundant in the CTRL OE) were
more abundant than those detected in the HF/HS vs. CTRL comparison (as confirmed in
the Supplementary Materials (Figure S2). This may suggest that the de novo synthesis
of many lipids is hampered in the OE of the HF/HS group, which applies to the detected
DMs that were more abundant in the control OE compared to the HF/HS OE from as
early as 3 days and up until 16 w. By contrast, DMs that were detected in the HF/HS vs.
CTRL comparisons might be, at least in part, a direct effect of the type and concentration

of the circulating lipids.

As a final step, we attempt to provide a general overview of the biological relevance
and potential functional implications of the diet-induced lipidomic change in the OE.
Identifying or annotating lipid m/z values in lipidomic analysis can be difficult due to
structural ambiguities that may be present, such as bond type or the number of
hydroxyl groups (Hol¢apek et al., 2018). Species annotation may be based on
assumptions in such cases, and a few putative annotations are often assigned to the
same m/z value (Holéapek et al., 2018). Hence, we focus here on the potential alteration

in lipid classes and families, and their ratios, rather than on individual lipid classes.

We found that phospholipids, namely PCs, PEs and PSs constitute almost 50% of the
diet-induced lipidomic changes in the OE. This is true both in the CTRL vs. HF/HS and
the HF/HS vs. CTRL comparison, i.e., some PCs, PEs, and PSs increase in abundance in
the OEs due to diet, while others are reduced. Phospholipids are the major structural
lipids in cell membranes (J.E. Vance, 2002) which are important for allowing e.g., fission
and fusion, cell division, and intracellular membrane trafficking (van Meer et al., 2008).
PCs represent 40%—50% of the total cellular phospholipid content in all cells and play a
vital role in cell functions and homeostasis (Yamashita et al., 2014). For example, PC
biosynthesis is required for the process of intracellular fatty acid internalization and

incorporation into triacylglycerols in lipid droplets. This mechanism helps to reduce the
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impact of lipotoxicity (Listenberger et al., 2003). Alteration in PC biosynthesis, as shown

here in the OEs, may thus influence cell viability (van der Veen et al., 2017).

Several DMs in both directions of change were also assigned to PEs (see Tables S3-S5)
or putatively assigned to the PC/PE or PC/PE/PS categories, especially at 8 w and
afterwards (Figure 8). PE is the second most abundant phospholipid in mammalian
membranes (Yamashita et al., 2014). Alteration in PE biosynthesis can cause a shift in
the PC/PE ratio which can have several crucial consequences. PEs and PCs regulate the
expression of sterol regulatory-element-binding proteins (SREBPs) (Lim et al., 2011;
Walker et al., 2011), which are binding proteins that regulate the de novo synthesis of
lipids by cells (Brown and Goldstein, 1997). PCs and PEs also form the two most
abundant phospholipids of mitochondria, with PEs comprising about 40% of total
phospholipids in the mitochondrial inner membrane (Yamashita et al., 2014). It is
known that mitochondrial dysfunction plays a role in metabolic disorders (Ren et al.,
2010). As mitochondrial lipids define the physical properties of mitochondrial
membranes, any reduction in mitochondrial PEs, even if subtle, can alter mitochondrial
functions (Tasseva et al., 2013) and has been linked with a profound alteration in
mitochondrial morphology and embryonic lethality. Increased PC/PE ratio, due to
decreased mitochondrial PE synthesis has even been shown to lead to severe
impairment of cell survival and growth in mice (Steenbergen et al., 2005). Therefore,
the differential abundance of PCs and PEs seen at the later time points in our study may
be indicative of a shifted PC/PE ratio and may suggest an altered mitochondrial function

and energy metabolism in the oviductal epithelium.

Some DMs were (putatively) annotated as PSs. PS is a plasma membrane component
and participates in many signalling pathways (Fadok et al., 1998). PS is highly enriched
in the cytosolic leaflet of the membranes of recycling endosomes, which replenish the
lipids and proteins of the plasma membrane, and it is essential for their function

(Skotland and Sandvig, 2019).
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The second main category of lipids that were altered in the OE due to the HF/HS diet is
that assigned to Pl and SM. Pls were particularly abundant in the CTRL vs. HF/HS
comparison starting from 1 w, indicating a reduced biosynthesis in the HF/HS group. Pls
identify endocytic membranes and enable them to attract proteins from the cytosol,
which are important for vesicle trafficking and cellular homeostasis (Di Paolo and De
Camilli, 2006), and thus play a key role in signalling and recognition (van Meer et al.,
2008). Alterations in their expression may affect their role in endocytic pathways in the
OE, with a potential impact on cellular homeostasis and cell-to-cell communication. The
structural lipid SM, part of the sphingolipids class, was differentially regulated at all time
points after the start of feeding the HF/HS diet (van Meer and Lisman, 2002). SMs are
inflammatory intracellular lipid species and, as for PCs, SMs have been reported to be
crucial precursors of many biomolecules, such as prostaglandins and lipid mediators
that play a role in many cell signalling pathways (Eyster, 2007). The backbone of SM is
formed by CER, which is produced by the ER, through the action of SM synthases (SMSs)
(van Meer and Lisman, 2002). SM is involved in the regulation of endocytosis and
receptor-mediated ligand uptake, ion channel and G-protein coupled receptor function,
and protein sorting (Slotte, 2013). SM also has an important functional role as a
precursor of sphingolipid signalling molecules (Slotte and Ramstedt, 2007). Alterations

in these lipids in OEs might thus have several functional consequences.

Lipids also play a key role as first and second messengers in signal transduction and
molecular recognition processes (van Meer et al., 2008). Lysophospholipids, such as LPC
and LPA, are a group of messenger lipids that are formed by the hydrolysis of
phospholipids and sphingolipids (Meyer zu Heringdorf and Jakobs, 2007). In our study
lysophospholipids LPC, LPE, LPI and LPS appeared to have a higher abundance in the
HF/HS OE compared to the CTRL OE over the different time points, which may indicate

that cell signalling processes might be affected due to the HF/HS diet.

194



CHAPTER 4: WESTERN TYPE DIET — OVIDUCT LIPIDOMIC PROFILE OVER TIME

We did not focus on the putative annotations of the individual lipid species and their
molecular weight and degree of saturation (Tables S3-S5) because of the potential
ambiguity in these assignments. However, we have noticed that the identified DMs in
the HF/HS vs. CTRL comparison are mostly higher in molecular weight than those in the
CTRL vs. HF/HS direction of change. Belaz et al. (2016) (Belaz et al., 2016) have reported
that the molecular weight (MW) of lipid ions in the bovine uterus and oviduct are linked
to embryo receptivity and fertility. High-MW PCs (e.g., PC(38:7), PC(38:5), PC(40:7) and
PC(40:6)) were linked with lower receptivity and low fertility, whereas the low-MW PCs
and SMs (e.g., PC(32:1), PC(35:2), SM(34:1) and SM(34:2)) were associated with higher
receptivity (Belaz et al., 2016). The potential role of these specific lipids and their MW

in the oviduct under obesogenic conditions needs further investigation.

It is important to highlight that lipidomic alterations in the OEs can be reflected in the
oviductal microenvironment and alter the interaction between the OE and the gametes
and embryos. This may impact all the reproductive events that take place in the oviduct,
such as fertilization and early embryo development. The lipid composition of the
oviduct was shown to be reflected in the lipidomic profile of the oviductal secretions,
including its extracellular vesicles content, which in turn has been shown to alter the
lipid composition of the embryos upon direct contact (Banliat et al., 2020). Early
embryos internalise and utilise lipids from their microenvironment (Abe et al., 2002),
and thus the quantity and type of lipids determine embryo metabolic activity, ROS
levels, developmental capacity, as well as embryonic transcriptomic profile and
epigenetic programming (Cagnone and Sirard, 2014; Desmet et al., 2016; Aljahdali et
al., 2020; Smits et al., 2020). The diet-induced alterations in the lipidomic profile of the
OEs, detected as early as after 3 days of feeding, could therefore impact early embryo
development and quality. Alterations in signalling molecules that are derived from
lipids, such as prostaglandin synthesis in the oviduct, can also impact embryo

development and quality (Maillo et al., 2012; Anamthathmakula and Winuthayanon,
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2021), ultimately leading to lower pregnancy success or even to offspring health defects
(Velazquez, 2015; Robertson et al., 2018). The magnitude of such impact is yet to be

determined.

6. Conclusions

We are the first to describe the effect of an HF/HS diet on the lipid profile of the
oviductal microenvironment in vivo. We can conclude that exposure to an obesogenic
diet results in acute changes in the lipid profile in the OE after a short-term feeding
period of only 3 days in mice, and thus even before the development of an obese
phenotype. At the subsequent early time points, the effects appear to be variable and
reversible but the changes in the lipid profile of the OE progressively increase and
become more persistent after long-term exposure to the HF/HS diet. Functional
annotation revealed a differential abundance of lipids, particularly phospholipids,
sphingomyelins and lysophospholipids, which are involved in plasma membrane
functions, cell signalling, mitochondrial functions and cellular homeostasis. These
alterations appear to be not only due to the direct accumulation of the excess dietary
fatin the OEs but also due to a reduction in the de novo synthesis of several lipid classes,

most likely due to ER dysfunction.
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7. Supplementary material

[UTRe———

Supplementary Figure S1. Representative ROC curve of m/z 553,34 detected in
negative mode.
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Supplementary Figure S2. Scatter plot showing the distribution of the average intensity
of the peaks of each detected ion signal (mass) in time point 16 weeks. The ratio of the
plot was calculated as HF/HS over CTRL. Therefore, the data points above the baseline
are masses with a higher abundance in the HF/HS OE, whereas data points below the
baseline are more abundant in the CTRL OE compared to the HF/HS OE. The green and
yellow highlighted dots were detected as DMs in the ROC analysis in the CTRLvSHF/HS
direction. The orange highlighted dot was identified as DM in the ROC analysis in the
HF/HSvsCTRL direction.

Supplementary Table S1. Common DMs detected at different time points in negative

mode.
Period 3d 1w 4w 8w 12w lew
Total 10 40 44 43 55 110
3d 10 10 0 1 2 2 6
1w 40 40 11 2 16 22
aw 44 44 14 13 35
8w 43 43 13 31
12w 55 55 36
l6w 110 110
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Supplementary Table S2. Common DMs detected at different time points in positive
mode.

Period 3d 1w 4w 8w 12w lew
Total 1 33 33 53 9 117
3d 1 1 1 1 1
1w 33 33 2 8 31
4aw 33 33 8 1 21
8w 53 53 1 25
12w 9 9 1
l6w 117 117
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Supplementary Table S3: List of putative annotations of the detected molecular species by MALDI MSI in HF/HS vs CTRL OE in
Swiss mice in negative acquisition mode

Identification of differentially regulated lipids detected by MALDI MSI in negative mode (175 m/z)
m/z | Direction T|r31e m/z Delta Putative annotation for ion M-H- Putative annotation for ion M+Cl-
point | exact
PC(32:2)/PC(0-33:2)/PC(P-33:1)/PE(35:2)/PE(O-
PC(35:5)/PC(0-36:5)/PC(P- 36:2)/PE(P-36:1)
764.557 | CTLvsHF 3d 7645 | 0.1 36:4)/PE(38:5)/PS(35:6)/PS(P-36:5) /PS(32:3)/PS(P-33:2)
PC(32:1)/PC(0-33:1)/PC(P-33:0)/PE-
NMe(34:1)/PE(35:1)/PE(36:8)
766.574 | CTLvsHF 3d 766.2 | 0.4 None /PE(0O-36:1)/PE(P-36:0)/PS(32:2)/PS(0-33:2)/PS(P-33:1)
767.582 | CTLvsHF 3d 767.5 | 0.1 None SM(d36:0)
PC(35:3)/PC(0-36:3)/PC(P- PC(32:0)/PC(0-33:0)/PE(35:0)/PE(36:7)/PE(O-
36:2)/PE(38:3)/PS(35:4) 36:0)/PS(32:1)
768.590 | CTLvsHF 3d 768.5 | 0.1 /PS(0-36:4)/PS(P-36:3) /PS(0-33:1)/PS(P-33:0)
PC(34:3)/PC(P-35:2)/PE(37:3)/PE(O-38:3)/PE(P-
790.577 | CTLvsHF 3d 790.5 | 0.1 None 38:2)/PS(34:4)
PC(34:2)/PC(0-35:2)/PC(P-35:1)/PE-
PC(37:5)/PC(0-38:5)/PC(P-38:4)/PE(40:5) NMe(36:2)/PE(37:2)/PE(38:9)
792.594 | CTLvsHF 3d 7925 | 0.1 /PS(37:6)/PS(0-38:6)/PS(P-38:5) /PE(O-38:2)/PE(P-38:1)/PS(34:3)/PS(P-35:2)
PC(34:1)/PC(0-35:1)/PC(P-35:0)/PE(37:1)/PE(38:8)/PE(O-
PC(37:4)/PC(0-38:4)/PC(P-38:3)/PE(40:4) 38:1)
794.610 | CTLvsHF 3d 7945 | 0.1 /PS(37:5)/PS(0-38:5)/PS(P-38:4) /PE(P-38:0)/PS(34:2)/PS(0-35:2)/PS(P-35:1)
795.618 | CTLvsHF 3d 795.5| 0.1 PI(31:0)/P1(0-32:0) SM(d38:0)
PC(34:0)/PC(0O-35:0)/PE(37:0)/PE-
PC(37:3)/PC(0-38:3)/PC(P-38:2)/PE(40:3) NMe(36:0)/PE(38:7)/PE(O-38:0)
796.588 | CTLvsHF 3d 796.5 | 0.1 /PS(37:4)/PS(0-38:4)/PS(P-38:3) /PS(34:1)/PS(0-35:1)/PS(P-35:0)
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PC(38:9)/PC(37:2)/PC(0-38:2)/PC(P-
38:1)/PE(40:2)

798.682 | CTLvsHF 3d 798.6 | 0.1 /PS(37:3)/PS(0-38:3)/PS(P-38:2) PC(35:6)/PC(P-36:5)/PE(38:6)/PS(34:0)/PS(0-35:0)

837.538 | CTLvsHF lw | 837.5 0 None PI(32:4)

863.583 | CTLvsHF lw [863.6| O None SM(d43:1)/P1(34:5)

PC(40:8)/PC(39:1)/PC(0-40:1)/PC(P-
40:0)/PE(42:1)/PS(39:2)

864.591 | CTLvsHF 1w 864.6 0 None /PS(40:9)/PS(0-40:2)/PS(P-40:1)

865.559 | CTLvsHF lw | 865.5| 0.1 None PI(34:4)

911.874| CTLvsHF | 1w |911.6 | 0.3 None PI(37:2)/P1(38:9)/PI(0-38:2)/PI(P-38:1)

912.572| CTLvsHF | 1w |9126| O None PC(44:12)/PC(0-44:5)/PS(43:6)

937.609 | CTLvsHF lw [9376]| O P1(42:6) None

528.324 | CTLvsHF 4w | 528.1| 0.2 -/LPE(22:4) None

529.332 | CTLvsHF 4w [529.1| 0.2 LPI(13:0) None

PC(30:2)/PC(P-31:1)/PE(33:2)/PE(O-34:2)/PE(P-

700.569 | CTLvsHF 4w | 700.5 | 0.1 34:1)/PS(30:3) None

722.550 | CTLvsHF 4w | 7225 | 0.1 PC(32:5)/PE(35:5)/PE(O-36:5)/PE(P-36:4) PC(29:2)/PC(P-30:1)/PE(32:2)/PE(O-33:2)/PE(P-33:1)

723.558 | CTLvsHF 4w 7235 | 0.1 PI(26:1) None

PC(32:4)/PE(35:4)/PE(O-36:4)/PE(P-

724.489 | CTLvsHF 4w | 724.5 0 36:3)/PS(32:5) None

725.458 | CTLvsHF | 4w | 725.4 | 0.1 SM(d36:3)/PI(26:0) None
PC(31:2)/PC(0-32:2)/PC(P-32:1)/PE(34:2)/PE(O-

750.579 | CTLvsHF | 4w | 750.5 | 0.1 None 35:2)/PE(P-35:1)/PS(31:3)

751.587 | CTLvsHF 4w 7515 | 0.1 None SM(d35:1)

809.507 | CTLvsHF 4w | 809.5 0 SM(d42:3)/P1(32:0)/PI(0-33:0) PI(30:4)

833.504 | CTLvsHF 4w | 833.5 P1(34:2)/PI(0-35:2)/PI(P-35:1) None

837.536 | CTLvsHF 4w | 837.5 None PI(32:4)
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843.506 | CTLvsHF | 4w [ 8435 | 0O SM(d44:0)/PI(35:4)/PI(0-36:4)/PI(P-36:3) PI(32:1)/PI(0-33:1)/PI(P-33:0)
857.579 | CTLvsHF | 4w | 857.5| 0.1 PI(36:4) PI(33:1)/PI(0-34:1)/PI(P-34:0)
PC(39:4)/PC(0-40:4)/PC(P-40:3)/PE(42:4)/PS(39:5)
858.587 | CTLvsHF | 4w | 858.5 | 0.1 None /PS(0-40:5)/PS(P-40:4)
859.556 | CTLvsHF | 4w | 859.5 | 0.1 None PI(33:0)/PI(0-34:0)
865.565 | CTLvsHF | 4w | 865.5 | 0.1 None PI(34:4)
PC(40:7)/PC(39:0)/PC(0-40:0)/PE(42:0)/PE-
NMe2(40:0)/PS(39:1)
866.573 | CTLvsHF | 4w | 866.5 | 0.1 None /PS(40:8)/PS(0-40:1)/PS(P-40:0)
871.574 | CTLvsHF | 4w | 871.6 PI(37:4)/PI(0-38:4)/PI(P-38:3) PI(34:1)/PI(0-35:1)/PI(P-35:0)
872.582 | CTLvsHF | 4w | 872.6 PC(42:0)/PS(42:1) PC(40:4)/PE(43:4)/PS(40:5)
881.537 | CTLvsHF | 4w | 8815 | 0 PI(38:6) None
PC(41:6)/PC(0-42:6)/PE(44:6)/PS(40:0)/PS(41:7)/PS(O-
882.545 | CTLvsHF | 4w | 8825 | 0O None 41:0)/PS(P-42:6)
883.553 | CTLvsHF | 4w | 883.5| 0.1 PI(38:5) PI(35:2)/PI(0-36:2)/PI(P-36:1)
884.561 | CTLvsHF | 4w | 8845 | 0.1 PC(44:8)/PC(43:1)/PE(46:1)/PS(43:2) PC(41:5)/PC(P-42:4)/PE(44:5)/PS(41:6)/PS(0-42:6)
885.608 | CTLvsHF | 4w | 885.6 PI(38:4) PI(35:1)/PI(36:8)/PI(O-36:1)/PI(P-36:0)
899.603 | CTLvsHF | 4w | 899.6 | 0 PI(39:4)/PI(0-40:4)/PI(P-40:3) PI(36:1)/PI(0-37:1)/PI(P-37:0)
913.598 | CTLvsHF | 4w | 9136 O None PI(37:1)/PI(38:8)/PI(0-38:1)/PI(P-38:0)
LPC(18:1)/LPC(18:1)18:1[18:1r18:1a18:1c18:1]/PC(O-
18:1)
556.296 | CTLvsHF | 8w [556.3| O LPC(21:4)/PC(20:4) /PC(P-18:0)/LPS(18:2)
618.469 | CTLvsHF | 8w | 618.2 | 0.3 None LPS(-OMe-221:0)
725.373 | CTLvsHF | 8w | 7254 | 0O SM(d36:3)/P1(26:0) None
795.569 | CTLvsHF | 8w | 795.5 | 0.1 PI(31:0)/PI(0-32:0) SM(d38:0)
809.485 | CTLvsHF | 8w | 809.5 SM(d42:3)/PI(32:0)/PI(0-33:0) PI(30:4)
833.478 | CTLvsHF | 8w | 833.5 PI(34:2)/PI(0-35:2)/PI(P-35:1) None
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843.517 | CTLvsHF | 8w |[8435| 0 SM(d44:0)/PI(35:4)/PI(0-36:4)/PI(P-36:3) PI(32:1)/PI(0-33:1)/PI(P-33:0)
915.264 | CTLvsHF | 8w | 914.6 | 0.7 None PS(44:12)/PC(43:4)/PC(0-44:4)
PC(42:8)/PC(41:1)/PC(0-42:1)/PC(P-
42:0)/PE(44:1)/PS(41:2) PC(39:5)/PC(0-40:5)/PC(P-40:4)/PE(42:5)/PS(39:6)
856.497 | CTLvsHF | 12w | 8565 | 0 /PS(42:9)/PS(0-42:2)/PS(P-42:1) /PS(0-40:6)/PS(P-40:5)
912.331| CTLvsHF | 12w | 9116 | 0.7 None PI(37:2)/P1(38:9)/PI(0-38:2)/PI(P-38:1)
673.490 | CTLvsHF 16w | 6734 | 0.1 SM(d32:1) None
PC(30:2)/PC(P-31:1)/PE(33:2)/PE(O-34:2)/PE(P-
700.560 | CTLvsHF 16w | 700.5| 0.1 34:1)/PS(30:3) None
PC(30:1)/PC(0-31:1)/PC(P-31:0)/PE(33:1)/PE(O-
34:1)
702.538 | CTLvsHF | 16w | 7025 | 0 /PE(P-34:0)/PS(30:2)/PS(P-31:1) None
722.550 | CTLvsHF | 16w | 7225 | 0.1 PC(32:5)/PE(35:5)/PE(0-36:5)/PE(P-36:4) PC(29:2)/PC(P-30:1)/PE(32:2)/PE(0-33:2)/PE(P-33:1)
PC(32:4)/PE(35:4)/PE(O-36:4)/PE(P-
724528 | CTLVsHF | 16w | 724.5 36:3)/PS(32:5) None
725.420 | CTLVsHF | 16w | 725.4 SM(d36:3)/PI(26:0) None
725.537 | CTLvsHF l6w | 7254 | 0.1 SM(d36:3)/P1(26:0) None
PC(31:2)/PC(0-32:2)/PC(P-32:1)/PE(34:2)/PE(O-
750.552 | CTLvsHF 16w | 750.5 | 0.1 None 35:2)/PE(P-35:1)/PS(31:3)
751.560 | CTLvsHF l6w | 7515 | 0.1 None SM(d35:1)
PC(35:5)/PC(0-36:5)/PC(P- PC(32:2)/PC(0-33:2)/PC(P-33:1)/PE(35:2)/PE(0-36:2)
764.552 | CTLvsHF | 16w | 7645 | 0.1 36:4)/PE(38:5)/PS(35:6)/PS(P-36:5) /PE(P-36:1)/PS(32:3)/PS(P-33:2)
PC(32:1)/PC(0-33:1)/PC(P-33:0)/PE-
NMe(34:1)/PE(35:1)/PE(36:8)/PE(0-36:1)
766.569 | CTLVsHF | 16w | 766.2 | 0.4 None /PE(P-36:0)/PS(32:2)/PS(0-33:2)/PS(P-33:1)
PC(35:3)/PC(0-36:3)/PC(P-36:2)/PE(38:3) PC(32:0)/PC(0-33:0)/PE(35:0)/PE(36:7)/PE(0-36:0)
768.547 | CTLvsHF 16w | 768.5 0 /PS(35:4)/PS(0-36:4)/PS(P-36:3) /PS(32:1)/PS(0-33:1)/PS(P-33:0)
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PC(34:0)/PC(0-35:0)/PE(37:0)/PE-
PC(37:3)/PC(0-38:3)/PC(P-38:2)/PE(40:3) NMe(36:0)/PE(38:7)/PE(O-38:0)
796.587 | CTLvsHF | 16w | 796.5 | 0.1 /PS(37:4)/PS(0-38:4)/PS(P-38:3) /PS(34:1)/PS(0-35:1)/PS(P-35:0)
797.673 | CTLvsHF | 16w | 797.6 | 0.1 SM(d41:2) None
809.541 | CTLvsHF | 16w | 809.5 0 SM(d42:3)/PI1(32:0)/PI(0-33:0) PI1(30:4)
833.509 | CTLvsHF | 16w | 833.5 0 P1(34:2)/PI(0-35:2)/PI(P-35:1) None
837.542 | CTLvsHF | 16w | 837.5 0 None PI1(32:4)
843.515| CTLvsHF | 16w |843.5| 0O SM(d44:0)/PI(35:4)/PI(0-36:4)/PI(P-36:3) PI(32:1)/PI(0-33:1)/PI(P-33:0)
PC(41:7)/PC(P-42:6)/PC(40:0)/PC(O-
41:0)/PE(43:0)
844.523 | CTLvsHF | 16w | 8445 | 0 /PE(44:7)/PS(40:1)/PS(P-41:0) PC(38:4)/PE(41:4)/PE(42:11)/PE(0-42:4)/PS(38:5)
859.571 | CTLvsHF | 16w | 859.5| 0.1 None P1(33:0)/PI(0-34:0)
PC(40:10)/PC(39:3)/PC(0-40:3)/PC(P-

40:2)/PE(42:3)/PS(39:4)
860.540 | CTLvsHF | 16w | 860.5 0 None /PS(0-40:4)/PS(P-40:3)
861.549 | CTLvsHF léw | 861.5 0 PI(36:2)/PI1(0-37:2)/PI(P-37:1) SM(d43:2)/P1(34:6)
863.566 | CTLvsHF | 16w | 863.6 | O None SM(d43:1)/PI(34:5)

PC(40:8)/PC(39:1)/PC(0-40:1)/PC(P-

40:0)/PE(42:1)/PS(39:2)
864.574 | CTLvsHF | 16w | 864.6 | O None /PS(40:9)/PS(0-40:2)/PS(P-40:1)
865.505 | CTLvsHF | 16w | 865.5 0 None PI(34:4)

PC(40:7)/PC(39:0)/PC(0-40:0)/PE(42:0)/PE-
NMe2(40:0)/PS(39:1)

866.513 | CTLvsHF | 16w | 866.5 0 None /PS(40:8)/PS(0-40:1)/PS(P-40:0)
870.547 | CTLvsHF | 16w | 870.5 0 PC(42:1)/PS(42:2) PC(40:5)/PE(44:12)/PS(40:6)
871.555 | CTLvsHF | 16w | 8716 | O PI(37:4)/P1(0-38:4)/PI(P-38:3) P1(34:1)/PI(0-35:1)/PI(P-35:0)
872.563 | CTLvsHF | 16w | 8726 | O PC(42:0)/PS(42:1) PC(40:4)/PE(43:4)/PS(40:5)
873.572 | CTLvsHF | 16w | 873.5| 0.1 PI1(37:3)/PI(0-38:3)/PI(P-38:2) P1(34:0)/PI(0-35:0)
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881.522 | CTLvsHF | 16w | 881.5 0 PI(38:6) None
PC(41:6)/PC(0-42:6)/PE(44:6)/PS(40:0)/PS(41:7)/PS(O-

882.530 | CTLvsHF | 16w | 882.5 0 None 41:0)/PS(P-42:6)
883.539 | CTLvsHF | 16w | 883.5 0 P1(38:5) PI(35:2)/P1(0-36:2)/PI(P-36:1)
884.547 | CTLvsHF | 16w | 884.5 0 PC(44:8)/PC(43:1)/PE(46:1)/PS(43:2) PC(41:5)/PC(P-42:4)/PE(44:5)/PS(41:6)/PS(0-42:6)
887.572 | CTLvsHF | 16w | 8876 | O None PI1(35:0)/P1(36:7)/PI(0-36:0)

PC(42:10)/PC(41:3)/PC(0-42:3)/PC(P-42:2)/PE(44:3)
888.581 | CTLvsHF 16w | 888.6 0 PC(44:6)/PS(43:0)/PS(44:7) /PS(41:4)/PS(42:11)/PS(0-42:4)
890.597 | CTLvsHF | 16w | 890.6 | O PC(44:5)/PS(44:6) None
899.595 | CTLvsHF 16w | 899.6 0 P1(39:4)/PI(0-40:4)/PI(P-40:3) PI(36:1)/P1(0-37:1)/PI(P-37:0)
909.562 | CTLvsHF | 16w |909.6 | O P1(40:6) None
911.579 | CTLvsHF | 16w | 9116 | O None PI(37:2)/P1(38:9)/PI{O-38:2)/PI(P-38:1)
913.557 | CTLvsHF | 16w | 9136 | O None PI(37:1)/P1(38:8)/PI{O-38:1)/PI(P-38:0)
914.565 | CTLvsHF | 16w | 9146 | O None PS(44:12)/PC(43:4)/PC(0O-44:4)
915.574 | CTLvsHF | 16w | 9156 | O None PI1(37:0)/P1(38:7)/PI(O-38:0)
528.297 | HFvsCTL 1w 528.1 | 0.2 -/LPE(22:4) None
529.304 | HFvsCTL 1w 529.1 | 0.2 LPI(13:0) None
550.311 | HFvsCTL lw | 550.3 0 LPC(20:0)/PC(19:0)/PC(0-20:0)/LPS(20:1) LPC(18:4)
685.340 | HFvsCTL 1w 685.2 | 0.1 SM(d33:2) None
773.551 | HFvsCTL | 1w | 773.5| 0.1 None PI(27:1)/PI(P-28:0)

PC(36:1)/PC(0-37:1)/PC(P-
37:0)/PE(39:1)/PE(40:8)
/PE(0-40:1)/PE(P-40:0)/PS(36:2)/PS(O-

786.495 | HFvsCTL lw | 786.5 0 37:2)/PS(P-37:1) PC(34:5)/PE(37:5)/PE(O-38:5)/PE(P-38:4)/PS(34:6)
817.462 | HFvsCTL lw | 817.5 P1(33:3)/PI(0-34:3)/PI(P-34:2) SM(d40:3)/P1(30:0)/PI(O-31:0)
857.498 | HFvsCTL lw | 857.5 PI1(36:4) PI(33:1)/PI(0-34:1)/PI(P-34:0)
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PC(39:4)/PC(0-40:4)/PC(P-40:3)/PE(42:4)/PS(39:5)

858.506 | HFvsCTL 1w 858.5 None /PS(0-40:5)/PS(P-40:4)
859.513 | HFvsCTL 1w 859.5 0 None P1(33:0)/PI(0-34:0)
PC(40:10)/PC(39:3)/PC(0-40:3)/PC(P-40:2)/PE(42:3)
860.521 | HFvsCTL 1w 860.5 0 None /PS(39:4)/PS(0-40:4)/PS(P-40:3)
871.567 | HFvsCTL | 1w | 8716 | O PI(37:4)/PI(0-38:4)/PI(P-38:3) PI(34:1)/PI(0-35:1)/PI(P-35:0)
872.574 | HFvsCTL | 1w | 8726 | O PC(42:0)/PS(42:1) PC(40:4)/PE(43:4)/PS(40:5)
873.543 | HFvsCTL 1w 873.5 0 PI(37:3)/PI1(0-38:3)/PI(P-38:2) P1(34:0)/PI(0-35:0)
552.321 | HFvsCTL 4w 552.3 0 LPE(24:6)/LPS(20:0) None
PC(36:8)/PC(35:1)/PC(0-36:1)/PC(P-
36:0)/PE(38:1)/PE(39:8)
/PE(0O-39:1)/PE(P-40:7)/PE(P-39:0)/PS(35:2)
772.600 | HFvsCTL 4w 7725 | 0.1 /PS(0-36:2)/PS(P-36:1) PC(33:5)/PC(P-34:4)/PE(36:5)
791.557 | HFvsCTL aw 7915 | 0.1 PI(31:2)/PI(P-32:1) SM(d38:2)
PC(39:6)/PC(0-40:6)/PC(P-
40:5)/PE(42:6)/PS(38:0) PC(36:3)/PC(P-37:2)/PE(39:3)/PE(40:10)/PE(0-40:3)
818.539 | HFvsCTL 4w 818.5 /PS(39:7)/PS(0-39:0)/PS(P-40:6) /PE(P-40:2)/PS(36:4)
552.303 | HFvsCTL 8w 552.3 LPE(24:6)/LPS(20:0) None
599.321 | HFvsCTL 8w 599.1 | 0.2 LP1(18:0) None
599.592 | HFvsCTL 8w 599.1 | 0.5 LPI(18:0) None
PC(30:2)/PC(P-31:1)/PE(33:2)/PE(O-34:2)/PE(P-
700.759 | HFvsCTL 8w 700.5 | 0.3 34:1)/PS(30:3) None
PC(30:1)/PC(0-31:1)/PC(P-31:0)/PE(33:1)/PE(O-
34:1)
702.736 | HFvsCTL 8w 7025 | 0.2 /PE(P-34:0)/PS(30:2)/PS(P-31:1) None
723.745 | HFvsCTL 8w 7235 | 0.2 PI(26:1) None
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PC(33:1)/PC(0-34:1)/PC(P-34:0)/PE(36:1)
/PE-NMe2(34:1)/PE(0-37:1)

744.792 | HFvsCTL | 8w | 7445 | 0.3 | /PE(P-37:0)/PS(33:2)/PS(0-34:2)/PS(P-34:1) PE(34:5)
PC(33:0)/PC(0-34:0)/PE(36:0)/PE(37:7)/PE(O-
37:0)/PE(P-38:6)
746.536 | HFvsCTL 8w 746.5 0 /PS(33:1)/PS(0-34:1)/PS(P-34:0) PC(31:4)/PE(34:4)
PC(34:6)/PE(37:6)/PE(O-38:6)/PE(P-
748.784 | HFvsCTL 8w 748.5 | 0.3 38:5)/PS(33:0)/PS(0-34:0) PC(31:3)/PC(0-32:3)/PE(34:3)/PE(P-35:2)/PS(31:4)
PC(35:3)/PC(0-36:3)/PC(P-36:2)/PE(38:3) PC(32:0)/PC(0-33:0)/PE(35:0)/PE(36:7)/PE(0O-36:0)
768.785 | HFvsCTL 8w 768.5 | 0.3 /PS(35:4)/PS(0-36:4)/PS(P-36:3) /PS(32:1)/PS(0-33:1)/PS(P-33:0)
PC(36:8)/PC(35:1)/PC(0-36:1)/PC(P-36:0)
/PE(38:1)/PE(39:8)/PE(0-39:1)
/PE(P-40:7)/PE(P-39:0)/PS(35:2)/PS(O-
772.545 | HFvsCTL 8w 772.5 0 36:2)/PS(P-36:1) PC(33:5)/PC(P-34:4)/PE(36:5)
PC(36:7)/PC(35:0)/PC(0-36:0)/PE(38:0)/PE-
NMe2(36:0)
/PE(39:7)/PE(0O-39:0)
/PE(P-40:6)/PS(35:1)/PS(36:8)/PS(0-36:1)/PS(P- | PC(33:4)/PC(0-34:4)/PC(P-34:3)/PE(36:4)/PS(33:5)/PS(P-
774.793 | HFvsCTL 8w 7745 | 0.3 36:0) 34:4)
PC(P-38:6)/PC(36:0)/PC(0-37:0)/PE(39:0)/PE(O-
40:0)
788.825 | HFvsCTL 8w 788.5 | 0.3 /PS(0-37:1)/PS(P-37:0) None
811.733 | HFvsCTL 8w 8115 | 0.2 SM(d42:2) None
887.821 | HFvsCTL 8w | 887.6| 0.2 None PI1(35:0)/P1(36:7)/PI(0-36:0)
890.806 | HFvsCTL 8w | 890.6 | 0.2 PC(44:5)/PS(44:6) None
528.589 | HFvsCTL | 12w | 528.1 | 0.5 -/LPE(22:4) None
LPC(18:1)/LPC(18:1)18:1[18:1r18:1a18:1c18:1]
556.545 | HFvsCTL | 12w | 556.3 | 0.2 LPC(21:4)/PC(20:4) /PC(0-18:1)/PC(P-18:0)/LPS(18:2)
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PC(35:3)/PC(0-36:3)/PC(P-
36:2)/PE(38:3)/PS(35:4)

PC(32:0)/PC(0-33:0)/PE(35:0)/PE(36:7)/PE(O-36:0)

768.869 | HFvsCTL 12w | 7685 | 0.4 /PS(0-36:4)/PS(P-36:3) /PS(32:1)/PS(0-33:1)/PS(P-33:0)
PC(35:2)/PC(0-36:2)/PC(P-36:1)/PE(38:2)/PE-
NMe2(36:2)
770.575 | HFvsCTL | 12w | 7705 | 0.1 | /PE(P-39:1)/PS(35:3)/PS(0-36:3)/PS(P-36:2) PE(36:6)/PS(32:0)/PS(0-33:0)
797.678 | HFvsCTL 12w | 7976 | 0.1 SM(d41:2) None
PC(38:9)/PC(37:2)/PC(0-38:2)/PC(P-
38:1)/PE(40:2)/PS(37:3)
798.647 | HFvsCTL 12w | 798.6 0 /PS(0-38:3)/PS(P-38:2) PC(35:6)/PC(P-36:5)/PE(38:6)/PS(34:0)/PS(0-35:0)
861.577 | HFvsCTL 12w 861.5 | 0.1 PI(36:2)/PI1(0-37:2)/PI(P-37:1) SM(d43:2)/P1(34:6)
863.593 | HFvsCTL 12w | 863.6 0 None SM(d43:1)/P1(34:5)
PC(40:8)/PC(39:1)/PC(0-40:1)/PC(P-
40:0)/PE(42:1)/PS(39:2)
864.601 | HFvsCTL | 12w | 864.6 | 0 None /PS(40:9)/PS(0-40:2)/PS(P-40:1)
865.570 | HFvsCTL 12w | 865.5 | 0.1 None PI(34:4)
PC(40:7)/PC(39:0)/PC(0-40:0)/PE(42:0)/PE-
NMe2(40:0)/PS(39:1)
866.540 | HFvsCTL 12w | 866.5 0 None /PS(40:8)/PS(0-40:1)/PS(P-40:0)
871.852 | HFvsCTL 12w 871.6 | 0.3 PI(37:4)/PI1(0-38:4)/PI(P-38:3) PI(34:1)/PI(0-35:1)/PI(P-35:0)
884.569 | HFvsCTL | 12w | 884.5 | 0.1 PC(44:8)/PC(43:1)/PE(46:1)/PS(43:2) PC(41:5)/PC(P-42:4)/PE(44:5)/PS(41:6)/PS(0-42:6)
887.594 | HFvsCTL | 12w | 887.6 | 0 None PI(35:0)/PI(36:7)/PI(0-36:0)
PC(42:10)/PC(41:3)/PC(0-42:3)/PC(P-42:2)/PE(44:3)
888.602 | HFvsCTL 12w | 888.6 0 PC(44:6)/PS(43:0)/PS(44:7) /PS(41:4)/PS(42:11)/PS(0-42:4)
890.618 | HFvsCTL 12w | 890.6 0 PC(44:5)/PS(44:6) None
890.851 | HFvsCTL 12w | 890.6 | 0.3 PC(44:5)/PS(44:6) None
911.594 | HFvsCTL 12w | 911.6 0 None PI(37:2)/P1(38:9)/P1(0-38:2)/PI(P-38:1)
911.866 | HFvsCTL | 12w | 911.6 | 0.3 None PI(37:2)/PI(38:9)/PI(0-38:2)/PI(P-38:1)
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912.603 | HFvsCTL | 12w |912.6| O None PC(44:12)/PC(0-44:5)/PS(43:6)
913.611 | HFvsCTL | 12w | 913.6| © None PI(37:1)/PI(38:8)/PI(0-38:1)/PI(P-38:0)
914.619 | HFvsCTL | 12w | 9146| © None PS(44:12)/PC(43:4)/PC(O-44:4)
914.852 | HFvsCTL | 12w | 914.6 | 0.3 None PS(44:12)/PC(43:4)/PC(O-44:4)
915.588 | HFvsCTL | 12w | 9156 | © None PI(37:0)/P1(38:7)/PI(0-38:0)
552.37 | HFvsCTL 16w | 552.3 | 0.1 LPE(24:6)/LPS(20:0) None
554.348 | HFvsCTL 16w 554.3 0 LPS(-OMe-219:0) LPC(18:2)/LPC(P-19:1)/LPS(18:3)
571.374 | HFvsCTL 16w 571.1| 0.3 LPI(16:0) None
600.383 | HFvsCTL | 16w | 600.3 | 0.1 None LPC(21:0)/PC(20:0)/PC(0-21:0)/PE-NMe(22:0)/LPE(24:0)
PC(33:1)/PC(0O-34:1)/PC(P-34:0)/PE(36:1)
/PE-NMe2(34:1)/PE(0-37:1)
744.579 | HFvsCTL 16w 7445 | 0.1 /PE(P-37:0)/PS(33:2)/PS(0-34:2)/PS(P-34:1) PE(34:5)
PC(33:0)/PC(0-34:0)/PE(36:0)/PE(37:7)/PE(O-
37:0)/PE(P-38:6)
746.596 | HFvsCTL | 16w | 7465 | 0.1 /PS(33:1)/PS(0-34:1)/PS(P-34:0) PC(31:4)/PE(34:4)
PC(32:3)/PC(P-33:2)/PE(35:3)/PE(0-36:3)
762.536 | HFvsCTL | 16w | 762.5| 0 None /PE(P-36:2)/PS(32:4)
PC(36:8)/PC(35:1)/PC(0-36:1)/PC(P-36:0)
/PE(38:1)/PE(39:8)/PE(0-39:1)
/PE(P-40:7)/PE(P-39:0)/PS(35:2)/PS(O-
772.580 | HFvsCTL l6w | 7725 | 0.1 36:2)/PS(P-36:1) PC(33:5)/PC(P-34:4)/PE(36:5)
773.589 | HFvsCTL | 16w | 773.5| 0.1 None PI(27:1)/PI(P-28:0)
PC(36:7)/PC(35:0)/PC(0-36:0)/PE(38:0)/PE-
NMe2(36:0)
/PE(39:7)/PE(0-39:0)
/PE(P-40:6)/PS(35:1)/PS(36:8)/PS(0-36:1)/PS(P- | PC(33:4)/PC(0-34:4)/PC(P-34:3)/PE(36:4)/PS(33:5)/PS(P-
774.597 | HFvsCTL 16w | 7745 | 0.1 36:0) 34:4)
775.567 | HFvsCTL | 16w | 775.5 | 0.1 PI(30:3) PI(27:0)/PI(0-28:0)
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PC(P-38:6)/PC(36:0)/PC(0-37:0)/PE(39:0)/PE(O-

40:0
788.598 | HFvsCTL léw | 7885 | 0.1 /PS(O-37:1)/P)S(P-37:O) None
789.567 | HFvsCTL | 16w | 789.5 | 0.1 PI(31:3) SM(d38:3)/P1(28:0)/PI(0-29:0)
PC(34:3)/PC(P-35:2)/PE(37:3)/PE(O-38:3)/PE(P-
790.576 | HFvsCTL | 16w | 790.5 | 0.1 None 38:2)/PS(34:4)
791.584 | HFvsCTL | 16w | 791.5| 0.1 PI(31:2)/PI(P-32:1) SM(d38:2)
811.557 | HFvsCTL lé6w | 8115 | 0.1 SM(d42:2) None
PC(42:8)/PC(41:1)/PC(0-42:1)/PC(P-42:0)

/PE(44:1)/PS(41:2) PC(39:5)/PC(0-40:5)/PC(P-40:4)/PE(42:5)/PS(39:6)

856.546 | HFvsCTL léw | 856.5 0 /PS(42:9)/PS(0-42:2)/PS(P-42:1) /PS(0-40:6)/PS(P-40:5)
PC(39:4)/PC(0-40:4)/PC(P-40:3)/PE(42:4)/PS(39:5)
858.563 | HFvsCTL | 16w | 858.5 | 0.1 None /PS(0-40:5)/PS(P-40:4)
885.556 | HFvsCTL | 16w | 885.6 | O PI1(38:4) PI1(35:1)/PI(36:8)/P1(0-36:1)/PI(P-36:0)
PC(42:11)/PC(41:4)/PC(0O-42:4)/PE(44:4)

886.603 | HFvsCTL | 16w | 886.6 | O None /PS(41:5)/PS(P-42:4)
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Supplementary Table S4: List of putative annotation of the detected molecular species by MALDI MSI in HF/HS vs CTRL OE in
Swiss mice in positive acquisition mode;

Identification of differentially regulated lipids detected by MALDI MSI (31 m/z)
m/z | Direction T|r31e m/z Delta| Putative annotation for ion M.H+ Putative annotation for ion Putative annotation for ion
point exact M.Na+ M.K+
810.334 | CTLvsHF 1w 809.6 0.7 None SM(d40:1) None
812.315| CTLvsHF 1w 811.6 0.7 None SM(d40:0) None
758.315 | CTLvsHF 4w 757.6 0.7 SM(d38:2) None None
PC(34:2)/PC(0-35:2)/PC(P-35:1) PC(31:0)/PC(0-32:0)/PE-
759.323 | CTLvsHF | 4w 758.6 | 0.7 /PE-NMe(36:2)/PE(37:2) None NMe2(32:0)
/PE(38:9)/PE(0-38:2)/PE(P-38:1) /PE(0-35:0)
760.330 | CTLvsHF 4w 759.6 | 0.7 SM(d38:1) None None
PC(33:0)/PC(0-34:0)/PE(36:0) PC(32:4)/PE(35:4)/PE(0-36:4) _
749.329 | CTLvsHF 8w 748.6 0.7 /PE(37:7)/PE(0-37:0)/PE(P-38:6) /PE(P-36:3) PE(34:5)
PC(33:1)/PC(0-34:1)/PC(P-
PC(35:4)/PC(0-36:4)/PC(P- 34:0)
769.027 | CTLvsHF | 8w 768.6 | 0.4 36:3)/PE(384) JPE(36:1)/PE-NMe2(34:1) None
/PE(0-37:1)/PE(P-37:0)
PC(36:8)/-/PC(35:1)/PC(0-36:1)
/PC(P-36:0)/PE(38:1) PC(34:5)/PE(37:5) )
775011 CTLvsHF | 8w | 774.6 | 04 /PE(39:8)/PE(0-39:1)/PE(P- /PE(0-38:5)/PE(P-38:4) PE(36:6)
40:7)/PE(P-39:0)
PC(33:3)/PC(0-34:3)/PC(P-
781.033 | CTLvsHF 8w 780.6 | 0.4 None None 34:2)
/PE(36:3)/PE(P-37:2)
PC(33:3)/PC(0-34:3)/PC(P-
781.266 | CTLvsHF 8w 780.6 0.7 None None 34:2)
/PE(36:3)/PE(P-37:2)
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PC(37:3)/PC(0-38:3)/PC(P-

PC(36:7)/PC(35:0)/PC(0-36:0)
/PE(38:0)

PC(34:1)/PC(0-35:1)
/PC(P-35:0)/PE(37:1)

799.022 | CTLysHF | 8w | 798.6 | 04 38:2)/PE(40:3) /PE-NMe2(36:0)/PE(39:7) /PE(38:8)/PE(0-38:1)/PE(P-
/PE(0-39:0)/PE(P-40:6) 38:0)
PC(38:7)/PC(37:0)/PC(O-38:0 PC(35:5)/PC(0O-36:5)/PC(P-
805.316 | CTLvsHF | 8w | 804.6 | 0.7 ( /P)E/(4o(:o)/P)E/(41§7) ) Pc(j’&?())/_zz(g)'fgé?g{zgg’)g:4) el 32‘:4) e
/PE(O-41:0)/PE(P-42:6) : ' /PE(38:5)
746.283 | CTLvsHF 16w 7456 | 0.7 SM(d37:1) None None
758.305 | CTLvsHF 16w 757.6 | 0.7 SM(d38:2) None None
PC(34:2)/PC(0-35:2)/PC(P-35:1
759.313 | CTLvsHF 16w 758.6 | 0.7 (/PE-)I\IMé(36:2)/)PE(3(7:2) ! None /pE_I:qchaaelz:?g)/zl?g)(/z_lzg(g?JS:0)
/PE(38:9)/PE(O-38:2)/PE(P-38:1)
760.321 | CTLvsHF léw 759.6 | 0.7 SM(d38:1) None None
768.309 | CTLvsHF léw 767.6 | 0.7 None None SM(d36:2)
PC(33:1)/PC(0-34:1)/PC(P-
PC(35:4)/PC(O-36:4 34:0
769.318 | CTLvsHF | 16w | 768.6 | 0.7 /PC((P-3(1{3)/(PE(38:4)) /PE(36:1)/PE-N)Me2(34:1) None
/PE(O-37:1)/PE(P-37:0)
774.320| CTLvsHF 16w 773.6 | 0.7 SM(d39:1) None None
PC(33:3)/PC(0-34:3)/PC(P-
781.300 | CTLvsHF l6w 780.6 | 0.7 None None 34:2)
/PE(36:3)/PE(P-37:2)
784.325 | CTLvsHF l6w 783.6 | 0.7 SM(d40:3) None None
794.329 | CTLvsHF 16w 793.6 | 0.7 None SM(d39:2) None
757.966 | HFvsCTL 4w 7576 | 0.4 SM(d38:2) None None
812.348 | HFvsCTL 8w 811.6 | 0.7 None SM(d40:0) None
695.147 | HFvsCTL 12w 694.5 0.6 None PE(31:3) None
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PC(34:4)/PC(0-35:4)/PE(37:4)

777.297 | HFvsCTL | 12w | 776.6 | 0.7 None /PE(0-38:4)/PE(P-38:3) None
PC(30:1)/PC(0-31:1)/PC(P-31:0) _
705.256 | HFvsCTL | 16w | 704.6 | 0.7 JPE(33:1)/PE(0-34:1)/PE(P-34-0) PE(32:5) None
PC(33:2)/PC(0-34:2)/PC(P-
34:1) PC(32:3)/PC(P-33:2)/PE(35:3)
767.301 | HFvsCTL | 16w | 766.6 | 0.7 None IPE(36:2) /PE(0-36:3)/PE(P-36:2)
/PE(0-37:2)/PE(P-37:1)
) _ _ PC(37:7)/PC(P-38:6)/PC(36:0)
829.346 | HFvsCTL | 16w | 828.6 | 0.7 PC(4?F‘)9C)(/;§§%%/EFEZ(292;10'2) PC(38:6)/PE(41:6)/PE(0-42:6) /PC(0-37:0)
' : /PE(39:0)/PE(40:7)/PE(0O-40:0)
PC(38:2)/PC(P-39:1)/PE(41:2)
837.101 | HFvsCTL | 16w | 836.6 | 0.5 None /PE(42:9) None
/PE(0-42:2)/PE(P-42:1)
838.109 | HFvsCTL 16w 837.6 | 0.5 None SM(d42:1) None
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Putative Annotations (CTRL vs HF/HS) 3d 1w 4w 8w 12w l6w Total Total (%)

PC/PE 2 7 4 13 10.9

PC/PE/PS 8 2 8 1 19 39 32.8

Pl 4 12 3 14 34 28.6

SM/PI 2 3 6 2 16 29 24.4

LPC/LPE/LPS/LPI 2 2 4 3.4
119

HF/HS vs CTRL

Putative Annotations (HF/HS vs CTRL) 3d 1w 4w 8w 12w l6w Total Total (%)

PC/PE 0 1 2 7 10 11.5

PC/PE/PS 0 4 2 9 12 7 34 39.1

Pl 5 2 3 17 19.5

SM/PI 0 2 2 2 4 13 14.9

LPC/LPE/LPS/LPI 0 3 1 3 4 13 14.9

87

Putative annotations both comparisons Total Total (%)

PC/PE 23| 11.16505

PC/PE/PS 73| 35.43689

Pl 51| 24.75728

SM/PI 42| 20.38835

LPC/LPE/LPS/LPI 17| 8.252427
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CHAPTER 5: WESTERN TYPE DIET — OVARY AND OVARIAN CELLS OVER TIME

1. Abstract

Objectives: Continuous consumption of western-type diets (high in fat and sugar,
HF/HS diets) results in systemic metabolic changes including low-grade inflammation,
lipotoxicity and oxidative stress. This impairs different tissue functions, and eventually
leads to obesity and increased risk of metabolic disorders. Consumption of a HF/HS diet
and the development of obesity have also been linked with reduced fertility, partially
by impacting ovarian follicle development and oocyte quality. Previous studies have
shown that diet-induced alterations in metabolism and tissue functions are dependent
on the exposure time and occur in a multiphasic pattern. Similar patterns were
reported in the alterations in oviductal cell functions, but the dynamics of diet-induced
alterations in the ovarian follicles have not been previously described. The aim of this
study was to determine the onset and progression of changes in the ovary, oocyte
quality and the granulosa cell transcriptomic profile after starting HF/HS diet feeding.
Design: Five week (wk) old female outbred Swiss mice were fed a control (CTRL, 10%
fat) or HF/HS (60% fat in diet, 20% fructose in drinking water) diet for up to 16wk. Mice
(n=5 per treatment per timepoint) were sacrificed at 24 hours (h), 3 days, 1wk, 4wk,
8wk, 12wk and 16wk. Total cholesterol concentrations in serum were measured and
triglyceride content in whole ovaries was quantified. To study oocyte quality, ooplasmic
total lipid droplet volume was quantified using Bodipy staining and mitochondrial
ultrastructure was examined using transmission electron microscopy. Data were
analysed using 2-way ANOVA, and T-tests within each timepoint. Granulosa cells were
collected and used for RNA sequencing. Differential gene expression analysis was
performed as a series of pairwise comparisons at all time points using edgeR. Gene Set
Enrichment Analysis was then done with GAGE and significant GO terms (g<0.1) were
summarised using the “Reduce and Visualize GO” tool (REVIGO).

Results: The HF/HS diet significantly increased blood cholesterol levels at 1wk. This
difference could not be detected at 4wk but was more distinct again at 8wk, 12wk and

16wk. Triglyceride content of the ovary was not significantly affected by the HF/HS diet.
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Oocytes from the HF/HS group already showed a significant increase in the volume of
lipid droplets at 24h compared to the CTRLs. This increase was persistent until 8wk but
was not significant at 12wk and 16wk compared to their respective CTRLs. On the other
hand, from 8wk onwards HF/HS-oocytes exhibited a progressive increase in the
proportion of ultrastructural mitochondrial abnormalities. A few significant GO term
annotations were detected already at 3 days, the majority of which were also detected
at 1wk, together with the dysregulation of another 228 GO terms. These acute changes
were mainly related to endoplasmic reticulum and mitochondrial functions,
translation, cell differentiation and cell signalling. No significant GO terms could be
detected at 4wk, which may indicate transient metabolic adaptations. Subsequently,
the highest number of significant GO term annotations was detected at 8wk (495,
including 103 of those detected at 1wk). The majority of these annotations were also
detected at 12wk and 16wk. These chronic changes are related to cell metabolism,
steroid biosynthesis, immune responses, autophagy, biogenesis, and mRNA processing.
Conclusions: We conclude that exposure to HF/HS diet results in an acute increase in
oocyte lipid droplet volume just after 24h, potentially due to an acute postprandial
hyperlipidemia being reflected in the follicular fluid. Whereas the impact of the
obesogenic diet on mitochondrial ultrastructure was only evident after 8w. We
demonstrate that the ovarian follicle microenvironment is sensitive to very short-term
changes in the diet composition, and that the alterations in ovarian cell biological
functions follow a time-dependent multiphasic cascade. Defining and understanding
these progressive changes should increase the awareness needed to protect

reproductive health and improve efficiency of preconception care interventions.
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2. Introduction
One of the biggest global health challenges of this century is the rapidly increasing

prevalence of obesity, with one billion adults currently being overweight and 650
million adults classified as obese (WHO, 2016). Obese women of childbearing age have
shown to be more likely to have higher miscarriage rates, lower rates of fertilization
and poor oocyte and embryo quality, and thus reduced fertility, compared to normal-
weight women (Pandey et al., 2010; Klenov and Jungheim, 2014; Dag and Dilbaz, 2015;
Silvestris et al., 2018). Over the past decades, various studies have demonstrated that
pregnancy losses mostly occur already in the first 2 weeks after fertilization,
highlighting the importance of early preimplantation embryo mortality and failure of
implantation (Fedorcsak et al., 2004; Tremellen et al., 2017), in which reduced oocyte
quality may play a pivotal role (Leroy et al., 2008; Pandey et al., 2010; Wu et al., 2011;
Gonzalez et al., 2022; Leroy et al., 2023). The disturbed metabolic state that is linked
with obesity (Samuelsson et al., 2008; Jungheim and Moley, 2010) is reflected in the
follicular fluid (FF), the microenvironment of the oocyte, and may directly impact
oocyte quality (Leroy et al., 2015). Obesity is mainly caused by the lack of physical
activity and an increased consumption of the obesogenic diet (Saklayen, 2018; Bliher,
2019). The substantial amounts of saturated fats in an obesogenic diet (Panchal and
Brown, 2011) lead to hyperlipidemia, increased adiposity with elevated lipolytic rates
and inflammation, causing cellular dysfunction due to lipotoxicity, reduced insulin
sensitivity and oxidative stress (Lin et al., 2005; Fernandez-Sanchez et al., 2011; Herdt,
2013; Engin). This disturbed metabolic state is even further aggravated (Stanhope,
2016; Taskinen et al., 2019) by the high sugar content in the obesogenic diets (Panchal
and Brown, 2011).

The pathogenesis of obesity and the effects of an obesogenic diet on fertility is thus
often studied by using high-fat/high-sugar(HF/HS)-diet-induced obese mouse models
(Dias et al., 2021). The effects induced by feeding an obesogenic diet to mice have

shown to be acute, as early as three days of feeding (Williams et al., 2014; Haley et al.,
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2019; Moorkens et al., 2022; Moorkens et al., 2023), as well as appearing after long-
term feeding (Lin et al., 2005; Fernandez-Sanchez et al., 2011; Herdt, 2013; Engin,
2017a; Engin, 2017b). Long-term feeding of an obesogenic diet results in insulin
resistance and increased hyperlipidemia, which leads to increased adiposity and
accumulation of lipids in non-adipose tissues, resulting in lipotoxicity, oxidative stress
and ultimately cellular dysfunctions (Cuevas et al., 2004; Lin et al., 2005; Fernandez-
Sanchez et al., 2011; Herdt, 2013; Engin, 2017a; Engin, 2017b). Previously, various
tissues such as muscles, heart and liver, demonstrated a changed lipid content due to
an obesogenic diet. This was linked with changes in cellular functions and metabolism
(Liisberg et al., 2016; Valsesia et al., 2016; Pakiet et al., 2020; Spooner et al., 2021).
Whether such changes also appear in reproductive tissue has to be further
investigated.

Furthermore, effects of an obesogenic diet are reflected in the ovarian follicular
environment (Reynolds et al., 2015). Several studies reported increased lipid content
in the oocytes and FF microenvironment of diet-induced obese mice (Robker, 2008;
Igosheva et al., 2010; Wu et al., 2011; Luzzo et al., 2012; Valckx et al., 2014b; Marei et
al., 2020) and women (Wittemer et al., 2000; Valckx et al., 2012; Gonzalez et al., 2018).
Feeding an obesogenic diet to mice leads to an abnormal lipid accumulation and
distribution within their oocytes (Wu et al., 2010) and a dramatically increased lipid
content in both mature and immature oocytes (Reynolds et al., 2015). HFD-fed mice
also exhibit a significantly different number and type of lipids in the ovarian granulosa
cells compared to control mice (Gao et al., 2023). Many of the studies demonstrated a
direct lipotoxic impact on oocyte development. The duration of exposure to the HFD
diet in these studies is long, ranging between 4 weeks and 13 weeks. This makes it
difficult to dissect the effects of obesity and its associated metabolic alterations (such
as reduced insulin sensitivity and hyperlipidaemia) from the direct effects of the diet.
Our research group, as well as others, reported that oocytes matured under lipotoxic

conditions exhibited oxidative stress and altered mitochondrial functions, as well as a
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devious proteomic and metabolic profile, leading to reduced oocyte developmental
capacity and lower embryo quality (Robker, 2008; Igosheva et al., 2010; Van Hoeck et
al.,, 2013; Marei et al., 2017; Smits et al., 2021). Thus, lipotoxicity in the ovarian
microenvironment results in the development of oocyte defects in animal models of
maternal obesity, eventually even impacting offspring health (Gonzalez et al., 2022). In
addition, high-fat diet-induced obese mouse models confirmed have demonstrated a
higher proportion of mitochondrial ultrastructural abnormalities, altered
mitochondrial membrane potential as well as higher lipid droplet volume in oocytes
(Wu et al., 2010; Marei et al., 2020; Smits et al., 2021). Moreover, the obesogenic diet
appears to be the main driver in impacting ovarian functions, regardless of the
development or the presence of the obese phenotype (Skaznik-Wikiel et al., 2016).
Although many studies have investigated the effects of obesity and the obesogenic diet
on the ovarian microenvironment, the mechanisms underlying the effects on oocytes
and granulosa cell function as well as the development of the effects over time while
consuming the obesogenic diet, are not yet fully understood.

The lipid composition of the ovary was reported to be cell specific and undergoes
dynamic changes during follicular development (Campbell et al., 2012; Uzbekova et al.,
2015). Based on these insights, we assume that an obesogenic diet or an obese
metabolic state may impact these changes. Feeding a HF/HS diet for only as short as
3days results in acute oxidative and mitochondrial stress in oviductal epithelial cells.
While these effects appeared before developing an obese phenotype, they initiated a
cascade of changes during the prolonged feeding of mice, leading to a persistent
upregulation of oxidative stress and ER-stress after 8w and 12w, eventually resulting in
local and systemic inflammation after 16w HF/HS-diet feeding (Moorkens et al., 2022).
Whether the effects of an obesogenic diet on the ovary and the ovarian cells progress
in such timely manner, has yet to be investigated.

Taken together, the direct impact of an obesogenic diet and obesity on the ovarian

follicular fluid microenvironment and oocyte quality is relatively well documented in
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animal models and women. It is known that the impact of lipotoxicity, caused by an
obesogenic diet, on oocyte quality is mediated by oxidative stress, endoplasmic
reticulum stress and mitochondrial dysfunction. However, the nature and magnitude
of these changes may be dependent on the duration of feeding (and thus the
development of the obesogenic phenotype), which is still to be investigated.

Therefore, we hypothesized that feeding a HF/HS diet can lead to acute and/or long-
term changes in the ovarian cells and oocytes of mice and that the development of
these changes depends on the duration of feeding the obesogenic diet. To test this
hypothesis, we aimed to examine and compare serum, oocytes, granulosa cells and
whole ovarian tissues collected from Swiss mice that were fed either a control or a
HF/HS diet for different periods of time, namely 24 hours (h), 3 days (d), 1 week (w),
4w, 8w, 12w and 16 weeks. We focused on changes in lipid droplet volume and
mitochondrial abnormalities in oocytes, neutral lipid content in the ovaries, and

transcriptomic changes in the granulosa cells.

3. Materials and Method

3.1 Ethical approval
All animal procedures in this study were approved by and performed according to the

ethical committee of the University of Antwerp (ECD approval number nr. 2014-57). All
methods were performed in accordance with the relevant ethical guidelines and

regulations as well as the ARRIVE guidelines (Percie du Sert et al., 2020).

3.2 Experimental animals, diet and experimental design
Non-pregnant, sexually mature female outbred Rj:Orl Swiss mice (hereafter referred to

as “Swiss” mice, n=42, Janvier labs) were used. At the age of five weeks the mice were
randomly divided into two groups with ad libitum access to either a control diet (CTRL)
or a high-fat/high-sugar diet (HF/HS). When compared to a high-fat diet (HFD), a HF/HS
diet is more representative for the typical Western style diet (Panchal and Brown,
2011). The HF/HS group was fed with a 60 k% fat (coming from beef tallow which

contains more palmitic and stearic acids compared to lard) and 9.4% sucrose diet
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(E15741-34, Sniff diets, Soest, Germany) combined with drinking water containing 20%
w/v fructose (Merck, 102109450). A high consumption of fructose is known to cause
insulin resistance and obesity in rodents (Tappy and Le, 2010) and thus a high-fat/high-
fructose diet can lead to metabolic syndrome and type 2 diabetes in mice (Panchal and
Brown, 2011). The control group mice had ad libitum access to fructose-free water and
were fed with a matched, purified (not a grain-based chow diet) CTRL diet (E157453-
04, Sniff diets, Soest, Germany), containing 10 kl% fat (coming from lard) and 7%
sucrose, which was also lower in saturated fatty acids. Mice of both groups were fed

with their respective diets up to 16 weeks.

At seven different time points of experimental feeding the mice were euthanized (n=3
mice per treatment per time point, mice were housed as 6 mice per cage) by
decapitation, namely at 24 hours(h) 3 days (d), 1 week (1w), 4w, 8w, 12w and 16w after
the start of feeding the CTRL or the HF/HS diet. Blood serum, whole ovaries or
granulosa cells and oocytes were collected as explained hereafter to study different
outcome parameters. Before euthanasia the estrous cycles of the female mice were
synchronised by exposing the mice to bedding from male cages for 24 hours (Whitten
effect) (Whitten, 1956) to collect the samples during the follicular phase (before
ovulation). The six time points of sample collection are based on previous studies in
which multiphasic acute and long-term effects of a HFD on general metabolic features

in mice were reported (Williams et al., 2014).

3.3 Assessment of live body weight
During the whole experiment, the weight of the mice was recorded weekly. At the first

time point the weight gain data were derived from 21 mice per dietary group after
which the number of mice were reduced at each time point due to culling of a subset

of animals (n=3) for sample collection.
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3.4 Serum collection and analysis
At decapitation of the mice, the blood was immediately collected and centrifuged after

30 min at 6000xg for 2 min at 4°C after which serum was stored at -80°C. Serum samples
of all time points were analysed for total cholesterol concentrations in a commercial
certified laboratory (Algemeen Medisch Labo, AML, Antwerp, Belgium) using
automated facilities. Total cholesterol concentrations were measured on an Abbott

Architect c16000 (Abbott, lllinois, U.S.A).

3.5 Collection and processing of ovaries, oocytes and granulosa cells
At each time point, mice were dissected and the ovaries were collected in L15 medium

(Thermo Fisher Scientific, Belgium) supplemented with 50 IU/mL penicillin G sodium
salt (Merck, Belgium). Fat and surrounding tissue were removed under a
stereomicroscope. One ovary per mouse was washed two times in phosphate buffered
saline (PBS; Life Technologies, Belgium) after which it was transferred to a vial, snap
frozen in liquid nitrogen (LN2) and stored at -80°C. Meanwhile, the other ovary of each
mouse was punctured with two 27 G needles for the collection of granulosa cells (GCs),
oocytes and cumulus-oocyte-complexes (COCs) in L15 medium supplemented with 50
IU/mL penicillin G sodium salt (Merck, Belgium), which was done in a DNAse and
RNAse-free environment. Contamination with theca or somatic cells was checked and
ruled out using cell specific gPCR markers. The collected GCs were transferred to a vial
and centrifuged at 600xg for 10 minutes at 25°C after which the supernatant was
removed. After adding RNAse-free PBS (Life Technologies, Belgium) the centrifugation
step was repeated for pellet washing. After removing the supernatant the pellets were
snap frozen in LN2 and stored at -80°C. The oocytes and COCs were washed in fresh L15
medium (Thermo Fisher Scientific, Belgium) supplemented with 50 IU/mL penicillin G
sodium salt (Merck, Belgium) and 3mg/mL PolyVinylPyrrolidone (PVP) (Sigma,
Belgium). At every time point five to six denuded oocytes per mouse were transferred

to paraformaldehyde 4% for 1 hour and then stored in PBS-PVP (1mg/mL) at 4°C until
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they were used for staining to determine intracellular lipid droplet content. One COC
per mouse with compact cumulus cell mass, regular zona pellucida, spherical oocyte
and a translucent, homogenously coloured ooplasm without inclusions was selected

and fixed in glutaraldehyde solution for transmission electron microscopy (TEM).

3.6 Lipid extraction and Quantification of triglyceride content in whole ovaries
The triglyceride content in whole ovaries of 5 mice per diet group was quantified after

lipid extraction. Lipids were isolated by first manually homogenising the whole ovary in
sterile water (10mg tissue per 100uL sterile water) in microcentrifuge tubes using a
pestula. This was followed by vortexing for 10 seconds (s) and sonicating the tubes for
10 minutes (m), after which the tube was vortexed again for 10s. To 10uL of the
homogenised tissue (1mg/400uL) 190uL sterile water and 200uL 2X homogenising
buffer (DiPhosphate Buffered Saline (DPBS) (Thermofisher Sci, 70011-036) + EDTA
(Merck, ED4SS)) were added to start the lipid extraction process. A standard curve, on
which following steps were performed as well, was prepared using 0, 3.125, 6.25, 12.5,
25 and 50 pg triolein (Merck, D6584) in 400uL homogenizing buffer 1X. Subsequently,
2ml isopropanol (Merck, 1.09634.1000):hexane (Merck, 34859) (4:1) was added to the
samples followed by vortexing for 5s and incubation in the dark for 30m at room
temperature. Next, 500uL of hexane:diethylether (VWR, 23807.297) (1:1) was added
and the samples were vortexed for 5s and incubated in the dark for 10m at room
temperature. After that, 1mL of water was added and the samples were mixed and left
on the bench for 30min to separate the phases. Then 800uL of the top phase
(supernatant) was transferred to a new tube and evaporated completely in an
evaporator for approximately 30m. The triglyceride content was measured using the
Triglyceride GPO Method kit (Biolabo, LP80619), following the manufacturers’ protocol
(Biolabo).
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3.7 Assessment of oocyte total lipid droplet volume
BODIPY staining was used to quantify the intracellular lipid droplets in the oocytes

according to the protocol described by (Van Hoeck et al., 2015). In short, the fixed
oocytes were permeabilized using 0.1% (w/v) saponin (Fiers, Kuurne, Belgium) and 0.1
M glycine in PBS after which they were incubated for 1 h in 20 ug/ml BODIPY 493/503
(Thermo Fisher Scientific, Belgium) in PBS. After each step of the staining procedure the
oocytes were washed two times in PBS containing 3 mg/ml PVP. The oocytes were then
mounted on glass-bottom dishes in droplets of PBS-PVP and directly examined. A Nikon
Eclipse Ti-E inverted microscope attached to a microlens-enhanced dual spinning disk
confocal system (UltraVIEW VoX; PerkinElmer, Zaventem, Belgium) equipped with 488
nm diode lasers for excitation of green fluorophores was used to obtain high-resolution
images. In the lower half of each oocyte, which is closest to the objective lens and thus
where the image is the most sharp, a z-stack of 40 um (with steps of 1 um) was
acquired. The obtained images were analysed using Volocity 6.0.1 software
(PerkinElmer) to quantify the total volume of lipid droplet content in each oocyte. Only
particles with the size of 0.5 um3 or higher were considered as relevant lipid droplets

and included in the analysis to overcome false positive counting of background pixels.

3.8 Assessment of mitochondrial morphology in oocytes using Transmission
Electron Microscopy (TEM)
The mitochondrial ultrastructure of COCs was assessed according to the protocol

described by Marei et al. (2020). Since the examination is time-consuming and
expensive, this was done for the HF/HS COCs of time point 1w, 4w, 8w, 12w and 16w
as well as the control oocytes of 24h, 8w and 16w. Briefly, freshly collected whole COCs
were fixed in 0.1 M sodium cacodylate-buffered (pH 7.4) 2.5% glutaraldehyde solution
and kept at 4°C for a maximum of 1 month. Individual COCs were then embedded in
2% agar blocks to enable handling. The blocks were washed three times in 0.1 M

sodium cacodylate-buffered (pH 7.4) 7.5% saccharose solution and then postfixated in
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1% Os04 solution for 2 h. After dehydration in an ethanol gradient, samples were
embedded in EM-bed812. Ultrathin sections were stained with lead citrate and
examined in a Tecnai G2 Spirit Bio TWIN microscope (Fei, Europe BV, Zaventem,
Belgium) at 120 kV. For each COC, images of at least 10 random fields in the oocyte
(covering most of the oocyte area) were acquired at 16500-25000x. The morphology
of the mitochondria in the acquired images was evaluated by an expert, blinded to the
corresponding treatment group, and classified as described by Marei et al. (2020).
Mitochondrial morphology was classified to be normal if the mitochondria were
spherical and electron dense, with or without regular vacuoles. Their morphology was
considered to be abnormal when they were either vacuolated with loose membranous
structures, were elongated, dumbbell and rose petal in shape, contained highly

electron dense foci or when they were degenerated.

3.9 Assessment of differential gene expression in granulosa cells using RNA
sequencing
RNA sequencing was performed on granulosa cells (GCs) collected from 5 mice per

treatment group per time point, for time points 3d, 1w, 4w, 8w, 12w and 16weeks.

3.9.1 Total RNA isolation from granulosa cells
Total RNA isolation was done using the Qiagen PicoPure RNA Isolation kit (Qiagen,

#KIT0204) by performing the manufacturers’ protocol. DNA was removed by DNAse
treatment (RNase-Free DNase Set Qiagen, #79254) using the manufacturers’ protocol.

3.9.2 RNA sequencing
RNA sequencing was performed on CTRL en HFHS samples from time point 3d, 1w, 4w,

8w, 12w and 16weeks, for each diet group three to four biological replicates. A total
RNA of 47 samples was transferred to NxtGnt where RNA sequencing was performed.
For each sample, a sequencing library was constructed using the QuantSeq 3 mRNA-
Seq Library Prep Kit FWD for lllumina (Lexogen) and the UMI Second Strand Synthesis

Module for QuantSeq FWD (lllumina, Read 1). This incorporates a unique molecular
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identifier (UMI) in the first 6 nucleotides (nt) of each read, allowing to identify PCR
duplicates and eliminate amplification bias. The libraries were sequenced as single-end
76 on a NextSeq device (Illumina). (Used methods for read preparation, adapter and
quality trimming, read mapping and feature counts, library saturation can be found in

the Supplementary material.)

3.9.3 Analysis of RNAseq data
RNA sequencing data was filtered to discard lowly expressed features which were

unreliable, using edgeR’s filterByExpr() function. A PCA and scree plot of the rlog-
transformed filtered data were explored to investigate if the variation between the
samples reflects the expected biological differences. Feature counts were TMM-
normalized and dispersions were estimated. The preferred and more robust quasi
likelihood model and F-test were used for a more reliable error rate. Correction of the
p-values for repeated testing (PAdj) was done with the Benjamini-Hochberg method.
Data from at least three replicates per time point were assessed statistical and
biological significant when PAdj < 0.05 and |log2FC|>=1. The fold-changes of all genes
were used to investigate affected pathways. Up- and downregulated GO terms were
reported using fold-changes of all genes with GAGE and murine GO data in R (using q <
0.05 for statistical significance). The lists of upregulated and downregulated GO terms
were summarized using REVIGO (REduce and Vlisualize GO) (Supek et al., 2011). This
tool removes redundant GO terms and generates a representative subset of the terms
using a simple clustering algorithm that relies on semantic similarity measures. This is

a better approach compared to only reporting e.g. the top 10 or 20 GO terms.

3.10 Statistical analysis
Each mouse is considered as an experimental unit. Power analysis was performed to

achieve a power (1-B) of 90% to detect statistical differences at P-value (P) <0.05 based

on the expected mean differences from similar experiments that were previously
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performed in our laboratory. The power analysis was performed using the PS program
for Power and Sample Size calculations (version 3.1.2, 2014 (from Vanderbilt
University)). IBM Statistics SPSS (IBM SPSS statistics version 26) was used for all
statistical analyses.

All numerical data, e.g. live body weight, serum cholesterol, ovary triglyceride content,
were checked for normality of distribution and homogeneity of variance. To study the
main effects and interaction of treatment and time in the live body weight of the mice,
repeated measures ANOVA was performed. Additionally, the effect of treatment on
body weight, serum cholesterol, Bodipy, TEM and lipid extraction data within each time
point was studied with two-tailed independent sample T-tests. To check for potential
aging effects in the serum cholesterol, Bodipy and TEM data a univariate ANOVA test
on the control groups of each time point was performed. For the analysis of the lipid
extraction data a 2-way ANOVA was performed. All data are expressed as mean +/-
S.E.M (standard error of mean). Data were considered significantly different at P < 0.05.
The numbers of replicates and oocytes used to generate the data are described in the

results section for each parameter.

4. Results
4.1 The impact of the HF/HS diet on body weight and serum total

cholesterol concentrations
The live body weight and serum total cholesterol concentrations analysis are already

previously described in Moorkens et al. (2022), where the same mice were used to
examine oviductal cell functions. In short, feeding HF/HS diet increased the body
weight progressively compared to the controls, which was already significant (P<0.001)
from 1w onwards. The body weight reached a plateau at 12w after the onset of the
dietary treatment (Moorkens et al., 2022). Feeding the HF/HS diet led to a significant
increase in blood total cholesterol concentrations already after 1w (P=0.004). This

significant difference was not observed at 4w (P=0.136) of feeding the HF/HS diet but
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became more distinct again at 8w (P=0.006), 12w (P=0.068) and 16weeks (P=0.085) on
the diet. Furthermore, Pearson correlation showed a positive correlation between

body weight and serum cholesterol concentration.

4.2 The impact of the HF/HS diet on triglyceride content of whole ovaries
No significant difference was observed in the triglyceride content of the control and

HF/HS ovaries within each time point (Fig. 1).

4.3 The impact of the HF/HS diet on the oocyte quality

4.3.1 Total lipid droplet volume in oocytes
Oocytes coming from the HF/HS group already showed a significant increase

(63%;P<0.05) in the total volume of lipid droplets at 24h compared to the control mice.
This increase was persistent at the following time points up until 8w (76%;P<0.05),
reaching its maximum at 1w, but was not significant different anymore at 12w and 16w

(P>0.1) compared to their respective controls at each timepoint (Fig 2.).
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Figure 1. Mean triglyceride content in whole ovaries per diet group per treatment. Data is shown in a
scatter plot as mean + SEM from 5 ovaries coming from 5 mice for each treatment group at each time
point.
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Figure 2: Assessment of lipid droplet volume in oocytes collected from mice fed either a control or a HF/HS
diet for different durations (from 24h up to 16weeks). A. Scatter plot showing means + SEM from 12 to 21
oocytes per dietary treatment, collected from 4 to 5 mice per treatment per time point. A significant
difference between HF/HS and control within a time point is indicated by an asterisk (*) below the bars. B1
and B2. Representative confocal images of a control oocyte (B1) and a HF/HS oocyte (B2) at 8w on the diet.
Each confocal image is a z-stack projection of 40 x 1 um steps.

4.3.2 Mitochondrial ultrastructure in oocytes
From 8w onwards HF/HS oocytes exhibited a progressive increase in the proportion of

ultrastructural mitochondrial abnormalities (vacuolization, low electron density and
rose petal appearance (Fig.3)) shown by a significant increase in abnormalities of
16.40% at 8w, 20.70% at 12w and 29.20% at 16w compared to 24h (Fig. 4A).

Ultrastructural mitochondrial abnormalities at 8w and 16w HF/HS oocytes were
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significantly higher compared to their controls of the same timepoints (15.8% and

20.40% respectively; P<0.05) (Fig. 4B).

Swiss CTRL Swiss HF/HS

Figure 3. Representative TEM micrographs showing the ultrastructure of mitochondria in oocytes from
mice fed a control (Fig.3A) or HF/HS (Fig3.B) diet for 16w. Different forms of normal (A: spherical; B: regular
vacuoles) and abnormal (C: degenerated; D: elongated; E: irregular vacuoles) mitochondria can be observed
classified according to Supplementary Fig. 1.
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Figure 4: Proportions of mitochondria with abnormal ultrastructure in oocytes per time point (using TEM).
The total number of assessed mitochondria is displayed at the bottom of each bar. A. A significant difference
between the HF/HS groups of different time points is indicated with letters a, b, ¢ (P<0.05). B. A significant
difference between HF/HS oocytes and control oocytes within a time point is indicated by an asterisk (*).
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4.4 Effect of HF/HS feeding on differential gene expression in granulosa

cells
RNA sequencing showed that differential gene expression in the GCs is dependent on

the duration of feeding the HF/HS diet at different timepoints. Additional PCA analysis
of the data (including all 47 samples from both treatment groups and all time points
together) showed that the samples clustered more by time points and less by diet.
However, for the later time point a separation by diet may be observed (Supplementary
figure 2).

RNA sequencing analysis revealed no differentially expressed genes (DEG) in the GCs at
any of the time points after the start of HF/HS diet feeding, except at 8w (11
upregulated and 69 downregulated). These 80 DEGs resulted in a distinct separation
between the HF/HS and CTRL groups as shown in the supplementary heatmap and
volcano plot (supplementary figure 3 and 4). A list of these 80 DEGs can be found in
supplementary table 1. A functional annotation analysis of these genes was performed
using DAVID (Huang et al., 2009). A list of the enriched GO Biological Process (BP) and
Molecular Function (MF) terms is shown in supplementary table 2.

Moreover, Gene Set Enrichment Analysis (GSEA) revealed that several GO terms are
significantly enriched GO terms at all timepoints except at 4w (Fig. 5).

A few significant up- and downregulated GO term annotations (following the GSEA)
were already detected at 3d (4 and 17 respectively). This number increased at 1w, and
reached its maximum at 8w (212 up- and 283 downregulated), after which it remained
moderate at 12w and slightly decreased at 16w on the HF/HS diet. None of the
upregulated annotations detected at 3d of HF/HS feeding were detected at later time
points. All downregulated 3d annotations were also detected at 1w of HF/HS diet
feeding, but none of them were detected at later time points. Some, but not all, of the
annotations detected at 8w were also detected at 1w, and the majority of them were
persistently detected at 12w and/or 16wk. These patterns clearly show distinct acute

and late responses to the HFHS diet. Because of the high number of detected significant
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up- and down-regulated GO term annotations, Revigo was used to merge GO-terms
based on their semantic similarity (Supek et al., 2011) after which the reduced list of
GO-terms was classified into common classes focusing on biological processes (BP) (Fig.
6). The pattern by which these annotations start, increase and persist overtime
illustrate the cascade of transcriptomic changes in biological functions in the affected
GCs (Fig 6).

The up-regulated GO-terms detected in the GCs at 3d after the start of HF/HS diet
feeding were related to ER functions, whereas the 1w annotations were related to cell
differentiation and cell signaling. All up-regulated annotations in the GCs from 1w after
the start of HF/HS diet feeding as well as at the later time points were related to
biogenesis and chromosome organization. The annotations detected in the GCs at 8w
and the later time points were related to RNA and DNA regulatory processes and
mechanisms.

All downregulated 3d and 1w annotations appeared to be related to translation. At 1w
of HF/HS diet feeding the downregulated GO-terms were also related to mitochondrial
functions and metabolic alterations. The annotations that were detected in the GCs at
the later time points were also related to metabolic alterations, as well as immune

responses, inflammation, angiogenesis, and autophagy (Fig. 6).
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1wk DOWN

12wk DOWN
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8wk 212 0 78 8wk 283 0 25

12wk 105 0 37 79 12wk 150 0 15 | 101
16wk 72 0 42 64 24 16wk 55 0 0 12 39

Figure 5. Number of common up- and down-regulated GO-terms detected in the GCs at different timepoints after the
start of HF/HS diet feeding.
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Figure 6. A reduced visualization of the up- and down-regulated GO-terms detected in the GCs at
different time points after the start of HF/HS diet feeding. Go-term annotations in each time point are
represented by a color code based on the Log10 of the average PAdj value of GO-terms in each class.
As there were no significant GO-terms at 4w after the start of HF/HS diet feeding (even at Padj <0.1),
this time point is not included in the table.
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5. Discussion
The aim of this study was to investigate the effects of feeding a HF/HS diet for different

periods (from 24h till 16w) on the ovary and ovarian cells of mice and describe the
development and patterns of the changes over time as the mice continue to consume
the obesogenic diet and develop an obese phenotype. To increase the
pathophysiological relevance to humans and livestock animals, an outbred Swiss
mouse model was used.

While most diet-induced obese mouse models are based on inbred mice such as
C57BI/6, we confirmed in our present study that Swiss mice are also sensitive to HFHS
diets and develop adiposity and hypercholesterolemia. The body weight and total
serum cholesterol results demonstrate that our Swiss outbred model is metabolically
sensitive to the high fructose and saturated fat content of the HF/HS diet, as was shown
in our previous reports as well (Marei et al., 2020; Moorkens et al., 2022; Smits et al.,
2022). The analysis of live body weight was reported in our previous study (Moorkens
et al., 2022) and was able to confirm the findings of Marei et al. (2020) as the weight
gain of the HF/HS diet fed mice was already significantly higher after 1w of feeding
compared to the controls. Furthermore, serum cholesterol concentrations were also
significantly increased after 1w on the HF/HS diet compared to the control diet and
remained high during the later time points. It has been reported that an increase in
weight gain is correlated with higher cholesterol synthesis (Nestel et al., 1973). Our
study could confirm this by showing a positive correlation between weight and total
serum concentrations. The weight of the mice reached a plateau at 12w of feeding,
which might be linked to a metabolic adaption that was reported in older Swiss mice
with increased adiposity (Krishna et al., 2016). This may be linked to the cholesterol
concentrations in the serum collected from HF/HS-fed at 12w and 16w as they
remained high but only showed a tendency of a significant difference compared to the

control mice at these latest time points.
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Many studies reported the impact of obesogenic diets on the lipid droplet content in
the ovarian cells (Akamine et al., 2010; Wu et al., 2010; Marei et al., 2020). It has also
been shown that increased triglycerides due to obesity are reflected in the follicular
fluid (Wu et al., 2010). The impact of obesity or feeding an obesogenic diet on the
triglyceride content in ovarian tissue was not been described up until now. Our data
could not indicate a significant difference in triglyceride content of the ovarian tissue
after any of the time periods of feeding the HF/HS diet. The absence of a detectable
overall change in the lipid content at the organ level in the ovary, does however not
rule out cell-specific effects on the follicular cells and oocytes.

These duration specific changes were also observed in the the Bodipy staining of the
oocytes. Namely, while the lipid droplet (LD) volume in the oocytes already showed to
be significantly increased as early as 24h of HF/HS diet feeding and remained
significantly different up to 8w of feeding compared to the controls, there was no
significant difference detected anymore at 12w and 16w of feeding. Our data shows a
very acute increase in LD volume already 24h after the start of HF/HS diet feeding. As
far as we know, such short-term acute effects of feeding an obesogenic diet on the LD
volume in oocytes have not been reported before. An increase in LD content in oocytes
after relatively short-term feeding a HFD for 21 days was shown by Aizawa et al (Aizawa
etal., 2021). Previously, our research group reported that hyperlipidemia was reflected
in the lipid composition of the FF which was linked with reduced oocyte quality (Valckx
et al., 2014a). The detected increase in intracellular lipid in the oocytes may be due to
diffusion from the serum or follicular fluid, as it has previously been shown in vitro that
oocytes are capable of directly incorporating free fatty acids (FFA) from their
microenvironment when exposed to FFA-rich media (Yang et al., 2012). Although an
adequate amount of lipid droplets is essential for preimplantation embryonic
development (Tatsumi et al., 2018), the excessive accumulation of lipid droplets in cells
other than adipocytes may result in lipotoxicity, due to the induction of altered

metabolic rates and oxidative stress (Szendroedi and Roden, 2009). To protect itself
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from lipotoxicity the cell stores intracellular lipids in a neutral status (LD) in lipid
droplets (Jarc and Petan, 2019). Various other studies have reported increased lipid
content in the oocytes and FF microenvironment of diet-induced obese mice (Robker,
2008; Igosheva et al., 2010; Wu et al., 2011; Luzzo et al., 2012; Valckx et al., 2014b;
Marei et al., 2020). Wu et al (2010) also reported a dramatically increase in the lipid
droplet content of oocytes of mice after 4w of HFD-feeding (Wu et al., 2010). This could
however not be confirmed by Li et al (Li et al., 2018) as they did not detect an increase
in the accumulation of lipid droplets in mice oocytes after the same period on the HFD.
(Jarc and Petan, 2019). They suggested this may be due to the protective function of
estradiol (E;), which is converted by P450 aromatase in the cumulus cells from
testosterone, which in its turn is synthesized in follicular membrane cells (Kato et al.,
2013). Serum cholesterol has been found to promote P450 aromatase expression.
Therefore the E; level in the serum may be impacted by a HFD due to an increased level
of cholesterol and increased expression of P450 aromatase (Li et al., 2018). The
protective function of E; was previously demonstrated by Chaube et al. (Chaube et al
2005). In our study, the significant increase of serum cholesterol may have led to an
increase in E; in the later time points, causing the lipid droplet volume to decrease as a
protection mechanism for the oocyte. Li et al reported that E2 was probably able to
maintain oocyte quality due to its protective function, however, the HFD was still able
to induce mitochondrial dysfunction in the cumulus cells, demonstrated by the reduced
expression of genes involved in mitochondrial function after 4w of HFD-feeding (Li et
al., 2018). As it is known that cumulus cells are in direct communication with oocytes
via gap junctions (Turathum et al., 2021), this may be an explanation for the significant
higher proportion of mitochondrial abnormalities that was detected from 8w onwards
on the HF/HS diet in our present study. Our data confirms our previous study by Marei
et al. (2020) showing a significantly higher proportion of mitochondrial abnormalities
in Swiss mice fed a HFD for 13 weeks, whereas our data shows a significant difference

in mitochondrial abnormalities from 8w onwards. The study of Luzzo et al (2012)
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reported an increase already at 4w after the start of a HFD (Luzzo et al., 2012).
Previously, we have demonstrated that administration of a HF/HS diet to mice in a
similar experimental setup resulted in an acute increase of (mitochondrial) oxidative
stress (OS) and (mild) ER stress in their oviductal epithelial cells (OECs) already after 3d
of feeding, even before developing the obesogenic phenotype. This was followed by
the initiation of a sequence of transcriptomic changes to control ER-stress and
mitochondrial ROS-production, however, long-term HF/HS diet feeding resulted in a
persistent upregulation of mitochondrial OS and ER-stress, ultimately even leading to
local and systemic inflammation 16w after the start of the HF/HS diet (Moorkens et al.,
2022). These duration specific changes in which first a cascade of transcriptomic
changes is initiated to control mitochondrial ROS-production which wasn’t able to
prevent persistent upregulation of mitochondrial OS, may explain the observation of a
significant increase in mitochondrial abnormalities only starting from the mid/later
time points after the start of HF/HS-diet feeding. The proportion of ultrastructural
mitochondrial abnormalities increased over time while mice continued to consume the
HF/HS diet, as is shown by the significant difference of mitochondrial abnormalities of
time period of 8w to 12w on the diet and long-term feeding of 16w compared to the
proportion of abnormalities detected at 24h of feeding. This indicates that the impact
of an obesogenic diet on the mitochondrial ultrastructure progressively increases over
time after continued exposure to the diet. This was also confirmed when comparing 8w
and 16w HF/HS oocytes to their controls, which demonstrated a significant difference
in mitochondrial abnormalities between the HF/HS and CTRL oocytes, with the highest
proportion of mitochondrial abnormalities detected at 16w on the diet.

The main focus of our study is to investigate the development of effects in the ovary
and ovarian cells after different durations of feeding an obesogenic diet. The detected
GO-term annotations by RNA sequencing of the granulosa cells (GCs), show a very
interesting evolution cascade of changes (Fig. 6) over time which matches with our

previous findings of gene expression changes reported in the OECs of these mice as
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well (Moorkens et al., 2022). Namely, their GCs showed a very acute upregulation of
GO-terms related to ER stress as early as 3days after the start of the HF/HS diet,
whereas a downregulation of GO-terms related to mitochondrial functions was already
observed after 1w of feeding. Granulosa cells are very important with regards to
nutritional support and hormone regulations in the ovary (Gao et al., 2023). Together
with FF and cumulus cells (CCs), they form the closest follicular environment of the
oocyte, which is known to be of crucial importance on achieving oocyte developmental
competence (Leroy et al., 2005; Revelli et al., 2009; Assidi et al., 2010; Dumesic et al.,
2015) and has found to have molecular factors predicting oocyte developmental
potential (Bunel et al., 2014; Matoba et al.,, 2014; Warzych et al.,, 2014). Gene
enrichment analysis has shown that feeding the obesogenic diet leads to
downregulation of Go-term annotations related to cell-signaling already from 1w
onwards. After 8w on the HF/HS diet a downregulation of cell-to-cell interaction related
GO-terms was detected. These results suggest that feeding of the HF/HS diet may
hamper the direct communication between the GCs and the oocytes, thereby having a
detrimental impact on oocyte quality and oocyte developmental competence. The
OECs of these mice showed an increased expression level of genes related to
mitochondrial OS and ER stress after long-term feeding. It has been reported that
mitochondrial and ER stress in somatic cells controls protein misfolding and maintains
cell survival and function by initiating the unfolded protein response (UPR) (Hetz, 2012).
This may be impacted in the GCs of mice on the HF/HS diet, as our data shows a
downregulation of Go-terms related to UPRs from 8w onwards, up until long-term
feeding of 16w. DNA repair related GO-term annotations however, were upregulated
after 8w on the diet up until 16w on the diet. Reduced DNA repair in GCs has found to
be contributing to ovarian aging, which is closely related to a decrease in oocyte quality
(Zhang et al., 2015). Wu et al (2010) previously demonstrated that mice fed a HFD for
4w showed increased apoptosis in their GCs (Wu et al., 2010). The upregulation of DNA

repair detected from 8w onwards in the GCs in our study may indicate the capability of
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the cells to prevent apoptosis (Winship et al., 2018). While long-term HF/HS diet
feeding of 16w resulted in upregulation of inflammation in OECs, the GCs demonstrated
a downregulation of inflammation at 8w and 12w of feeding, even showing no signs of
inflammation anymore at 16w of feeding. Few of the acute effects, both up- and down-
regulated, appearing as early as 3d and 1w after the start of the obesogenic diet are
also observed after long-term feeding. However, the majority of up- and
downregulated annotations at 8w were also detected at the latest time points (Fig. 5),
indicating that the effects of the obesogenic diet are persistent and may aggravate over
time, while the mice develop the obese phenotype. These results further confirm the
distinct phases in which responses to metabolic changes are developed in the
reproductive tissues and cells, as was previously reported (Moorkens et al., 2022).

Feeding a HF/HS diet for only 24h already results in an acute increase in lipid droplet
volume in oocytes from 24h of feeding onwards. ER and mitochondrial related
pathways appeared to be impacted as early as 3d and 1w of feeding. These acute
responses were followed by an increase in mitochondrial abnormalities in the oocyte
from 8w onwards and the initiation of changes in up- and downregulated pathways due

to the obesogenic diet and the development of obesity.

6. Conclusions
We can confirm that the ovarian cells can sense and react to systemic diet-induced

hyperlipideamia. Exposure to an obesogenic diet results in an acute increase in the lipid
content of oocytes and in acute upregulated ER and downregulated mitochondrial
functions in granulosa cells after short-term feeding of only 24h till 1w, thus even
before the development of an obese phenotype. The effects of the obesogenic diet
progressively increase over time, showing increased mitochondrial abnormalities in
oocytes and different affected pathways, linked to DNA repair, cell signalling, UPRs and

many others in the granulosa cells. The responses in the oocytes and granulosa cells
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have shown to be cell specific and may directly impact oocyte quality and early embryo
development, ultimately leading to reduced fertility.

Taken together, the ovarian follicle microenvironment is sensitive to very short-term
changes in the diet composition, and the alterations in ovarian cell biological functions
follow a time-dependent multiphasic cascade. The impact of the detected progressive
changes after long-term obesogenic feeding on pregnancy success, further oocyte and
embryo development and postnatal health needs to be further investigated. Defining
and understanding these progressive changes should increase the awareness of the
impact of the consumption of an obesogenic diet and the development of obesity,

which is needed to protect reproductive health.
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7. Supplementary material

Supplementary file 1: RNA sequencing: methods for read preparation, adapter and
quality trimming, read mapping and feature counts, library saturation
Read preparation

Raw read quality control
UMI were removed using UMI-tools (v1.1.1), resulting in raw reads with a remaining
length of 66 nt (removed 6 nt for the UMI + 4 nt spacer). The raw sequencing reads
were inspected using FastQC (v0.11.9) for their quality and length. Putative
contaminations were checked using FastQ Screen (v0.15.1) and a set of genomes from
common lab organisms. The read quality based on phred scores was good.
Contamination screening with FastQScreen showed that up to 95% of the reads map
on the mouse genome. A small amount (around 1%) of reads mapped uniquely to the
human genome for all samples. Limited cross-mapping (i.e. reads mapping to multiple
genomes) to other organisms is normal and caused by homology between organisms.

Adapter and quality trimming
Adaptor trimming was done using cutadapt (v3.4) with added filtering of reads
containing ambiguities or not passing the phred score threshold of 20. The quality of
the remaining read pairs was checked using FastQC as before.
Gene expression quantification

Read mapping and feature counts
For each sample, trimmed reads were mapped on the latest mouse genome (GRCm39,
ENSEMBL release 107) using the splice-aware STAR (v2.7.9a) mapper. UMI-based
removal of PCR duplicates from the mapped reads was done with UMI-tools (v1.1.1).
Feature counting at the gene and transcript isoform level was done using rsem-
calculate-expression (RSEM v1.3.0). The gene-level counts were used for all subsequent
analyses.

Library saturation
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Whether the sequencing depth reflects the sample’s active gene diversity was checked
by looking at a rarefaction (a.k.a. saturation or complexity) plot. The data for such plot
was generated using preseq (v2.0.1) and the result was plotted using python (v3.6).
Inspection of the plot reveals that saturation is satisfactory for all samples, meaning
most of the diversity is captured and additional sequencing would not add significantly

more information.
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Supplementary Figure 1. Classification of mitochondria by Marei et al. (2020).
a. Spherical, b. Regular vacuoles, c. Membranous vacuoles, d. Electron dense foci, e.

Dumbbell shape, f. Elognated, g. Rose petal shaped, h. Degenerated
mitochondrion.
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PCA plot 47 samples (31899 detected features)
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Supplementary Figure 2. A PCA analysis of the GC transcriptomic profiles of the
control and HF/HS samples collected at different timepoints after the start of
HF/HS diet feeding.
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Supplementary Figure 3: Heatmap of the 80 DEGs of the HF/HS vs CTRL comparison at 8 weeks of

feeding
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Supplementary Figure 4: Volcano plot of the 80 DEGs of the HF/HS vs CTRL comparison at 8 weeks of
feeding

Volcano plot - HF vs CTRL at 8w

[A%]
1

logs fold change

261



CHAPTER 5: WESTERN TYPE DIET — OVARY AND OVARIAN CELLS OVER TIME
Supplementary Table 1: List of 80 DEGs detected at 8w of feeding the HF/HS diet

gene_id entrezgene_id | gene_symbol | gene_description FC logFC | PValue PAdj
predicted gene 45660 [Source:MGI Symbol;

ENSMUSG00000109658 Gm45660 Acc:MGI:5791496] 0.02| -5.51 3.76E-09 4.49E-05
tissue inhibitor of metalloproteinase 1

ENSMUSG00000001131 21857 | Timpl [Source:MGI Symbol;Acc:MGI:98752] 0.23| -2.13 5.62E-07 3.35E-03
pleckstrin homology domain containing, family G
(with RhoGef domain) member 4 [Source:MGI Symbol;

ENSMUSG00000014782 102075 | Plekhg4 Acc:MGI:2142544] 0.21| -2.26 5.40E-06 1.50E-02
predicted gene, 47283 [Source:MGI Symbol;

ENSMUSG00000096768 170942 | Gm47283 Acc:MGI:6096131] 2.20 1.13 6.64E-06 1.50E-02
autocrine motility factor receptor [Source:MGI Symbol;

ENSMUSG00000031751 23802 | Amfr Acc:MGI:1345634] 0.38| -1.41 6.81E-06 1.50E-02
interleukin 10 receptor, beta [Source:MGI Symbol;

ENSMUSG00000022969 16155 | 1110rb Acc:MGI:109380] 0.39| -1.34 7.56E-06 1.50E-02
cyclin dependent kinase inhibitor 2B [Source:MGI Symbol;

ENSMUSG00000073802 12579 | Cdkn2b Acc:MGI:104737] 0.25| -2.02 1.35E-05 1.69E-02

ENSMUSG00000090877 15511 | Hspalb heat shock protein 1B [Source:MGI Symbol;Acc:MGI:99517] 0.31| -1.68 1.47E-05 1.69E-02
sterol carrier protein 2, pseudogene 2 [Source:MGl

ENSMUSG00000058492 Scp2-ps2 Symbol;Acc:MGI:107679] 0.50| -0.99 1.56E-05 1.69E-02
tetratricopeptide repeat domain 39C [Source:MGI

ENSMUSG00000024424 72747 | Ttc39c Symbol;Acc:MGI:1919997] 0.25| -1.98 1.64E-05 1.69E-02

ENSMUSG00000025647 66940 | Shisa5 shisa family member 5 [Source:MGI Symbol;Acc:MGI1:1915044] 037 | -1.44 1.68E-05 1.69E-02
interferon activated gene 202B [Source:MGl

ENSMUSG00000026535 26388 | Ifi202b Symbol;Acc:MGI:1347083] 0.21| -2.23 1.79E-05 1.69E-02
growth arrest and DNA-damage-inducible 45 alpha

ENSMUSG00000036390 13197 | Gadd45a [Source:MGI Symbol;Acc:MGI:107799] 0.46| -1.13 1.84E-05 1.69E-02
core 1 synthase, glycoprotein-N-acetylgalactosamine
3-beta-galactosyltransferase, 1 [Source:MGlI

ENSMUSG00000042460 94192 | Clgaltl Symbol;Acc:MGI:2151071] 0.42| -1.25 2.15E-05 1.73E-02
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ATP-binding cassette, sub-family A (ABC1), member 8a

ENSMUSG00000041828 217258 | Abca8a [Source:MGI Symbol;Acc:MGI:2386846] 0.31| -1.68 2.18E-05 1.73E-02
abhydrolase domain containing 2

ENSMUSG00000039202 54608 | Abhd2 [Source:MGI Symbol;Acc:MGI:1914344] 0.40| -1.32 2.93E-05 2.15E-02

ENSMUSG00000069601 11735 | Ank3 ankyrin 3, epithelial [Source:MGI Symbol;Acc:MGI:88026] 2.46 1.30 3.16E-05 2.15E-02

ENSMUSG00000052656 22644 | Rnf103 ring finger protein 103 [Source:MGI Symbol;Acc:MGI:109483] 0.45]| -1.15 3.33E-05 2.15E-02

ENSMUSG00000022533 224088 | Atpl3a3 ATPase type 13A3 [Source:MGI Symbol;Acc:MGI:2685387] 0.51| -0.96 3.42E-05 2.15E-02
armadillo repeat containing, X-linked 3

ENSMUSG00000049047 71703 | Armcex3 [Source:MGI Symbol;Acc:MGI:1918953] 0.50| -0.99 3.76E-05 2.24E-02
microsomal glutathione S-transferase 1 [Source:MGI

ENSMUSG00000008540 56615 | Mgstl Symbol;Acc:MGI:1913850] 0.44| -1.20 4.87E-05 2.57E-02

ENSMUSG00000030351 68498 | Tspanll tetraspanin 11 [Source:MGI Symbol;Acc:MGI1:1915748] 0.23| -2.10 5.03E-05 2.57E-02

ENSMUSG00000024659 16952 | Anxal annexin Al [Source:MGI Symbol;Acc:MGI:96819] 0.39| -1.36 5.07E-05 2.57E-02

ENSMUSG00000026817 11636 | Akl adenylate kinase 1 [Source:MGI Symbol;Acc:MGI:87977] 0.23| -2.11 5.45E-05 2.57E-02
milk fat globule EGF and factor V/VIIl domain containing

ENSMUSG00000030605 17304 | Mfge8 [Source:MGI Symbol;Acc:MGI:102768] 0.47 | -1.10 5.55E-05 2.57E-02

ENSMUSG00000021190 19141 | Lgmn legumain [Source:MGI Symbol;Acc:MGI:1330838] 0.31| -1.69 5.61E-05 2.57E-02
cytochrome P450, family 4, subfamily f, polypeptide 14

ENSMUSG00000024292 64385 | Cypafla [Source:MGI Symbol;Acc:MGI:1927669] 0.24 | -2.07 6.08E-05 2.68E-02
predicted gene, 48114 [Source:MGI Symbol;

ENSMUSG00000110928 Gm48114 Acc:MGI:6097467] 2.49 1.31 6.54E-05 2.78E-02
Derl-like domain family, member 1 [Source:MGl

ENSMUSG00000022365 67819 | Derll Symbol;Acc:MGI:1915069] 0.53| -0.91 7.19E-05 2.96E-02
methyltransferase like 7A1 [Source:MGI Symbol;

ENSMUSG00000054619 70152 | Mettl7al Acc:MGI:1916523] 0.47| -1.10 8.65E-05 3.20E-02
syndecan binding protein [Source:MGI Symbol;

ENSMUSG00000028249 53378 | Sdchp Acc:MGI:1337026] 0.58| -0.78 8.73E-05 3.20E-02
ENSMUSG00000030218 17313 | Mgp matrix Gla protein [Source:MGI Symbol;Acc:MGI:96976] 0.41| -1.28 9.46E-05 3.20E-02
divergent protein kinase domain 2A [Source:MGI
ENSMUSG00000045414 68861 | Dipk2a Symbol;Acc:MGI:1916111] 0.22| -2.16 9.51E-05 3.20E-02
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ring finger protein 227 [Source:MGI Symbol;

ENSMUSG00000043419 Rnf227 Acc:MGI:1915359] 0.34| -1.55 9.60E-05 3.20E-02

ENSMUSG00000014867 20932 | Surf4 surfeit gene 4 [Source:MGI Symbol;Acc:MGI:98445] 0.55| -0.87 9.62E-05 3.20E-02
sulfiredoxin 1 homolog (S. cerevisiae) [Source:MGI

ENSMUSG00000032802 76650 | Srxnl Symbol;Acc:MGI1:104971] 0.30| -1.73 9.67E-05 3.20E-02

ENSMUSG00000027447 13010 | Cst3 cystatin C [Source:MGI Symbol;Acc:MGI:102519] 0.53| -0.92 1.03E-04 3.22E-02
5100 calcium binding protein A4 [Source:MGlI

ENSMUSG00000001020 20198 | S100a4 Symbol;Acc:MGI1:1330282] 0.25| -1.99 1.04E-04 3.22E-02
lipoma HMGIC fusion partner [Source:MGI

ENSMUSG00000048332 108927 | Lhfp Symbol;Acc:MG1:1920048] 0.41| -1.28 1.05E-04 3.22E-02
ribosomal protein S19, pseudogene 6 [Source:MGlI

ENSMUSG00000096942 Rps19-ps6 Symbol;Acc:MGI:5011818] 0.18 | -2.51 1.19E-04 3.53E-02
pluripotency associated transcript 32 [Source:MGI

ENSMUSG00000085194 Platr32 Symbol;Acc:MGI1:3801726] 2.95 1.56 1.28E-04 3.69E-02
RIKEN cDNA 9530068E07 gene [Source:MGl

ENSMUSG00000036275 213673 | 9530068E07Rik | Symbol;Acc:MGI:2654705] 0.58 | -0.79 1.33E-04 3.69E-02
pleckstrin homology domain-containing, family A
(phosphoinositide binding specific) member 3

ENSMUSG00000002733 83435 | Plekha3 [Source:MGI Symbol;Acc:MGI:1932515] 0.53| -0.93 1.37E-04 3.69E-02
NADH:ubiquinone oxidoreductase subunit Al

ENSMUSG00000016427 54405 | Ndufal [Source:MGI Symbol;Acc:MGI:1929511] 0.55| -0.87 1.37E-04 3.69E-02
sphingosine-1-phosphate phosphatase 1

ENSMUSG00000021054 81535 | Sgppl [Source:MGI Symbol;Acc:MGI:2135760] 0.47 | -1.08 1.41E-04 3.69E-02
estrogen receptor 2 (beta) [Source:MGI Symbol;

ENSMUSG00000021055 13983 | Esr2 Acc:MGI:109392] 2.36 1.24 1.42E-04 3.69E-02

ENSMUSG00000000058 12390 | Cav2 caveolin 2 [Source:MGI Symbol;Acc:MGI:107571] 0.35]| -1.51 1.59E-04 3.91E-02

ENSMUSG00000025351 12512 | Cd63 CD63 antigen [Source:MGI Symbol;Acc:MG1:99529] 0.53| -0.92 1.64E-04 3.91E-02
olfactomedin-like 2B [Source:MGI Symbol;

ENSMUSG00000038463 320078 | Olfmli2b Acc:MGI:2443310] 0.34] -1.55 1.64E-04 3.91E-02

ENSMUSG00000037706 12520 | Cd81 CD81 antigen [Source:MGI Symbol;Acc:MGI:1096398] 0.58| -0.78 1.66E-04 3.91E-02
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solute carrier family 30 (zinc transporter), member 4

ENSMUSG00000005802 22785 | Slc30a4 [Source:MGI Symbol;Acc:MGI:1345282] 0.58| -0.78 1.69E-04 3.91E-02
dedicator of cytokinesis 4 [Source:MGI Symbol;

ENSMUSG00000035954 238130 | Dock4 Acc:MGI:1918006] 1.80 0.85 1.71E-04 3.91E-02
BCL2-associated athanogene 4 [Source:MGl

ENSMUSG00000037316 67384 | Bagd Symbol;Acc:MG1:1914634] 0.57 | -0.80 1.80E-04 4.04E-02

ENSMUSG00000017707 26943 | Serinc3 serine incorporator 3 [Source:MGI Symbol;Acc:MGI:1349457] 0.57| -0.80 1.84E-04 4.05E-02
RAS-like, family 10, member A [Source:MGI

ENSMUSG00000034209 75668 | Rasl10a Symbol;Acc:MGI:1922918] 2.74 1.45 1.87E-04 4.05E-02

ENSMUSG00000022816 14314 | Fstll follistatin-like 1 [Source:MGI Symbol;Acc:MGI:102793] 0.54| -0.89 1.96E-04 4.18E-02
sterol carrier protein 2, liver [Source:MGlI

ENSMUSG00000028603 20280 | Scp2 Symbol;Acc:MGI:98254] 0.49| -1.03 2.01E-04 4.18E-02
prenylcysteine oxidase 1 [Source:MGI

ENSMUSG00000029998 66881 | Pcyox1 Symbol;Acc:MGI:1914131] 0.55| -0.88 2.06E-04 4.18E-02
solute carrier family 35, member G2 [Source:MGI

ENSMUSG00000070287 245020 | Slc35g2 Symbol;Acc:MGI:2685365] 0.29| -1.78 2.10E-04 4.18E-02
GULP, engulfment adaptor PTB domain containing 1

ENSMUSG00000056870 70676 | Gulpl [Source:MGI Symbol;Acc:MGI:1920407] 0.35| -1.50 2.10E-04 4.18E-02
carbonic anhydrase 12 [Source:MGl

ENSMUSG00000032373 76459 | Carl2 Symbol;Acc:MGI:1923709] 0.14| -2.83 2.16E-04 4.22E-02
acyl-Coenzyme A oxidase 3, pristanoyl

ENSMUSG00000029098 80911 | Acox3 [Source:MGI Symbol;Acc:MGI:1933156] 0.50 | -1.02 2.26E-04 4.31E-02
splA/ryanodine receptor domain and SOCS box containing 4

ENSMUSG00000046997 211949 | Spsb4 [Source:MGI Symbol;Acc:MGI:2183445] 3.19 1.67 2.34E-04 4.31E-02
polymerase (RNA) | polypeptide A [Source:MGI

ENSMUSG00000049553 20019 | Polrla Symbol;Acc:MGI:1096397] 1.70 0.77 2.35E-04 4.31E-02

ENSMUSG00000039217 16173 | 1118 interleukin 18 [Source:MGI Symbol;Acc:MGI:107936] 0.42| -1.24 2.37E-04 4.31E-02
B cell CLL/lymphoma 11A (zinc finger protein)

ENSMUSG00000000861 14025 | Bcllla [Source:MGI Symbol;Acc:MGI:106190] 2.05 1.04 2.39E-04 4.31E-02
transcriptional and immune response regulator

ENSMUSG00000056313 69068 | Tcim [Source:MGI Symbol;Acc:MGI:1916318] 0.36| -1.49 2.44E-04 4.33E-02
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transmembrane 4 superfamily member 1

ENSMUSG00000027800 17112 | Tm4sfl [Source:MGI Symbol;Acc:MGI:104678] 0.41| -1.30 2.47E-04 4.33E-02
transmembrane BAX inhibitor motif containing 4

ENSMUSG00000020225 68212 | Tmbim4 [Source:MGI Symbol;Acc:MGI:1915462] 0.50| -0.99 2.52E-04 4.35E-02
transmembrane protein 33 [Source:MGI

ENSMUSG00000037720 67878 | Tmem33 Symbol;Acc:MGI:1915128] 0.50| -0.99 2.68E-04 4.51E-02

ENSMUSG00000034903 319876 | Cobll1 Cobl-like 1 [Source:MGI Symbol;Acc:MGI:2442894] 0.35| -1.53| 2.75E-04 4.51E-02
von Willebrand factor A domain containing 5A

ENSMUSG00000023186 67776 | Vwa5a [Source:MGI Symbol;Acc:MGI:1915026] 0.46| -1.13 2.85E-04 4.51E-02
phospholipase A and acyltransferase 3 [Source:MGI Symbol;

ENSMUSG00000060675 225845 | Plaat3 Acc:MGI:2179715] 0.41| -1.29 2.85E-04 4.51E-02
TATA-box binding protein associated factor 4b

ENSMUSG00000054321 72504 | Tafdb [Source:MGI Symbol;Acc:MGI:2152345] 1.81 0.86 2.86E-04 4.51E-02
solute carrier family 46, member 3 [Source:MGI

ENSMUSG00000029650 71706 | Slc46a3 Symbol;Acc:MGI:1918956] 0.26| -1.95 2.87E-04 4.51E-02
lysosomal-associated membrane protein 2 [Source:MGI

ENSMUSG00000016534 16784 | Lamp2 Symbol;Acc:MG1:96748] 0.59| -0.77 2.88E-04 4.51E-02

ENSMUSG00000031438 66889 | Rnf128 ring finger protein 128 [Source:MGI Symbol;Acc:MGI:1914139] 0.45| -1.16 2.99E-04 4.63E-02
multiple coagulation factor deficiency 2 [Source:MGI Symbol;

ENSMUSG00000024150 193813 | Mcfd2 Acc:MGI:2183439] 0.60| -0.74 3.29E-04 4.93E-02

ENSMUSG00000012889 244550 | Podnll podocan-like 1 [Source:MGI Symbol;Acc:MGI:2685352] 0.27| -1.88 3.31E-04 4.93E-02

ENSMUSG00000029338 71914 | Antxr2 anthrax toxin receptor 2 [Source:MGI Symbol;Acc:MGI:1919164] 0.54| -0.90 3.31E-04 4.93E-02
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Supplementary Table 2: List of the enriched GO Biological Process (BP) and Molecular Function (MF)
terms following functional annotation analysis of the 80 DEGs at week 8 performed using DAVID (Huang

et al., 2009).
Category Term P-Value Benjamini
GOTERM_BP_DIRECT | es