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Exposure to endocrine-disrupting chemicals (EDCs), such as bisphenol A (BPA) 

and its analogs bisphenol S (BPS) and bisphenol F (BPF), have been associated with 

negative reproductive outcomes in granulosa cells, oocytes, and spermatozoa. Emerging 

evidence suggests that bisphenols elicit their effects by inducing oxidative stress, caused 

by the imbalance between antioxidants and reactive oxygen species (ROS). This thesis 

investigates how BPA, BPS and BPF affect reproductive capabilities of gametes and 

surrounding granulosa cells through a non-traditional mechanism of increasing oxidative 

stress by examining expression of key antioxidant enzymes SOD1, SOD2, GPX1, GPX4 

and CAT. Results of this thesis support BPA’s ability to elicit oxidative stress in oocytes 

and granulosa cells, and to a lesser extent in spermatozoa, but suggest that BPS and 

BPF act through different mechanisms.
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CHAPTER ONE: LITERATURE REVIEW 

Introduction 

Over the last several decades, increasing evidence has shown the impact of 

environmental chemicals on reproductive health. One such environmental toxicant is 

bisphenol A (BPA), a high production chemical found in polycarbonate plastics and epoxy 

resins (Almeida et al., 2018). BPA’s endocrine disrupting effects arise from its ability to 

bind inappropriately to the estrogen receptors (Nagel & Bromfield, 2013). Its 

environmentally ubiquitous nature has led to chronic BPA exposure in the general 

population. This is evident by the detection of BPA in 96% of American patient urine 

samples according to the United States National Health and Nutrition Examination Survey 

(NHANES) (Lehmler et al., 2018). 

With increasing evidence of BPA’s health consequences, alternative bisphenols 

have been considered in the manufacturing industry. These analogs, particularly 

bisphenol S (BPS) and bisphenol F (BPF), are thought to be safer alternatives despite 

the lack of evidence supporting this claim. As such, BPS and BPF’s use remains 

unregulated in many consumer products to date, including plastics and thermal receipts 

(Almeida et al., 2018). 

In contrast, a trend of declining fertility has been observed. Presently, fertility in 

Canada is at its all-time-low, with 16% of couples unable to conceive despite deliberate 

attempts to have a child (Statistics Canada, 2020). As such, assisted reproductive 

technologies (ARTs) are in high demand, with a utilization rate of 400 per million 

Canadians (CFAS, 2016). However, even at its most technologically advanced, IVF has 
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a 26-40% success rate, depending on the technique used (CFAS, 2016); these 

shortcomings could be explained by increased BPA exposure. Several studies have 

associated elevated urinary BPA levels to decreased peak serum estradiol (E2) levels 

and decreased likelihood of implantation in females receiving IVF treatment (Shen et al., 

2020; Poormoosavi et al., 2019; Ehrlich et al., 2012; Mok-Lin et al., 2010). Similar issues 

are present in the dairy industry; while nearly 50% of bovine embryos were produced by 

IVF in 2013, only 35% of these implanted embryos resulted in a viable pregnancy 

(Spencer, 2013). Although a multitude of causes exist for infertility, some evidence in the 

literature suggests that exposure to environmental toxicants, like EDCs, could be linked 

to poor oocyte and sperm quality.  

In this project, the bovine model was chosen as the most appropriate translational 

model to humans. Cattle and human systems share several important similarities in 

ovarian follicle development, oocyte maturation and early embryonic development, such 

as oocyte size, time to maturation, and timing of the embryonic genome activation (Santos 

et al., 2014). The findings of this study are also relevant to investigating reproductive 

health in farm animals. Although human exposure to BPA is well-documented, farm 

animals are equally susceptible to endocrine disruption and subsequent effects on fertility 

(Rhind, 2005). Like humans, livestock are chronically exposed to bisphenols through 

contaminated water, grazing on contaminated soil, and through farming equipment, such 

as milking apparatus (Santonicola et al., 2019). Domestic livestock, such as sheep and 

cows, undergo a large amount of fat mobilization during pregnancy and lactation, leading 

to higher plasma fatty acid concentrations (Bielak et al., 2016). Since bisphenols are 

lipophilic, they are able to accumulate in adipose tissue in their unconjugated form and 
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act as a potential source of exposure to the embryo during maturation or to the offspring 

during feeding (Rhind, 2005). 

BPA has a much lower affinity for the estrogen receptors (ERs) compared to E2, 

suggesting that it is unlikely that its widespread effects arise from the interaction with 

these receptors alone (Meli et al., 2020). To explain BPA’s effects, it has been proposed 

that it alters physiological levels of oxidative stress through increasing production of 

reactive oxygen species (ROS). While ROS are normally created during embryonic 

development, excessive ROS production leading to excessive oxidative stress affects 

reproductive capability, both decreasing oocyte competence and sperm fertilization 

capability (Guo et al., 2017). Additionally, since BPS and BPF have similar structure and 

estrogenic activity to BPA (Rochester & Bolden, 2015), these analogs may also alter 

oxidative stress levels. Investigating the potential relationship between bisphenol 

exposure, oxidative stress and negative reproductive parameters is important in 

elucidating possible non-traditional mechanisms of action for bisphenols. Overall, the 

research presented in this thesis aims to understand the effects of bisphenols on fertility 

to improve both female and male parameters in light of their use in assisted reproductive 

biotechnologies. 

Oogenesis & Folliculogenesis 

The functional unit of the ovary is the follicle, containing the oocyte surrounded by 

follicular cells (Findlay et al., 2009). Maturation of the oocyte, through a process called 

oogenesis, is necessary to produce a developmentally competent cell that can be 

ovulated, fertilized, and form an embryo. Successful oogenesis is dependent on the 
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interaction with follicular cells, which are produced concurrently (Kidder & Vanderhyden, 

2010). 

All oocytes arise from primordial germ cells (PGCs) that develop from pluripotent 

epiblast cells within early embryogenesis (Achermann & Hughes, 2011). In mammals, 

PGCs begin to migrate towards the genital ridge (known as the primitive gonad) at week 

4-5 of gestation and proliferate by mitosis to populate the ridge with oogonia (Sánchez & 

Smitz, 2012). Migration, survival, and proliferation of PGCs are influenced by several 

transcriptional factors derived from the founder germ cell population and through 

interactions with surrounding somatic cells (Sánchez & Smitz, 2012; Krysko et al., 2008). 

Oogonia continue to proliferate until they reach their peak of over 6 million germ 

cells in the developing ovary, typically at week 20 of gestation (Krysko et al., 2008; McGee 

& Hsueh, 2000). These cells can be found in incomplete cytokinesis resulting in the 

formation of interconnected clusters, called germ cell nests (Sánchez & Smitz, 2012). 

Nest formation is believed to increase nutrient and material storage to be used later in 

oocyte development (Tingen et al., 2009). At this time, oogonia commit to the female 

programming of development and transition from mitosis to meiosis to form oocytes. The 

process of meiosis involves progressing through the leptotene, zygotene and pachytene 

stages of prophase I, where several critical events occur, including the pairing of 

homologous chromosomes, synapsis, and recombination (Sánchez & Smitz, 2012). By 

birth, oocytes arrest in the final stage of prophase I (diplotene stage) where they enter a 

quiescent state called dictyate (Nicholas et al., 2009). Oocytes will remain at this stage, 

as diploid primary oocytes, until stimulated at puberty.   
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Meiotic arrest of oocytes marks the beginning of folliculogenesis. Germ cell nests 

disintegrate, and the oocyte becomes enclosed by a single layer of somatic pre-granulosa 

cells, forming a primordial follicle (Nicholas et al., 2009). Only a small portion of primordial 

follicles are activated to enter the first wave of follicle growth (initial recruitment). Although 

the exact signals that mediate this process are still unknown, several studies suggest that 

initial recruitment is controlled by locally produced inhibitory and stimulatory hormones 

(Nicholas et al., 2009). For instance, growth differentiation factor-9 (GDF-9) is required 

for follicular development progression by suppressing granulosa cell apoptosis and 

follicular atresia (Malgorzata et al., 2016). As a result, the oocyte grows in size (but still 

remain arrested in prophase) and pre-granulosa cells differentiate into cuboidal cells, 

forming a primary follicle (Malgorzata et al., 2016). Surrounding granulosa cells continue 

to proliferate, forming multiple layers of cells, resulting in the next stage in folliculogenesis, 

the secondary follicle. By this stage, the zona pellucida (ZP), a protective barrier between 

the oocyte and granulosa cells, starts to form, and thecal cells responsible for androgen 

production are recruited to the basal lamina of the follicle (Sánchez & Smitz, 2012; Hutt 

& Albertini, 2007). This period is also characterized by a rapid increase in oocyte volume 

as resources needed for maturation, fertilization and embryonic development are 

synthesized (Telfer & McLaughlin, 2007). As the follicle approaches the species-specific 

size, the granulosa cells secrete glycoproteins, forming a fluid-filled cavity called the 

antrum (Telfer & McLaughlin, 2007). At this stage, early antral follicles are capable of 

resuming meiosis and await further stimulation from gonadotrophins. 

During puberty, gonadotrophin-releasing hormone (GnRH) is released from the 

hypothalamus, stimulating the anterior pituitary to secrete gonadotrophins follicle-
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stimulating hormone (FSH) and luteinizing hormone (LH), which activate their respective 

receptors (FSH receptor and LH receptor) (McGee & Hsueh, 2000). Cyclic gonadotrophin 

secretion, particularly FSH, induces a cohort of antral follicles to escape follicular atresia 

each month; of the ~10 follicles, one follicle emerges as the dominant follicle, growing 

faster as well as secreting more estrogens and inhibin than the others (McGee & Hsueh, 

2000). The dominant follicle completes folliculogenesis in preparation of ovulation. Rising 

estrogen levels initiates the sharp increase in LH to initiate ovulation. As a result, the 

dominant follicle ruptures to release the oocyte. The LH surge causes completion of 

meiosis I in the oocyte, along with the extrusion of the first polar body, before arresting at 

metaphase II (meiosis II) (Keefe et al., 2015). Meiosis II will be completed only if 

fertilization takes place. 

Oocyte Competence  

For an oocyte to be considered developmentally competent, it must successfully 

complete maturation, fertilization, cleavage, and sustain embryonic development until the 

blastocyst stage. This means that an oocyte must survive several biological transitions, 

including integration of the male genome, nuclear reprogramming, and activation of the 

embryonic genome (EGA) (Conti & Franciosi, 2018). Given the complexity of these 

processes, the underlying mechanism behind the full development of a competent oocyte 

has yet to be elucidated.  

The quality of oocytes in mammals, such as humans and cows, can be assessed 

morphologically. Oocyte cytoplasm homogeneity, ZP thickness, meiotic spindle position, 

polar body shape or thickness and compactness of cumulus cells have all been used to 
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identify the highest quality oocytes in human IVF (Labrecque & Sirard, 2014). While these 

methods are convenient and relatively easy to measure, none of these assessments have 

led to a significant increase in embryo production (Rienzi et al., 2011). Selection of 

oocytes can be subjective and developmentally incompetent oocytes can still exhibit the 

same morphologies as good quality ones (Ozturk, 2020). Thus, non-invasive biomarkers 

of oocyte quality have been a promising area of research for the improvement of IVF 

outcomes.  

The first major hurdle of competency for an oocyte is the ability to resume meiosis 

after being arrested in prophase I. When removed from the follicle, mammalian oocytes 

are able to resume meiosis on their own, without further stimulation, as long as the oocyte 

is large enough to form the metaphase plate (Sirard et al., 2006). For example, it has 

been well documented that both bovine and human oocytes from smaller follicles are less 

likely to progress to the blastocyst stage (Jia & Wang, 2020; Kahraman et al., 2018; 

Lequarre et al., 2005). Larger follicles have been speculated to have a supportive follicular 

fluid microenvironment of elevated electrolytes, glucose, superoxide dismutase activity, 

and lipids (Aguila et al., 2020). Additionally, oocytes from larger follicles express 

developmentally favorable chromatin remodeling and metabolic pathways, such as in 

cellular stress, signaling, and lipid metabolism (Aguila et al., 2020). However, large follicle 

size does not guarantee a good quality oocyte that will develop into a viable embryo; the 

ability to complete meiosis is only one parameter of competency and can be achieved by 

an otherwise incompetent oocyte (Dozortsev et al., 2020).  
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Granulosa Cells 

Granulosa cells (GCs) are somatic cells that interact and evolve alongside oocyte 

maturation during folliculogenesis. As mentioned earlier, GCs originate from the ovarian 

epithelium as pre-granulosa cells that surround the early oocyte, forming primordial 

follicles (Nicholas et al., 2009). As the oocyte grows, GCs develop from a thin, single layer 

around the oocyte to the multilayered cumulus oophorus found in the dominant follicle 

(Tu et al., 2019). By the end of folliculogenesis, the formation of the antrum divides GCs 

into two distinct subtypes: 1) cumulus cells found directly around the oocyte, and 2) mural 

cells found on the outer portion of the follicle (Sánchez & Smitz, 2012). 

The importance of GCs for oocyte competence has been well-established. GCs 

support oocyte growth by providing nutrients, signaling molecules, hormones, and 

protective factors to nurture and regulate development (Moussa et al., 2015). For 

example, the mammalian oocyte lacks the glycolytic enzyme phosphofructokinase 

needed to metabolize glucose and relies on GCs to convert glucose into ready-to-utilize 

substrates (i.e. pyruvate, lactate) to support oocyte growth (Alam & Miyano, 2020). 

Beyond oocyte maturation, cumulus cells also induce changes in sperm that allow for 

proper fertilization. Cumulus cells secrete progesterone after ovulation, which is believed 

to be involved in sperm chemotaxis to the oocyte as well as trigger hyperactivated flagellar 

movement and the acrosomal reaction (Turathum et al., 2021). 

Communication between the oocyte and GCs would not be possible without gap 

junctions, which are channels between adjacent cells and are formed by connexin 

proteins (Alam & Miyano, 2020). While an oocyte will grow to its full size when surrounded 
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by GCs in the cumulus-oocyte complex (COC), growth is completely stalled when GCs 

are removed, even when the cells are still present in the media (Eppig, 1979). These 

findings point to the dependence on GCs for proper oocyte growth, but also that oocyte 

growth requires physical contact to the GCs. It is through gap junctions that GCs can 

transfer nutrients to influence the timing of meiosis, ATP production and pH regulation in 

the oocyte (Campen et al., 2017). However, it is also through gap junctions that the oocyte 

can regulate cumulus cell function through the secretion of several paracrine factors, such 

as GDF-9 and bone morphogenetic protein 15 (BMP15), that regulate proliferation, 

expansion, and luteinization of GCs (Campen et al., 2017). 

Interestingly, GCs have been speculated to protect the oocytes from environmental 

contaminants. EDCs, pesticides, and components of marijuana or cigarettes have all 

been detected in follicular fluid surrounding the COC (Kuzma-Hunt et al., 2021; Misner et 

al., 2021; Zhu et al., 2015; Benedict et al., 2011; Ikezuki et al., 2002). Furthermore, the 

presence of environmental contaminants in follicular fluid has been correlated to fewer 

mature oocytes retrieved during IVF and poorer oocyte quality (Poormoosavi et al., 2019; 

Bloom et al., 2017).  

In a study by Tripathi et al., (2019), denuded rat oocytes were exposed to the 

endocrine-disruptor called di(2-ethylhexyl) phthalate (DEHP) and detected increased 

ROS, morphological changes indicative of apoptosis, and elevated expression of several 

pro-apoptotic markers. When the same experiment was repeated in COCs, fewer 

morphological apoptotic changes were observed, less ROS was produced, and no 
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significant changes were observed in apoptotic marker expression, indicating the 

protective role of GCs against DEHP-induced oxidative stress (Tripathi et al., 2019). 

Spermatogenesis  

The fate of the PGCs to differentiate into male or female germ cells is mediated by 

the surrounding somatic cells. In cells destined to become sperm, the Leydig, Sertoli, and 

mesenchymal cells are necessary for male gonadal endocrine interactions (Stukenborg 

et al., 2014). This can be seen during the colonization of the genital ridge by PCGs, which 

is accompanied by the differentiation of surrounding cells into Sertoli cells, forming 

seminiferous cords (Kolasa et al., 2012). While female germ cells will start meiosis 

prenatally, male germ cells will not; instead, the PCGs, now known as gonocytes, will 

migrate to the basal membrane, where they will remain dormant until proliferation is 

resumed shortly after birth. The transition into gonocytes represents the first commitment 

to the male germ cell lineage (Orwig et al., 2002).  

The immediate precursors of gonocytes are spermatogonial stem cells (SSCs), 

which are initiated to proliferate after 6 months of life. Like what is observed in females, 

only a portion of gonocytes in the immature testes will differentiate, while the remaining 

(as much as 75%) will degenerate (Orwig et al., 2002). However, unlike females, who are 

unable to produce more oocytes postnatally, males possess a unique population of cells 

that can maintain itself through self-renewal, as well as differentiate further into what will 

eventually become mature spermatozoa (Rossi & Dolci, 2013). Thus, two spermatogonial 

populations exist in human testes: 1) undifferentiated (type Adark and Apale) and 

differentiated spermatogonia (type B) (Stukenborg et al., 2014). Type Adark are quiescent 
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cells that make up the reserve spermatogonial population; with each division, one Type 

Adark and one Type Apale cell is produced. The Apale cells undergo mitosis to provide 

identical Apale cells, therefore maintaining the pool throughout the male’s life, as well as 

give rise to Type B spermatogonia, which further differentiate into primary spermatocytes 

(Waheeb & Hofmann, 2011). Under rare circumstances, such as radiation, 

cryptorchidism, or hormonal disruption, type Adark cells can divide into type Apale (Dhole & 

Kumar, 2017). 

The second phase of spermatogenesis is the formation of haploid cells through 

meiosis. Meiosis is initiated during puberty due to the rise of sex hormones such as FSH, 

LH, and testosterone (Sou et al., 2021). Pulses of GnRH from the hypothalamus 

stimulates the release of LH and FSH from the anterior pituitary. In response to LH, Leydig 

cells in the testes produce and maintain high intra-testicular testosterone levels necessary 

for spermatogenesis to occur (100-fold higher than serum levels) (Shapiro & Ohlander, 

2018). Primary spermatocytes cross the blood-testes-barrier into the adluminal 

compartment of testis and are immunologically isolated before proceeding to meiosis 

(Neto et al., 2016). Meiosis I allows one primary spermatocyte to give rise to two 

secondary spermatocytes, each of which will undergo meiosis II to produce two haploid 

spermatids (Sou et al., 2021). 

The final stage of spermatogenesis is called spermiogenesis, where immature 

spermatids mature into motile spermatozoa. Cytoplasmic and nuclear changes occur 

during this time, forming important structures such as the acrosome from the Golgi 

apparatus, re-modelling of the sperm head, and compaction of nuclear chromatin 
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(Faraone Mennella, 2011). The sperm tail emerges from the centriole and mitochondria 

populate around the tail basis to form the midpiece. To maximize sperm motility, excess 

cytoplasm and organelles are packaged into the residual body, which are then 

phagocytized by Sertoli cells (Neto et al., 2016). Finally, fully formed and motile 

spermatozoa are released from Sertoli cells into the seminiferous tubule lumen.  

Early Embryonic Development 

During ovulation, the mature oocyte is released into the oviduct where it awaits 

fertilization by a sperm cell (Valadão et al., 2018). As a spermatozoon penetrates the ZP 

to fertilize the egg, the oocyte becomes activated: meiosis II is resumed, completed, and 

the second polar body is extruded (Valadão et al., 2018). The female haploid pronucleus 

fuses with the male pronucleus to form the diploid genome of the newly formed zygote. 

Within 24 hours, the first cleavage event occurs, splitting the one-cell zygote into two 

blastomeres (2-cell embryo). The embryo continues to cleave without increasing its size, 

producing 4-cell, 8-cell, and 16-cell embryos (Palmer & Kaldis, 2016). 

Morphological changes can be seen by the 16-cell stage in humans and cattle. E-

cadherins and adhesion molecules mediate the process of compaction and form tight 

junctions between blastomeres, resulting in a mulberry-shaped mass of cells called a 

morula (Gilbert & Barresi, 2016). Next, sodium pumps allow for the accumulation of fluid 

in the embryo through a process called cavitation (Gilbert & Barresi, 2016) . As the fluid-

filled cavity becomes larger, cells rearrange themselves to form a blastocyst. A blastocyst 

is made up of two distinct cell types: 1) the inner cell mass (ICM), which will develop into 

the embryo proper, and 2) the trophectoderm (TE), which will give rise to the placenta 
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and extraembryonic tissues (Valadão et al., 2018). By this stage, the blastocyst can hatch 

out of the ZP and awaits implantation into the endometrium. 

An important step during pre-implantation embryo development is the maternal to 

embryonic transition (MET), which refers to the developmental phase in which the 

embryonic genome is activated, and reliance is no longer solely dependent on the 

maternal genome (Zhang et al., 2015). Although both maternal and paternal genomes 

are required for development, sperm is transcriptionally inert upon fertilization and 

contributes minimally to early embryogenesis (Li et al., 2013). Therefore, the oocyte must 

provide a suitable environment for sperm-egg recognition, polyspermy prevention, 

paternal genome remodeling and embryonic genome activation (Li et al., 2013). 

As mentioned previously, folliculogenesis involves the accumulation of proteins, 

genes, and mRNA within the oocyte to be used for embryo development. The zygote 

depends on this, while being transcriptionally silent itself, in preparation of epigenetic 

reprogramming occurring (Vallot & Tachibana, 2020). Embryonic genome activation 

occurs between the 4-8 cell stage in humans and the 8-16 cell stage in cattle (Li et al., 

2013; Sirard et al., 2006). 

Once the embryonic genome has been activated, a plethora of new transcriptional 

changes occur for the embryo to differentiate into a blastocyst (Cuthbert et al., 2019). 

Maternal mRNA is targeted for degradation through zygote-derived degradation 

pathways involving Dicer, Ago2, and Atg5 (Sirard, 2012). Embryonic cells are signaled to 

develop into the ICM and trophectoderm, which will eventually become embryonic and 

extraembryonic tissue respectively (Cuthbert et al., 2019). 
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Bisphenol A 

Bisphenol A (BPA), known chemically as 4,4’-(propane-2,2-diyl) diphenol, is an 

endocrine disrupting compound (EDC). According to the Canadian Environmental 

Protection Act (1999), EDCs are defined as exogenous chemicals with the ability to 

disturb synthesis, secretion, transport, binding, action, or elimination within the endocrine 

system of an organism and its offspring. Since the endocrine system is responsible for all 

hormonal action within the body, EDCs have been reported to affect metabolism, growth, 

obesity, cancer, and the focus of this thesis, reproduction (La Merrill et al., 2020). EDCs 

are known to elicit their effects by binding or activating hormone receptors, such as 

estrogen, androgen, and thyroid hormones (La Merrill et al., 2020). Even at very low 

doses of exposure, EDCs have been shown to cause profound effects on both humans 

and wildlife alike (Street et al., 2018). 

BPA is one of the world’s highly produced chemicals, with 9 million tons being 

produced annually (Castellini et al., 2020). Its characteristics of durability, heat resistance, 

shock resistance and flexibility can explain its widespread use in polycarbonate plastics 

and epoxy resins (Almeida et al., 2018). As such, BPA can be found in a plethora of 

consumer products, including medical equipment, dental fillers or sealants, children’s 

toys, water pipes, and thermal papers. BPA is particularly prevalent in the food industry 

and is used in food or beverage containers, plastic water bottles, and the lining of cans 

(Almeida et al., 2018). 

The main route of exposure to BPA is through the diet. Leeching of BPA is possible 

under high temperatures, repeated use, contact with alkaline or acid substances, or long-
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term storage (Almeida et al., 2018). However, BPA can also enter the body through 

inhalation and dermally. BPA can be found coating cash register receipts made from 

thermal paper, posing an occupational hazard for cashiers. Several studies have shown 

elevated levels of BPA and its metabolites in cashiers (Bernier & Vandenberg, 2017; Lv 

et al., 2017; Ndaw et al., 2016). 

BPA in Farm Animals 

Like humans, farm animals are also exposed to BPA through their diet. Grazing 

ruminants are particularly at risk as although EDCs are not typically absorbed by 

vegetation, it does accumulate in the soil (Rhind, 2005). Other sources of exposure 

include contamination from farming equipment, such as the milking apparatus, tubes 

within the water system and through veterinary medicines (Santonicola et al., 2019). In 

fact, BPA exposure is evident in dairy cows based on detected concentrations in milk 

samples, ranging from 0.757 µg/L in manually milked samples, 0.580 µg/L in 

mechanically obtained samples, and the highest of 0.787 µg/L in milk from the cooling 

tank (Santonicola et al., 2019). In females, BPA-exposed sheep showed accelerated 

primordial follicle recruitment and higher instances of follicular atresia (Rivera et al., 

2011). In males, an in vitro study exposing bovine spermatozoa to BPA found decrease 

motility and increased oxidative stress (Lukacova et al., 2015). 

While EDC rates of ingestion and metabolism in livestock have not been widely 

studied, there is a significant risk of bioaccumulation and subsequent effects on health 

and reproductive performance. Environmental estrogen-mimics like BPA can affect 

ovarian follicle development, thereby causing a higher incidence of cystic ovaries and 
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irregular estrus in cows (Talpade et al., 2018). Since these processes begin during early 

to mid-gestation, exposure to EDCs during fetal life can affect early ovarian follicular 

development and, consequently, the female reproductive lifespan in cattle (Talpade et al., 

2018). Livestock are particularly at risk since BPA is lipophilic and can accumulate in 

adipose tissue. In domestic species that mobilize large amounts of fat during pregnancy 

or lactation, like cows or sheep, it is likely that the developing embryo is exposed to higher 

levels of BPA (Rhind, 2005). 

Toxicology & Metabolism 

When ingested, BPA travels through the blood to the liver where it is quickly bound 

to glucuronic acid to form BPA glucuronide by the liver enzyme uridine diphosphonate 

glucuronosyl transferase (UGT) (Castellini et al., 2020). In its conjugated form, BPA is 

more soluble in water and excreted in urine (Castellini et al., 2020). However, when BPA 

exposure occurs through other routes, such as transdermal exposure or inhalation, BPA 

bypasses this first-pass liver metabolism resulting in a much higher concentration of 

unconjugated BPA in the blood. Unconjugated BPA is particularly concerning as it is able 

to bind to ERs and thus, is biologically active. Although the half-life of elimination for BPA 

is relatively short (~6 hours), the environmental persistence of this chemical indicates that 

individuals are chronically exposed to BPA (Almeida et al., 2018). 

In Canada, the tolerable daily intake (TDI) of BPA is 25 µg/kg x body weight/day. 

The TDI, which refers to the daily amount of a chemical that is considered safe for 

consumption in humans, has not changed since its establishment in 1996, despite the 

growing body of evidence reporting negative outcomes at lower doses (Rogers, 2021). In 
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2007, the no adverse effect level (NOAEL) dose was determined to be 5mg/kg x body 

weight/day for systematic effects and 50 mg/kg x body weight for developmental toxicity 

(Rogers, 2021). The most recent governmental regulation for BPA is the temporary TDI 

of 4 µg/kg x body weight/day by the European Food Safety Authority (EFSA) in 2015 – 

nearly 6-fold lower than the TDI in Canada (Rogers, 2021). 

Although the lowest adverse effect level (LOAEL) dose has yet to be formally 

standardized, an in vivo dosage of 50 mg/kg/day and an in vitro dosage of 50 µg/mL has 

been determined (Peretz et al., 2011). A dose dependent curve for BPA was conducted 

in our laboratory and significant declines in cleavage and blastocyst rates of bovine 

oocytes were found at this LOAEL, suggesting this to be a physiological and 

environmentally relevant dose to be used in our experimental model (Sabry et al., 2021). 

Mechanism of Action 

 BPA contains two phenol rings that confer the ability to bind to ERs, particularly 

ERα and Erβ (Figure 1). Under normal circumstances, ERα and ERβ will bind to estradiol 

(E2) and undergo conformational changes, allowing the complex to migrate into the 

nucleus to regulate estrogen-related gene expression (Acconcia et al., 2015). When 

present, BPA competes with E2 for its receptor, acting as an agonist when bound to ERα 

and an antagonist when bound to Erβ (Acconcia et al., 2015). However, since BPA is a 

weak agonist with 10,000-100,000 times weaker affinity to the receptors compared to E2, 

other mechanisms of action may be responsible for its effects (Cimmino et al., 2020).  



 

18 

 

 

 

 

 

 

Bisphenol S  

With banning and intensified regulations surrounding BPA use, the manufacturing 

industry has introduced bisphenol substitutes, such as bisphenol S (BPS) and bisphenol 

F (BPF), with BPS being used more commonly. As a structural analog of BPA containing 

two phenol rings linked to a sulfur dioxide (Figure 1), BPS is speculated to be more 

resistant to leaching into food as it is generally more heat tolerant and photo-resistant 

than BPA (Thoene et al., 2020). Today, BPS is used industrially in the manufacturing of 

thermal paper, personal care products and food products (Liao et al., 2012). BPS’s usage 

is particularly abundant in areas where BPA is banned; in fact, 1000 to 10,000 million 

metric tons of BPS is manufactured in or imported to Europe annually (Lehmler et al., 

2018). BPS has been detected consistently in the United States and Asia, though at 

Figure 1: The chemical structures (clockwise from upper left): bisphenol A 
(BPA), bisphenol F (BPF), 17β-estradiol (E2), and bisphenol S (BPS). 
Modified from Fay et al., 2021.  

(E2) 
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slightly lower frequency of 89% compared to BPA (96%) (Lehmler et al., 2018). Like BPA, 

BPS’ major route of exposure is orally, followed by exposure through the skin or via 

inhalation (Lehmler et al., 2018). 

Like BPA, BPS has been labelled an endocrine-disruptor for its ability to bind to 

ERs. BPS has also been also shown to be metabolized through glucuronidation, 

producing an inactive, conjugated form for elimination (Lehmler et al., 2018). Given the 

similarities between BPS and BPA in activity, usage, and metabolism, further research 

must be done to conclude whether BPS is truly a safer alternative to BPA. 

Though research on the effects of BPS is still in its infancy, initial studies suggest 

that BPS displays the same or greater hormonal potencies as BPA (Usman & Ahmad, 

2016). In a study conducted by Eladak et al. (2015), BPS inhibited testosterone secretion 

in the fetal testes to a higher degree than BPA, at the same or lower doses. A similar 

study by Ullah et al. (2021) investigated BPS’s effect on spermatogenesis by exposing 

pre-pubertal male rats to low concentrations of BPS.  The researchers found decreased 

plasma testosterone levels, reduced sperm production and count, slower motility of sperm 

and elevated oxidative stress in the testes.  

In females, BPS treatment led to an altered cell cycle, altered estrogen receptor 

expression, and disrupted cumulus cell expansion in porcine oocytes (Žalmanová et al., 

2016). To date, the study by Campen et al. (2018)  is one of the first to investigate BPS’s 

effects on reproduction in a bovine model. This research found that, while both BPA and 

BPS caused significant defects in spindle formation and chromosomal alignment, these 

effects were more pronounced in oocytes treated with BPS.  
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Previous research in our laboratory showed that, like BPA, BPS at a dose of 0.05 

mg/mL significantly increased DNA fragmentation at several stages during 

embryogenesis and altered AMH and its receptor (AMHRII) expression in oocytes, 

cumulus cells, and COCs (Saleh et al., 2021),  

Bisphenol F 

Another BPA analogue gaining popularity because of its increasing use is 

bisphenol F (4,4’-dihydroxydiphenyl-methane) (Figure 1). BPF is primarily found in food 

products and, interestingly, is naturally found in mustard (Lehmler et al., 2018). As such, 

the main route of exposure for BPF is through the diet, particularly through consumption 

of canned and ready-to-eat foods (Lehmler et al., 2018). Detectable concentrations of 

BPF are found in 67% of urine samples of American adults and children (Lehmler et al., 

2018).  

Though research on BPF’s effects in reproduction is scarce, some evidence 

suggests that BPF, like BPS, elicits similar effects as BPA. In males, a study by Ullah et 

al., (2019) revealed androgenic effects of BPF. Adult rats treated with BPF had reduced 

plasma and intra-testicular testosterone, LH and FSH, as well as decreased 

spermatogenesis at the highest treatment dose of 100mg/kg. The same effects were seen 

from the same dose of BPA and BPS, further highlighting the similarities between these 

bisphenols on male reproduction. Preliminary results in our lab also show that BPA, but 

not BPS and BPF, significantly affects bovine spermatozoa motility; interestingly, BPA-

treated sperm contained a 30% increase in apoptosis compared to other groups, 
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indicating that perhaps BPA is affecting motility by activating apoptotic pathways (Davis 

et al., 2021). 

Oxidative Stress 

Recent research has revealed that BPA has at least a 10,000-fold weaker binding 

affinity to ERs compared to E2 or other environmental xenoestrogens, making it unlikely 

that its effects are entirely due to its interaction with ERs. An alternative mechanism of 

BPA toxicity is the activation of oxidative stress pathways, which occurs due to the 

imbalance between ROS generation and depletion. ROS production, such as superoxide 

anions, hydroxyl radicals, or peroxides, occurs in small amounts during normal cellular 

metabolism (Lu et al., 2018). This is due to highly regulated reduction and oxidation 

(redox) reactions controlled by antioxidant enzymes. In particular, superoxidase 

dismutase (SOD) is the first enzymatic step for scavenging superoxide radicals into 

hydrogen peroxide, a more stable ROS; this is done specifically by copper-zinc SOD 

(SOD1) in the cytoplasm and nuclear compartments, as well as manganese SOD (SOD2) 

in the mitochondria (Sugino, 2005). Then, catalase (CAT) or glutathione peroxidase 

(GPX), coupled with the glutathione cycle, further detoxify hydrogen peroxide into water 

and oxygen. CAT can be found in the peroxisomes while isoforms GPX1 and GPX4 are 

found ubiquitously in the cell (Sugino, 2005). Adequate levels and activity of these 

enzymes are crucial for maintaining the balance of ROS. Some evidence suggests a 

gender difference in response to oxidative stress; females are at less risk due to the 

protective effects of estrogen, which can act as an electron donor during oxidative stress, 

as well as higher endogenous expression of SOD and glutathione (Meli et al., 2020). 
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Interestingly, growing evidence implicates BPA’s role in the alteration of 

expression of genes in stress pathways and metabolism (Gassman, 2017). BPA is 

hypothesized to alter cell signalling pathways that can either be altered by ROS 

production, contribute to ROS production, or promote cell proliferation, including 

activation of the mitogen-activated protein kinase (MAPKs), PI3K/AKT, and NF-κB 

pathways (Gassman, 2017). Overactivation of these pathways is associated with 

increased cell proliferation and up-regulation of pro-survival signals (Gassman, 2017). 

However, the exact mechanism in which ROS production is induced by BPA is still 

unclear. 

Several studies have linked BPA to oxidative stress in various tissues and cell 

types including the liver  Kourouma et al., 2015; Hassan et al., 2012), bone marrow (Tiwari 

& Vanage, 2017), brain (Kobayashi et al., 2020), and breast cancer cells (Güzel et al., 

2020). However, few have investigated the effects of BPA and its analogs on oxidative 

stress in reproduction. A study by Guo et al. (2017) found decreased mRNA expression 

of GPX1 after BPA treatment in porcine embryos. Presently, only one study has 

investigated the effects of bisphenols on oxidative stress in GCs. Huang et al. (2021) 

found reduced enzymatic activity of SOD and CAT and increased oxidative stress levels 

after BPA, BPS and BPF treatment in human KGN cells, a cell line with similar 

physiological properties as GCs. 

Since mature spermatozoa contain several receptors targeted by BPA, such as 

ERα and Erβ, growth factor receptors, and androgen receptors, it is hypothesized that 

BPA toxicity may play a role in male infertility. In a study by Rahman et al. (2019), BPA-
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exposed mouse spermatozoa had decrease motility, abnormal acrosomal reaction, and 

decreased fertilization potential. Spermatozoa are particularly vulnerable to ROS as 

sperm cells have limited antioxidant defenses. While some ROS are necessary for 

several physiological processes, such as capacitation and hyperactivation, elevated ROS 

levels affect sperm fluidity and permeability (Bisht & Dada, 2017). 

Apoptosis & ROS in the Embryo 

Apoptosis is a form of programmed cell death necessary for normal development. 

The process of apoptosis is a series of events triggered by the cell for self-destruction 

without affecting neighboring cells. It acts as a quality control mechanism, where 

damaged or abnormal cells, as well as cells with abnormal developmental potential, can 

be eliminated (Favetta et al., 2007). Proper apoptosis is important in the regulation of 

blastocyst formation, and the ability for an embryo to trigger apoptosis in times of stress 

can be advantageous. However, while some apoptosis is implicated in the survival of the 

embryo, too much stress and subsequent excessive apoptosis can lead to embryo death 

(Betts & King, 2001). Thus, the ability for an embryo to protect itself and respond to 

environmental stressors, such as heat stress and oxidative stress plays a critical role in 

successful embryonic development (Ferris et al., 2016). 

While some research exists to support BPA’s role of inducing oxidative stress 

affecting female and male fertility, little is known regarding whether bisphenols analogs 

also increase oxidative stress. However, since BPS and BPF have been shown to act 

similarly to BPA, it is possible that these analogs exert similar effects on oxidative stress 

levels. 
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RATIONALE & HYPOTHESIS 

Over the last several decades, fertility rates have been steadily declining. In 

Canada, the total fertility rate (TFR), which denotes the number of children a female has 

over one’s reproductive lifespan, was reported to be at an all-time low of 1.47 births in 

2019 (Statistics Canada, 2020). Given the current COVID-19 pandemic, TFR is expected 

to dip even lower in the next 10 years (Madjunkov et al., 2020; Statistics Canada, 2020). 

Similarly, a global decrease in fertility of dairy cows has been also been reported. 

Some evidence suggests that changes in fertility rates are linked to exposure to 

environmental toxicants, such as BPA, due to their negative effects on both female and 

male gametes. As a plasticizer, BPA is widely used in the environment, making avoidance 

impossible for humans and farm animals (Rubin, 2011). In our laboratory, we have shown 

that BPA exposure during bovine oocyte maturation resulted in chromosomal 

misalignments, altered sex ratio, and altered miRNA expression (Sabry et al., 2021; Saleh 

et al., 2021; Ferris et al., 2016). In males, a study by Alabi et al. (2021) revealed poor 

sperm morphology in mice, specifically head and midpiece defects, as well as lower 

sperm counts after BPA treatment. 

Due to the growing concern of BPA’s effects, there has been an industry shift 

towards “BPA-free” products using structural analogs, such as BPS and BPF, without 

sufficient research to support their safety (Almeida et al., 2018). Although research 

comparing bisphenol analogs to BPA is just emerging, initial studies have already pointed 

to similar effects. Our laboratory has shown that both BPA and BPS treatment resulted in 

significantly increased DNA fragmentation at different cell stages of development, as well 
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as altered connexin 37, which is needed for oocyte-to-granulosa cell communication  

(Sabry et al., 2021; Saleh et al., 2021). Similarly, Yang et al. (2020) found that both BPA 

and BPF at the same dose caused microtubule disruption leading to spindle abnormalities 

in mouse oocytes.  

One plausible hypothesis for BPA and its analogs is through the increased 

production of ROS and subsequent alteration of oxidative stress pathways. Oxidative 

stress occurs when there is an imbalance between ROS and scavenging antioxidant 

enzymes (Barati et al., 2020). BPA induces oxidative stress by affecting the levels of 

antioxidant enzymes SOD, CAT, and GPX (Meli et al., 2020). While some level of ROS 

is necessary for oocyte maturation in females and capacitation in males, excess ROS, 

linked to increase oxidative stress, has been associated with infertility in both genders 

(Barati et al., 2020; J. Guo et al., 2017). 

Beyond oocytes and sperm, GCs play a key role in modulating oxidative stress. 

GCs support the oocyte during maturation and embryogenesis by providing nutrients as 

well as their own antioxidant system to protect the oocyte from oxidative damage (Yang 

et al., 2017). For instance, bovine GCs have been shown to have elevated levels of 

antioxidants compared to denuded oocytes, and therefore could play a significant role in 

oxidative stress metabolism and can act as a marker of oocyte competence (Combelles 

et al., 2009).  

Based on our previous findings and current literature on BPA, BPS and BPF, this 

study aims to investigate a non-traditional mechanism of action of bisphenols through 

dysregulation of oxidative stress pathways. Specifically, this project aims to elucidate 
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whether BPA and analogs affect oxidative stress levels by altering the levels of 

antioxidant enzymes (SOD, CAT, GPX) during oocyte maturation and in three biological 

models: cumulus-oocyte-complexes, sperm, and granulosa cells. Thus, our hypothesis 

is: BPA, BPS and BPF affect reproductive potential in cumulus-oocyte-complexes, 

sperm, and granulosa cells by increasing oxidative stress via alteration of 

antioxidant enzymes.  

To test this hypothesis, two objectives were investigated: 

1) Quantification of total ROS production as an indicator of total oxidative stress, as 

well as key antioxidant genes (ex. SOD1, SOD2, CAT, GPX1, GPX4) at the mRNA 

and protein level to assess oxidative stress in bisphenol-treated granulosa cells. 

2) Quantification of total ROS production as an indicator of total oxidative stress, as 

well as key antioxidant genes (ex. SOD1, SOD2, CAT, GPX1, GPX4) at the mRNA 

and protein level to assess oxidative stress in bisphenol-treated COCs and sperm. 
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CHAPTER TWO: THE EFFECTS OF BPA, BPS AND BPF ON 
OXIDATIVE STRESS ON GRANULOSA CELLS  

2.1 Abstract 

Endocrine disrupting chemicals (EDCs), such as bisphenol A (BPA), bisphenol S 

(BPS) and bisphenol F (BPF), can contribute to negative reproductive outcomes in both 

humans and farm animals. Previous work in our laboratory has explored the effects of 

BPA and BPS on in vitro oocyte maturation, but BPF has yet to be investigated. A 

proposed mechanism of action for bisphenols is through the alteration of oxidative stress. 

Granulosa cells (GCs), which are the somatic cells found around the oocyte, have been 

shown to not only nourish and support oocyte growth, but also serve a protective role 

against EDC-induced oxidative stress. Thus, the aim of this project was to elucidate how 

bisphenols affect oxidative stress levels in GCs, providing a non-invasive assessment of 

oocyte competence. GCs stripped from bovine COCs were matured in nine groups: 

control, vehicle, estradiol, the three bisphenols at a low dose of 0.005mg/mL, and the 

three bisphenols at a high dose of 0.05mg/mL for 12-hours and 48-hours to determine 

short-term and extended effects, respectively. Total oxidative stress was quantified using 

a CM-H2DCFDA assay. All three bisphenols at both doses showed elevated ROS 

production in a dose-dependent manner. Antioxidant expression levels of SOD1, SOD2, 

GPX1, GPX4, and CAT were quantified at the mRNA and protein level using quantitative 

real-time PCR and Western blotting. mRNA expression of all five antioxidants were 

significantly elevated in the BPA high group after 12-hours (p <0.05); no significant 

changes were seen at the 48-hour time point. These trends, for the most part, were also 

observed at the protein level, with the exception of GPX4, which was significantly 
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decreased in BPS low and BPF low treated groups. Results from this chapter suggest 

that BPA, but not BPS and BPF, affect oxidative stress in bovine GCs with implications 

on oocyte competence.  
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2.2 Introduction 

Over the last several decades, endocrine-disrupting chemicals (EDCs) have 

garnered increased attention for their ability to interfere with hormone-signaling pathways. 

Among EDCs, one of the most well-studied is bisphenol A (BPA), a common plasticizer 

used in epoxy resins, polycarbonates, and thermal papers (Ziv-Gal & Flaws, 2016). BPA’s 

high heat tolerance and durable properties have allowed this chemical to be extensively 

used in the production of various everyday products, such as food or beverage packaging, 

medical equipment, and children’s toys (Vandenberg et al., 2007). Its environmentally 

ubiquitous nature has led to chronic exposure of BPA in the general population. This is 

evident by the detection of BPA in 96% of urine samples tested in America according to 

the United States National Health and Nutrition Examination Survey (NHANES) (Lehmler 

et al., 2018). Similar findings have been reported from other developed nations, such as 

90% in Canada and 93% in the UK (Rogers, 2021). The primary route of BPA exposure 

is through ingestion; as a component of food containers, BPA can leach into food 

products, especially when heated (Almeida et al., 2018). 

BPA toxicity arises from its ability to disrupt normal hormone signaling pathways 

by acting as an estrogen modulator. As a weak estrogen receptor (ER) ligand, BPA acts 

as an agonist when bound to ERα and an antagonist when bound to ERβ (Acconcia et 

al., 2015). As such, BPA exposure has been extensively studied in systems heavily 

mediated by estrogen signaling, such as female reproduction. Several studies have 

documented BPA’s effects on the hypothalamus-pituitary-ovary axis, which include 

altered morphology and function of several female reproductive organs (ovaries, uterus, 
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oviduct, etc.) (Ziv-Gal & Flaws, 2016). Moreover, BPA has been detected in virtually all 

human tissues and bodily fluids, including follicular fluid (2.4 ± 0.8 nM), breast milk (1 nM), 

amniotic fluid (1-9 nM), and adipose tissue (1.80-12 nM), indicating a critical window of 

exposure to embryos and neonates (Desmarchais et al., 2020; Vandenberg et al., 2010; 

Fernandez et al., 2007; Ikezuki et al., 2002). Our group has reported poor oocyte 

maturation and embryo quality based on lower cleavage and blastocyst rates after in vitro 

BPA treatment of Bos taurus oocytes (Sabry et al., 2021). Additional studies from our 

group have revealed increased embryonic arrest, particularly at the 2-4 cell stage, 

increased DNA fragmentation, and altered anti-Mullerian hormone (AMH) expression at 

both the mRNA and protein level after BPA exposure (Saleh et al., 2021). Lastly, BPA 

exposure has also been shown to affect connexin 37 expression in GCs, which are 

necessary for cumulus-oocyte communication (Sabry et al., 2021). 

The consensus suggests that high levels of BPA are correlated with toxic effects 

on fertility and fetal development, leading to its partial or complete ban in baby products 

in Canada (2008), France (2010), Austria (2011), Belgium (2012), and the United States 

(2012) (Almeida et al., 2018). BPA was further restricted from food and beverage 

packaging in France as of 2015 and has been identified as a substance of very high 

concern (SVHC) by the European Chemical Agency (Colorado-Yohar et al., 2021). With 

intensified regulations surrounding BPA use, the plastics’ industry has introduced 

bisphenol substitutes, such as bisphenol S (BPS) and bisphenol F (BPF). However, 

research on the endocrine-disrupting properties of these analogs is at its infancy; initial in 

vitro studies have reported that BPS is able to alter steroidogenesis with aberrant 

progesterone and E2 secretion in bovine, sheep, and human granulosa cells (Amar et al., 
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2020; Téteau et al., 2020; Campen et al., 2018). Even fewer studies have investigated 

the effects of BPF; at this time, one of the first to publish the effects of BPF on 

steroidogenesis in mammalian ovarian cells was from Bujnakova Mlynarcikova & 

Scsukova (2021), who reported a ‘mild but insignificant decrease’ in E2 production after 

BPF treatment of porcine GCs. These findings demonstrate that bisphenol analogs are 

not completely inert in ovarian physiology. Given that they are largely unregulated in 

consumer products today, it is imperative to study these analogs in a reproductive context 

to determine whether they are truly safer than BPA.  

 Although the most known mechanism of action for BPA is through binding to the 

estrogen receptor, BPA is considered a weak estrogen, in that it has at least a 10,000-

fold weaker binding affinity to ERs compared to estradiol (Acconcia et al., 2015). 

Therefore,  it is unlikely that all of BPA’s effects arise entirely through interactions with 

these receptors (Acconcia et al., 2015). An alternative mechanism of action of BPA is the 

alteration of oxidative stress levels, which occurs due to the imbalance between reactive 

oxygen species (ROS) generation and depletion. ROS production, such as superoxide 

anions, hydroxyl radicals, or peroxides, occurs in small amounts during normal cellular 

metabolism (Rocha-Frigoni et al., 2016). This is due to highly regulated reduction and 

oxidation (redox) reactions controlled by antioxidant enzymes. Superoxidase dismutase 

(SOD) is the first enzymatic step for scavenging superoxide radicals into hydrogen 

peroxide, a more stable ROS; this is done specifically by copper-zinc SOD (SOD1) in the 

cytoplasm and nuclear compartments, as well as manganese SOD (SOD2) in the 

mitochondria (Figure 2) (Sugino, 2005). Afterwards, catalase (CAT) or glutathione 

peroxidase (GPX) further detoxify hydrogen peroxide into water and oxygen. CAT can be 
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found in the peroxisomes, while isoforms GPX1 and GPX4 are found ubiquitously 

throughout the cell (Sugino, 2005). Adequate levels and activity of these enzymes are 

crucial for maintaining the balance of ROS and in turn, combatting oxidative stress. 

 

 

 

 

 

 

 

 

Figure 2: A simplified diagram depicting the pathway through which antioxidant 
enzymes SOD, CAT and GPX neutralize free radicals. 

 

Several studies have linked BPA to oxidative stress in various tissues and cell 

types. However, few have investigated the effects of BPA and its analogs on oxidative 

stress in the female reproduction system, particularly in GCs. To the best of our 

knowledge, one of the first studies to investigate the effects of bisphenols on granulosa 

cells was done by Huang et al., (2021), who found reduced enzymatic activity of SOD 

and CAT and increased oxidative stress levels after BPA, BPS, and BPF treatment in 

human KGN cells, a cell line that has physiological properties similar to those of GCs. 

Similarly, a study by Bujnakova Mlynarcikova & Scsukova, (2021) revealed significantly 

decreased FSH-stimulated progesterone secretion after BPA, BPS and BPF exposure to 

porcine GCs. 
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GCs, the somatic cells surrounding the oocyte, are often used as a marker of 

oocyte developmental competency. These cells play a critical role in supporting the 

oocyte during maturation (Turathum et al., 2021). The intimate coordination of oocyte-

granulosa cell crosstalk has been related to reproductive success, in that granulosa cell 

apoptosis has been associated with poor oocyte maturation, decreased fertilization, and 

overall, decreased pregnancy outcomes in women undergoing in vitro fertilization (IVF) 

(Nuñez-Calonge et al., 2019). Interestingly, GCs  are particularly susceptible to ROS as 

they protect the oocyte from oxidative damage through their own antioxidant system 

(Yang et al., 2017). In fact, in a study done by Cetica et. al (2001), bovine COCs contained 

higher antioxidants compared to denuded oocytes, indicating their role in stress 

metabolism. Several studies indicate that excessive ROS accumulation and subsequent 

oxidative stress in GCs could play a role in female infertility (Lai et al., 2018; Saeed-

Zidane et al., 2017). 

The bovine system used in this study provides a reliable translational model for 

human reproductive toxicological studies. Cattle and human systems share several 

important similarities in ovarian follicle development, oocyte maturation and early 

embryonic development, such as oocyte size, time to maturation, and timing of the 

embryonic genome activation (Santos et al., 2014). The findings of this study are also 

relevant to investigating reproductive health in farm animals. While exposure to BPA in 

humans is well-documented, farm animals are equally susceptible to endocrine disruption 

and subsequent effects on fertility. For example, the pipes lining their water supply, the 

plastic wrapping that packages their feed, or environmental leeching into their 

surrounding soils are all common exposure routes for pollutants to reach farm animals 
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(Rhind, 2002).  Like humans, animals are chronically exposed to BPA through these 

contaminated sources, which leads to the bioaccumulation of BPA in their adipose tissue 

that can be released during vulnerable periods of pregnancy and lactation (Rhind, 2002). 

The present study aims to investigate a non-traditional mechanism by which BPA 

and its analogs disrupt oocyte maturation via their effects in the surrounding GCs. We 

hypothesize that BPA, BPS, and BPF at physiologically and environmentally relevant 

doses induce increased oxidative stress by dysregulating expression of crucial 

antioxidant genes (SOD1, SOD2, CAT, GPX1, and GPX4) in bovine granulosa cell 

culture. One of the doses used in this study is the current standardized lowest dose at 

which an adverse effect is observed (LOAEL). We have previously shown that BPA 

significantly reduces developmental rates at the LOAEL, meriting further investigations 

(Sabry et al., 2021). The inclusion of the two most widespread analogs alongside BPA 

allows for comparative analysis. This could reveal crucial information on their different 

potencies within our experimental model and contributes to the growing research into 

analog safety. Thus, this work will support current and future research on the toxicity of 

bisphenols on mammalian reproductive mechanisms. 
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2.3 Methods & Materials 

Cumulus Oocyte Complex (COC) Collection & Granulosa Cell Isolation 

Bovine ovaries (Bos taurus) were obtained from local abattoirs (Cargill Meat 

Solutions, Guelph, ON, Canada & Highland Packers, Stoney Creek, ON, Canada). 

Immediately after slaughter, ovaries were transported to the laboratory at a temperature 

between 34-36°C and washed with sterile saline solution. COCs were aspirated from antral 

follicles using a vacuum pump and transferred into collection medium, made up of 1 M 

HEPES-buffered Ham's F-10 media (Sigma Aldrich; Oakville, Canada, H3375; Sigma 

Aldrich, N6635) supplemented with 2% steer serum (Cansera International Inc.; Etobicoke, 

Canada), heparin (2 IU/mL) (Sigma Aldrich, H3149), sodium bicarbonate, and 

penicillin/streptomycin (1%) (Gibco; Burlington, Canada, 15140122).  

In Vitro Granulosa Cell Culture  

Following aspiration, GCs were cultured using methods previously established in our 

laboratory (Sabry et al., 2021). Briefly, immature COCs were mechanically stripped of their 

GC and cultured in 1X Dulbecco's Modified Eagle Medium (DMEM) (Gibco), glutamine (2 

mM) (Sigma Aldrich), and penicillin/streptomycin (1%) supplemented with 20% fetal bovine 

serum (FBS) (10% total serum - Gibco, 12483020). Cells were plated on a T75 flask 

(Corning, C430641U) and cultured (38.5 °C in 5% CO2) until fully confluent, with media 

replacement every 48 hours. Once 100% confluent, the flask was washed, trypsinized 

(Sigma Aldrich, T4799), and split into two flasks (Passage 1).  

Once the dose and time were established from viability experiments conducted in 

our laboratory by Nguyen et al. (2021, MCE, {submitted}), Passage 1 cells were incubated 
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at 38.5 °C in 5% CO2 for 48 hours, then split into 6-well plates at a density of 1x105 cells/mL 

in DMEM + 10% FBS (Passage 2). We have previously confirmed the identity of our cells 

using specific granulosa markers (Sabry et al., 2021). 12 hours after being split, cells were 

serum restricted for another 12 hours in Opti-MEM Serum Reduced Media. Serum 

restriction is vital for this study as it allows for cell cycle synchronization of all cells, as well 

as to maintain steroid activity seen in vivo (Baufeld & Vanselow, 2018; Langan & Chou, 

2011). Then, wells were randomly assigned to one of the following treatment groups: Opti-

MEM only (Control), 0.1 % ethanol in Opti-MEM (Vehicle), 5 µg/mL estradiol in Opti-MEM 

(Estradiol), BPA or BPS or BPF in Opti-MEM at 0.5 µg/mL or 0.05 mg/mL. Bisphenol 

treatment at the LOAEL dose (0.05 mg/mL) is denoted as ‘high’ groups while bisphenol 

treatment at 100X lower than the LOAEL (0.0005 /mL) is denoted as the ‘low’ groups. BPA 

(239658), BPS (43034) and BPF (51453) were purchased from Sigma Aldrich.  

After respective treatments for 12 or 48 hours, cells were trypsinized and washed in 

1X sterile phosphate buffered saline (PBS) (Multicell, Wisent Bioproducts, Quebec, Canada, 

311010). Cells were then processed for ROS measurement or were snap frozen in liquid 

nitrogen until RNA extraction could be performed. 

Measurement Of Reactive Oxygen Species (ROS)  

Intracellular ROS production was measured using the fluorescent probe 5-(and-6)-

chloromethyl-20 ,70-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA – 

Invitrogen, C6827). CM-H2DCFDA is a non-fluorescent dye that penetrates the cell 

membrane and is oxidized to fluorescent green calcein when acetate groups are cleaved 

by intracellular esterases. The intensity of the fluorescence corresponds to the amount of 
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ROS detected. The dye (50 µg) was prepared immediately before staining by adding 86.5µL 

of 100% ethanol. 

As described above, GCs were cultured on glass coverslips in 6-well plates in the 

respective treatment groups, including the addition of a positive control (2% dithiothreitol 

[DTT] in Opti-MEM) and a negative control that received counterstain only. DTT was added 

to the designated positive control well in the last hour of the treatment timepoint. At the 12- 

or 48-hour timepoint, GCs were incubated in a solution of Opti-MEM mixed with 100 µM 

CM-H2DCFDA for 30 minutes at 38.5°C in 5% CO2, excluding the negative control. Then, 

10 µL of Hoechst stain was added to each well and cells were incubated for an additional 

15 minutes. All incubations of GCs for ROS generation were done in the dark. 

 GCs were washed three times in 1X sterile PBS to remove excess probe before being fixed 

in 4% paraformaldehyde (PFA) for 45 minutes at room temperature. Fixed GCs were 

washed in 1X sterile PBS and mounted on to clean slides using DAKO fluorescence 

mounting medium (Agilent Technologies, Mississauga, Canada, CS70330-2). Slides were 

sealed and stored at 4°C until imaged. For all replicates, slides were imaged within 1 week. 

The Olympus FV1200 Confocal Microscope and Olympus Fluoview software were used for 

imaging at a 20X objective using laser wavelengths of 405 nm for Hoechst (blue) and 

488 nm for Alexa-Fluor 488 (green).  

Fluorescence intensity of 100 GCs per treatment group was determined using 

ImageJ software. First, colour channels were separated to isolate green fluorescence 

corresponding to the amount of ROS. Then, an individual GC was selected at one time, 

measuring its cell area and integrated density as well as its background. Fluorescence 

intensity was measured by calculating the corrected total cell fluorescence (CTCF) using 
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the formula: CTCF = integrated density – (area of selected cell × mean fluorescence of 

background readings) (Tiwari & Chaube, 2016). 

 RNA Extraction and Reverse Transcription 

RNA extraction was performed as described previously by Saleh et al. (2021). Briefly, 

total RNA was extracted from frozen GCs using the Qiagen RNeasy Plus Micro Kit (Qiagen, 

Toronto, ON) using a modified protocol. The quantity and quality of RNA extracted was 

assessed using a Nanodrop 2000c (Thermo Scientific). Once isolated, 250ng of RNA was 

reverse transcribed into cDNA by adding QuantaBio qScript cDNA SuperMix (VWR, 

Mississauga, Canada; 95048) to elute RNA for each sample. Reverse transcription was 

completed using the T100 Thermal Cycler (BioRad, Mississauga, ON) at the following 

cycling conditions: 5 minutes at 25°C, 30 minutes at 42°C, and 5 minutes at 85°C. Samples 

were stored at -20 °C until processed. 

Quantitative Polymerase Chain Reaction (qPCR) 

qPCR was used to determine mRNA expression of the 5 antioxidant enzymes (SOD1, 

SOD2, CAT, GPX1 and GPX4) using a CFX96 Touch Real-Time PCR Detection System 

(BioRad). mRNA was amplified using the SsoFast EvaGreen Supermix (Biorad, 1725201) 

as described previously (Saleh et al., 2021). The primer pairs used for qPCR analysis are 

specified in Table 1. Primer efficiencies were determined using standard curves and are 

also listed in Table 1. Relative changes in mRNA expression were calculated by efficiency-

corrected method (ΔΔCt) using peptidylprolyl isomerase (PPIA) and tyrosine 3- 

monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) as 

reference genes. PPIA and YWHAZ were previously determined to be unaffected by 
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treatments and thus, appropriate references genes (Sabry et al., 2021). To account for inter-

run variability, a group of 100 COCs was used as a calibrator on each plate. At least three 

biological replicates in technical triplicates were quantified for each primer.  

Table 1: Primer sequences used in qPCR. 

Western Blotting 

All buffer components used for Western blotting can be found in Appendix I. Protein 

expression of five antioxidant enzymes was quantified in stripped GCs by Western blotting, 

as described by Saleh et al. (2021). To summarize, frozen samples were lysed in 50 µL of 

radioimmunoprecipitation assay (RIPA) with protease inhibitors (Biotool B14001 and 

Gene 
Symbol 

 
Gene 
Name 

 
Accession # 

 
Source 

 
Primer Sequence (5’ – 3’) 

Efficiency 
(%) 

SOD1 Superoxide 
dismutase 1 

NM_174615.2  
 
 
 
 
 

(Sangalli 
et al., 
2018) 

F: AAGATGAAGAGAGGCATGTTGGA 
R: GATGGCAACACCGTTTTTGTC 

95.3% 

SOD2 Superoxide 
dismutase 2 

NM_201527.2 
 

F: TCTGTTGGTGTCCAAGGCTC 
R: AGCAGGGGGATAAGACCTGT 

100.0% 

CAT Catalase NM_1035386.2 F: CTATGGCCTCCGCGATCTTT 
R: CGTGAGGCCAAACCTTGGTA 

102.3% 

GPX1 Glutathione 
peroxidase 

1 

NM_174076.3 F: CGGGTTCGAGCCCAACT 
R: GCGCCTTCTCGCCATTC 

105.6% 

GPX4 Glutathione 
peroxidase 

4 

NM_1753024.3  
(Jiang et 

al., 
2019) 

F: TGTGGTTTACGGATCCTGGC 
R: CCCTTGGGCTGGACTTTCAT 

100.1% 

PPIA peptidylprol
yl 

isomerase A 

NM_178320.2 
 

 
 
 
 

(Sabry et 
al., 

2021) 
 

F: TCTTGTCCATGGCAAATGCTG 
R: TTTCACCTTGCCAAAGTACCAC 
 

99.4% 

YWHAZ Tyrosine 3- 
monooxyge
nase/tryptop

han 5-
monooxyge

nase 
activation 

protein zeta 

NM_174814.2 
 

F: GCATCCCACAGACTATTTCC 
R: GCAAAGACAATGACAGACCA 
 

98.7% 
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B15001), followed by four freeze/thaw cycles in liquid nitrogen. Samples were then 

sonicated for 30 minutes in an ice water bath and centrifuged at 13,800 x g at 4°C to isolate 

the protein. Protein concentrations were determined using Bradford assay reagents (Bio-

Rad; Hercules, CA, USA) and 30 µg of protein per sample was prepared using equal 

volumes of 3X reducing buffer with β-mercaptoethanol (Sigma Aldrich, M6250). Reduced 

proteins were separated on 12% polyacrylamide gels using a XCell SureLock Mini-Cell 

Electrophoresis System (Invitrogen; Burlington, ON). Proteins were transferred onto a 

nitrocellulose membrane (Bio-Rad, 1620115) using an Invitrogen wet transfer western blot 

apparatus (Invitrogen; Burlington, ON) at 45V for 2 hours on ice. Membranes were stained 

with Ponceau S to ensure adequate protein transfer, then blocked in 5% skim milk in Tris 

buffered saline pH 7.6 plus 0.1% Tween (Fisherbrand BP337) (TBST) for 1 hour. 

Afterwards, membranes were incubated overnight at 4°C in a primary antibody including 

SOD1 at 1:5000 (Invitrogen, Burlington, ON; PA5-23245), SOD2 at 1:1000 (Invitrogen, PA1-

31072), CAT at 1:800 (Invitrogen, PA5-23246), GPX1 at 1:800 (Invitrogen, 711797) and 

GPX4 at 1:1000 (Invitrogen, PA5-18545). For SOD1, CAT, and GPX1, the primary antibody 

was diluted in TBST containing 5% milk, while SOD2 was diluted in TBST containing 1% 

milk. The primary antibody for GPX4 was diluted in TBST containing 5% BSA. Blots were 

then incubated with a 1:5000 dilution of the appropriate secondary antibody for 1h at room 

temperature. For SOD1, SOD2, CAT, and GPX1, the secondary antibody used was anti-

rabbit IgG HRP-linked antibody (Cell Signalling Technology, Whitby, Canada; 70735). For 

GPX4, the secondary antibody was anti-goat IgG HRP-linked antibody (Invitrogen, A18751). 

Protein bands were detected using a ChemiDoc XRS + Imaging System (Bio-Rad) after a 

5-minute incubation in Clarity Western ECL Blotting Substrate (Bio-Rad 170–5060). β-actin 

(Cell Signalling Technology, 4967) at a 1:200 dilution overnight at 4°C was used as the 
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loading control on all blots. The corresponding secondary antibody for β-actin was anti-

mouse IgG HRP-linked antibody (Cell Signaling Technology, 7076) at a 1:5000 dilution for 

1 hour at room temperature. Densitometric analysis was performed using the Bio-Rad 

Image Lab software and antioxidant protein levels in each sample were expressed as a ratio 

of β-actin expression detected in the same sample.  

Statistical Analysis 

All data sets were analyzed for statistical significance using GraphPad Prism 9 

software. Prior to analysis, normality of data was determined using Kolomogorov-Smirnov 

and Shapiro Wilk tests. Normally distributed data sets were analyzed using one-way 

analysis of variance (ANOVA), while non-symmetric data were analyzed using Kruskal-

Wallis test. At least three biological replicates were used in each experiment and statistical 

difference was determined at a two-tailed p-value < 0.05. Once significant, parametric data 

were further analyzed using a Tukey’s post-hoc test, while non-parametric data underwent 

Dunn’s multiple comparison test, to compare differences between each treatment group. 

Data shown represent the mean ± standard error of the mean (SEM). 
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2.4 Results  

Oxidative Stress 

Figure 3 depicts ROS production after granulosa cells were treated with two different 

concentrations of BPA, BPS and BPF. Visually, it was observed that the fluorescent intensity 

of the bisphenol groups, especially BPA-treated GCs, was higher than the control groups. 

Of the three bisphenols at both high and low doses, BPF’s fluorescence was the weakest, 

followed by BPS, and BPA as the most intense. Morphological differences are also evident 

between control groups and treatment groups, particularly in BPA-treated GCs at both the 

low and high doses. While GCs in control groups (control, vehicle, and estradiol) exhibit a 

polygonal shape and similar level of confluency, BPA-treated GCs were elongated in shape 

was visibly less confluent. BPS-treated cells also exhibited elongation and reduced 

confluency, though to a lesser extent than BPA. BPF-treated GCs appeared most similarly 

to control groups based on morphology. Additionally, GCs treated with positive control of 

H2O2 were morphologically distinct as they appeared shrunken down in size and round in 

shape. Our results indicate that intracellular ROS induced by BPA and its analogs are 

concentration dependent. After 12 hours of treatment with BPA, BPS and BPF at the low 

and high doses, ROS levels were significantly increased.  No significant differences were 

seen between control, vehicle, and estradiol-treated cells. 

 Conversely, Figure 4 refers to the total oxidative stress accumulated in granulosa 

cells after extended treatment with bisphenols (48 hours). Note that the BPA high dose was 

lethal to GCs at this time-point and is therefore not depicted here. Overall, all groups at the 

48-hour time point exhibited higher fluorescence visually, compared to their counterparts at 

the earlier time point. Vehicle and estradiol groups appeared more fluorescent than control, 
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but these differences were not significant when quantified. Morphological shape of GCs in 

control groups remained polygonal and showed similar confluency. In the treatment groups, 

BPA-treated GCs were the most fluorescent even at the lower dose, compared to the other 

bisphenols at either dose.  Both BPS- and BPF-treated GCs showed an alteration in 

morphology as they became more elongated and flattened, especially at the high dose. 

Significant increases in oxidative stress can be observed in BPA treated granulosa 

cells at the low dose of 0.0005mg/mL. Additionally, a significant increase is seen after BPS 

treatment at the high dose of 0.05mg/mL. No significant changes were observed at this time 

point for BPF at either dose. 
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Figure 3: Intracellular ROS levels after bisphenol treatment for 12 hours at low and high 
doses. (A) First column (left) refers to FITC-labelled ROS generation, middle column refers 
to nuclear counterstain (Hoechst) and last column (right) refers to the overlay of both 
images. (B) Corrected total cell fluorescence was determined using ImageJ software. * 
indicates statistical significance p<0.05 and n = 3 biological replicates of 100 cells each. 
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Figure 4: Intracellular ROS levels after bisphenol treatment for 48 hours at low and high 
doses. (A) First column (left) refers to FITC-labelled ROS generation, middle column refers 
to nuclear counterstain (Hoechst) and last column (right) refers to the overlay of both 
images. (B) CTCF values for treated GCs. * indicates statistical significance p<0.05 and n 
= 3 biological replicates of 100 cells each.  

 

mRNA Expression of Treated GCs 

Antioxidant enzymes SOD1, SOD2, CAT, GPX1, GPX4 were quantified using 

qPCR in granulosa cells after 12- and 48-hours treatment, respectively. As seen in Figure 

5, mRNA expression of all 5 antioxidants was significantly increased (p < 0.05) after BPA 

treatment at the high dose at the 12-hour time point. However, after 48 hours, no 

B. 
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significant differences were detected across all antioxidants (Figure 6). No statistically 

significant differences were detected between control and vehicle alone groups. 

 

 

 

 

 

 

Figure 5: Antioxidant mRNA expression after short-term treatment of bisphenols. SOD1 
(A), SOD2 (B), GPX1 (C), and GPX4 (D), CAT (E) mRNA in bovine granulosa cells after 
12 hr treatment at a low (0.0005 mg/mL) and high (0.05 mg/mL) dose of BPA, BPS, and 
BPF. Quantification is relative to reference genes YWHAZ and PPIA. * indicates statistical 
significance p < 0.05, GPX1 (p < 0.03), and n=4. Error bars represent +/- SEM. 
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Figure 6: Antioxidant mRNA expression after extended treatment of bisphenols. SOD1 
(A), SOD2 (B), GPX1 (C), and GPX4 (D), CAT (E) mRNA in bovine granulosa cells after 
48 hr treatment at a low (0.0005 mg/mL) and high (0.05 mg/mL) dose of BPA, BPS, and 
BPF. Quantification is relative to reference genes YWHAZ and PPIA. Data includes 4 
biological replicates and error bars represent +/- SEM. 
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Protein Expression in Granulosa Cells 

Antioxidant enzyme protein levels were quantified in bovine granulosa cells relative 

to the loading control of β-actin. At the 12-hour time-point (Figure 7), SOD1 protein 

expression (Figure 7A) was significantly increased in the BPA low and BPS low groups 

compared to control and vehicle groups. CAT protein expression (Figure 7C) was 

significantly increased in BPA low, BPS low, and BPA high groups.  No significant alterations 

in SOD2 (Figure 7B) and GPX4 (Figure 7D) expression was seen after 12 hours.  

At the 48-hour time point (Figure 8), SOD1 expression (Figure 8A) was significantly 

increased in the BPF high group. SOD2 expression (Figure 8B) was significantly elevated 

in the BPF low and BPS high groups. In contrast, GPX4 expression (Figure 8D) was 

significantly decreased in BPS low and BPF low groups. No significant changes were seen 

in CAT expression (Figure 8C) after 48 hours of bisphenol treatment. GPX1 expression was 

not detected using this western blot protocol. 
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Figure 7: Antioxidant protein expression in bovine granulosa cells after 12 hours of BPA, 
BPS and BPF at a low (0.0005 mg/mL) and high (0.05 mg/mL) dose. (A) Blot representative 
showing protein expression of SOD1 and densitometric analysis for 4 biological replicates. 
* p <0.05. (B) Blot showing protein expression of SOD2 and densitometric analysis for 4 
biological replicates. (C) Blot showing protein expression of CAT and densitometric analysis 
for 3 biological replicates. * p <0.05, (D) Blot showing protein expression of GPX4 and 
densitometric analysis for 4 biological replicates.  
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Figure 8: Antioxidant protein expression in bovine granulosa cells after 48 hours of BPA, 

BPS and BPF at two doses (a low dose of 0.0005mg/mL and a high dose of 0.05mg/mL). 

(A) Blot representative showing protein expression of SOD1 and densitometric analysis for 

4 biological replicates. * p <0.05. (B) Blot showing protein expression of SOD2 and 

densitometric analysis for 4 biological replicates. * p <0.05, BPF Low (P=0.2812), BPS 

High (P=0.467). (C) Blot showing protein expression of CAT and densitometric analysis for 

3 biological replicates. (D) Blot showing protein expression of GPX4 and densitometric 

analysis for 4 biological replicates. * p <0.05, BPS Low (P=0.05), BPF Low (P=0.3405). 
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2.5 Discussion 

As an oocyte grows and matures, it requires continuous support from the follicle it is 

enclosed in, which includes the somatic cells that surround it and the microenvironment of 

the follicular fluid. Cumulus granulosa cells communicate directly with the oocyte through 

either paracrine factors or gap junctions within transzonal projections (Baena & Terasaki, 

2019). These granulosa cells are crucial for proper maturation, as supported by a study in 

2016 in which removal of the granulosa cells from oocytes before maturation showed both 

cleavage and blastocyst rates significantly reduced (Zhou et al., 2016). These cells are now 

being recognized as markers for assessing oocyte competence. The gold standard for 

determining oocyte and embryo quality is morphological assessment, however, this method 

proves to be inaccurate in cases where morphologically ‘good’ oocytes failed to mature, or 

fertilize, or develop into live offspring (Morbeck, 2017).  

Determining quality and competence using oocyte or early embryonic-specific 

biomarkers is a counterintuitive approach, since the analytical technique requires the 

destruction of the oocyte or embryo. Even widely accepted approaches, such as 

preimplantation genetic screening and diagnosis (PGS/PGD), are minimally invasive as a 

biopsy of cells from the trophectoderm of the blastocyst is required for analysis (Capalbo et 

al., 2017). However, downstream consequences of PGS/PGD are not well known. As such, 

researchers have turned their attention to the potential biomarkers in components proximal 

to the oocyte. Granulosa cells are a source of nutrients that contribute to oocyte maturation 

and subsequent embryo development. Their gene expression profiles could provide insight 

into oocyte competency and, therefore serve as excellent models for the study to study the 

reprotoxic effects of environmental pollutants (Assidi et al., 2008). 
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In the present study, we demonstrated that all three bisphenols can significantly 

induce cellular stress and activate oxidative damage in bovine granulosa cells. These 

effects were observed at both doses of bisphenol exposure. Previously, our group 

performed a dose-dependent assay for BPA and BPS looking at embryonic developmental 

parameters as an endpoint analysis. Significant decreases in both cleavage and blastocyst 

rates following bovine oocyte treatment with BPA at the current reported LOAEL of 0.05 

mg/mL were documented (Sabry et al., 2021). In another recent study from our group 

(Nguyen et al., 2021, MCE, {submitted}), a similar dose-dependent curve for all three 

bisphenols in in vitro culture granulosa cells was performed, using a mitochondrial activity 

assay, CCK8, that quantitively evaluates cytotoxicity of treatments. Various doses (0.5 

µg/mL, 5 µg/mL, 0.05 mg/mL, and 0.5 mg/mL) of either BPA, BPS, or BPF were 

administered, and viability was measured 1, 6, 12, 24, 48, or 72 hours post treatment. These 

results indicate that BPA and BPF at the LOAEL dose significantly reduced cell viability as 

early as 6 hours of exposure, which are in accordance with studies in the literature that 

found BPA and BPF reduced cell viability (Huang et al., 2021; Liu et al., 2021). BPS also 

reduced viability, but only at the highest dose tested (0.5 mg/mL). These previous data were 

used to select the times and treatment doses for granulosa cells in the experiments 

conducted in this chapter.  

In this study, bisphenol exposure significantly increased ROS levels in cultured 

granulosa cells. We found that both low (0.0005 mg/mL) and high (0.05 mg/mL) doses of 

all three bisphenols induced ROS production after 12 hours of exposure, whereas only BPA 

and BPS at both doses, respectively, induced oxidative stress after 48 hours exposure. The 

DTT positive control also induced ROS production at both time points, which is expected as 

DTT is a known stressor that is able to cause oxidative damage (Xiang et al., 2016).  High 
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levels of free radicals can interfere with the mitochondria through various mechanisms: they 

can disrupt membrane permeability, stimulate mitochondrial DNA mutations, interrupt 

calcium homeostasis, and damage the mitochondrial defense system overall (Guo et al., 

2013). This imbalance causes cellular oxidative stress, which has been associated with 

follicular atresia comprising of extensive granulosa cell death or damage (Shen et al., 2016). 

Any effect on GCs will directly alter oocyte function and competency and has been linked 

to disorders including polycystic ovarian syndrome (PCOS) and premature ovarian failure 

in humans (Agarwal et al., 2012). 

The network of antioxidant enzymes including, but not limited to, SODs, CAT, and 

GPXs are crucial for the protection of the mitochondria and thereby the normal functioning 

of the cell. Aberrant expression of these genes and proteins by bisphenols could result in 

an imbalance between free radicals and antioxidant activity.  

At the mRNA level, BPA at the LOAEL dose was the only bisphenol that increased 

expression of all five antioxidant genes (SOD1, SOD2, GPX1, GPX4, and CAT) after 12 

hours of exposure. It is speculated that transcription of these antioxidant genes significantly 

increases upon initial treatment with BPA as an early reaction to cellular stress; this is 

anticipated after a short-term exposure. This is supported in a study by Berger et al. (2016) 

that reported SOD1, CAT, and GPX significantly increased in mice exposed to BPA and 

observed the transgenerational effects in the offspring. The enzymes remained significantly 

increased in F1 and F2 offspring but were unaffected in F3 compared to the control group. 

Another study by Peng et al. (2018) also showed that BPA increased antioxidant activity in 

invertebrates for the first 3 days after initial exposure, but eventually these levels decreased 

within invertebrates. Therefore, it is considered that the BPA-mediated increase in 
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antioxidant expression is part of a defense system to help combat and protect against 

increasing levels of reactive species. Longer exposure times may decrease antioxidant 

levels as the growing presence of ROS may suppress these enzymes or the production of 

ROS may exceed the enzymes’ ability to remove them (Peng et al., 2018). 

There were trends toward decreased SOD1 in cells treated for 48 hours with BPA 

and BPS at the low and high dose, respectively, but this trend was not statistically 

significant. It could be speculated that after 12 hours of BPA exposure, gene expression 

peaks at its highest and starts to decline to normal levels. While 48 hours is likely an 

insufficient exposure time to observe significant reductions, it does provide an intermediate 

exposure time to observe the progression of oxidative stress. This is supported by the fact 

that ROS production results are consistent with the mRNA expression observed at 48 hours, 

where ROS production and transcripts remained increased in cells treated with BPA low 

and BPS high doses. 

At the protein level, the bisphenol treatments, at the various doses and exposure 

times, differentially increased individual enzymes. The overall findings indicate a significant 

increase in most antioxidant enzymes, with the exception of GPX4, which was significantly 

decreased following 48 hours of treatment with the low doses of BPS and BPF. The 

increased protein expression after bisphenol exposure is supported in the literature by 

studies that found higher antioxidant activity in BPA treated groups compared to the controls 

in both chick embryos, mice liver, and mice kidney (Sravani et al., 2016; Kabuto et al., 2004). 

The study in chick embryos reported increased SOD and GPX activity after 24 hours of 

exposure and an increase in CAT activity after 48 hours of exposure (Sravani et al., 2016). 

The other study found increased expression of CAT and GPX after BPA was administered 
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to mice in vivo and suggested that adult mice can also upregulate SOD activity as a 

protection against BPA toxicity (Kabuto et al., 2004). We speculate that BPA induces free 

radical formation, which in turn induces SOD to convert those radicals into H2O2 (Guo et al., 

2013). Consequently, the rise in H2O2 from elevated SOD activity will induce an increase in 

GPX & CAT activity to allow the detoxification or neutralization of H2O2 (Guo et al., 2013) . 

After 48 hours of BPS and BPF exposure, we began to see significantly decreased GPX4 

protein levels. Due to prolonged exposure, it is probable that the elevated presence of free 

radicals surpassed the antioxidant capacity of this enzyme, which can lead to suppression 

of this protein (Amjad et al., 2020). Reduced levels of GPX4 indicates reduced cellular 

capacity for detoxifying ROS, which further increases the level of oxidative stress within a 

cell. If the cell is not able to recover from this damage, it will result in cell death or widespread 

damage to proteins, lipids, and DNA. This can contribute to aging, infertility, and 

developmental disorders (Amjad et al., 2020).  

While oxidative stress and mitochondrial dysfunction have been associated with the 

pathogenesis of several disorders, this study has shown that it could also be linked, in part, 

to bisphenol-mediated effects on fertility and development. This study shows that both low 

and high doses of bisphenols can induce damaging effects in bovine granulosa cells; 

highlighting the concern with current standardized doses that may be deemed as ‘safe.’ It 

is also apparent that all three bisphenols impact oxidative stress by increasing ROS 

production, however the effects on individual genes and proteins differed among them. This 

shows that the overall effects of BPA and its analogs are similar, but the mechanisms by 

which they exert their actions may differ. It is crucial to characterize the effects of each 

bisphenol on granulosa cell function to establish the building blocks for understanding their 

mechanisms of action and how they may contribute to poor oocyte competence. 
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CHAPTER THREE: THE EFFECTS OF BPA, BPS AND BPF ON 
OXIDATIVE STRESS IN GAMETES 

3.1 Abstract 

One of the most investigated factors in infertility is the exposure to endocrine disrupting 

compounds (EDCs), particularly bisphenol A (BPA) and its analogs bisphenol S (BPS) and 

bisphenol F (BPF). Current literature suggests that bisphenols are associated with 

abnormalities in both female and male reproduction, such as altered oocyte maturation, 

spermatogenesis, and poor gamete morphology. The mechanism for bisphenols’ actions is 

still unknown, though it has been proposed that bisphenols change reproductive parameters 

by altering oxidative stress pathways. The aim of this project was to elucidate whether 

bisphenol-induced oxidative stress is responsible for decreased sperm and oocyte quality, 

leading to permanent embryonic arrest. In both female (cumulus-oocyte-complexes 

[COCs]) and male (spermatozoa) studies, total oxidative stress was measured using a CM-

H2DFA assay and key ROS scavengers (SOD1, SOD2, GPX1, GPX4, CAT) were quantified 

at both the mRNA and protein levels using quantitative real-time PCR (qPCR) and western 

blot (COCs)/immunofluorescence (sperm), respectively. Groups of either gamete were 

matured in five treatment groups: control, vehicle (0.01% ethanol), BPA, BPS and BPF, at 

the physiological relevant dose of 0.05 mg/mL (BPA LOAEL).  Our results show elevated 

ROS production in BPA-treated COCs and decreased ROS production in BPS- and BPF-

treated spermatozoa. Additionally, mRNA expression of SOD2, GPX1 and GPX4 were 

decreased in BPA-treated COCs (p <0.05). The same trend was observed at the protein 

level, where the three aforementioned antioxidant enzymes were significantly reduced in 

the BPA treatment. In sperm, motility, but not morphology, was significantly altered in all 

bisphenols. SOD1 mRNA expression was significantly increased while GPX4 expression 
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was significantly reduced. No significant changes were observed at the protein level for 

sperm. All three detected antioxidants in sperm (SOD1, GPX1, GPX4) seem to be localized 

in the midpiece; some GPX1 and GPX4 expression can be observed in the acrosome.  

Findings from this second thesis chapter support BPA’s abilities to alter oxidative stress in 

oocytes and to a lesser extent in sperm. However, in either gamete, BPS and BPF likely act 

through different mechanisms. 
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3.2 Introduction 

A growing body of research suggests that environmental contaminants have the 

potential to negatively impact animal and human health. Endocrine disrupting chemicals 

(EDCs) are one such example due to their abilities to interfere with and mimic endogenous 

endocrine function. One such EDC, bisphenol A (BPA) has been used for decades in the 

plastics industry. BPA is found ubiquitously in food packaging, personal care items, cash 

register receipts and medical equipment, just to name a few (Almeida et al., 2018). Its 

widespread use makes avoiding exposure nearly impossible; to date, BPA has been 

detected in aquatic environments, sewage, tap water, soil, dust, and air, posing a danger to 

humans and wildlife alike (Vandenberg et al., 2007). BPA’s primary route of exposure is 

through the diet as it leaches from plastics to food. Leakage is enhanced by heat, contact 

with acidic or basic substances and repeated use (Almeida et al., 2018). Unsurprisingly, 

BPA has been repeatedly detected in several biological samples, such as placental tissue, 

serum, follicular fluid, amniotic fluid, and urine (Vandenberg et al., 2007). 

Concerns surrounding BPA use arises from its interactions with hormonal receptors. 

As a weak xenoestrogen, BPA is able to bind to the classical nuclear estrogen receptors 

ERα and ERβ (Meli et al., 2020). While BPA has been associated with detrimental effects 

in immune, nervous, and cardiovascular systems, a particular concern is its effects on 

reproductive function given its strong reliance on the hypothalamic-pituitary-gonadal axis 

(Meli et al., 2020). Recent studies suggest that BPA can affect steroidogenesis in both 

females (Téteau et al., 2020; Thilagavathi et al., 2018; Santangeli et al., 2017; Peretz et al., 

2011) and males (Liu et al., 2021; Lan et al., 2017; Wang et al., 2014).  
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Given the evident health risks of BPA, many countries have opted to restrict or 

completely ban its use, leading to an industrial shift to “BPA-free” products containing BPA 

analogs, such as bisphenol S (BPS) and bisphenol F (BPF). However, these analogs remain 

unregulated and insufficient data exist to support their safety. BPS and BPF are structurally 

similar to BPA, and as such, are expected to exhibit comparable physiological effects on 

reproduction. Although this field of research is still in its early stages, current evidence 

suggest that analogs’ toxicity is equal or even greater than BPA (Tucker et al., 2018; 

Moreman et al., 2017;  Žalmanová et al., 2016; Rochester & Bolden, 2015).  

BPA disturbs both male and female reproductive function even at extremely low 

exposure levels. The affinity of BPA to ER can be as much as 100,000-fold weaker than 

estradiol, though its potency increases when estradiol levels are extremely low (Meli et al., 

2020). Although there are various alternative pathways in which BPA impairs endocrine 

function, alteration of oxidative stress remains a key contributor in both male and female 

infertility. Oxidative stress occurs when the production of reactive oxygen species (ROS) 

exceeds the protective capacity of its endogenous antioxidant defense mechanisms (Aitken, 

2020). ROS refer to a group of oxygen free radicals, such as superoxide anions and 

hydrogen peroxide, that are formed as a by-product of the mitochondrial respiratory chain 

(Wang et al., 2021). ROS are highly reactive, but become stable by oxidizing biological 

macromolecules and organelles, resulting in cellular damage (Lu et al., 2018). In contrast, 

antioxidants provide protection against ROS by neutralizing free radicals. Within the body, 

two types of antioxidants exist: 1) enzymatic antioxidants, including superoxidase dismutase 

(SOD), glutathione peroxidase (GPX) and catalase (CAT), and 2) non-enzymatic 

antioxidants, such as vitamin C, vitamin E, selenium, and zinc (Lu et al., 2018). While some 

ROS production is crucial in mediating both female (folliculogenesis, ovulation, embryonic 
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development) and male (capacitation, hyperactivation, acrosomal reaction) reproduction, 

excessive ROS results in increased oxidative stress, germ cell apoptosis and, ultimately, 

infertility (Aitken, 2020; Meli et al., 2020). 

Developing oocytes are under strict regulation of steroid hormones in order to gain 

competency. Oxidative damage during maturation is speculated to be one of the main 

causes for abnormal meiosis, decreased rate of fertilization and an overall decline in embryo 

quality (Wang et al., 2021). Several studies have linked BPA toxicity to increased oxidative 

stress in non-reproductive tissues, such as the liver (Bindhumol et al., 2003) and the heart 

(Aboul Ezz et al., 2015).  To the best of our knowledge, one of the first studies to suggest 

that BPA modulates the generation of ROS in the oocyte was conducted by Wang et al. 

(2016), who found that ROS levels significantly increased after porcine oocyte cultures were 

exposed to BPA for 26 hours. mRNA expression of several oxidative stress-related genes 

was analyzed and a significant increase in SOD1 was found in the BPA treatment group, 

indicating that BPA-treated porcine oocytes underwent and responded to oxidative stress. 

Consequently, oocytes treated with BPA had reduced polar body extrusion, altered spindle 

morphology, abnormal chromosome alignment and increased rates of apoptosis leading to 

reduced oocyte maturation. Wang et al.’s findings are aligned with data from our laboratory, 

where bovine oocytes had increased spindle abnormalities and chromosome misalignment 

following BPA treatment (Ferris et al., 2016). Since then, several studies have found similar 

results (Park et al., 2018; Guo et al., 2017). However, most studies have been conducted 

in porcine, mouse, or rat models; few have examined the correlation of BPA exposure and 

oxidative stress on fertility in cows and even less information is available on the BPA’s 

analogs, BPS and BPF and their potential effects in altering intracellular oxidative stress in 

oocytes and sperm.  



 

63 

 

Spermatozoa are even more vulnerable to the effects of oxidative stress. In the final 

stage of spermatogenesis, most of the cytoplasm is shed in preparation for fertilization. As 

such, mature spermatozoa lack critical repair mechanisms needed to relieve oxidative 

damage (Agarwal et al., 2014). Additionally, sperm membranes are rich in polyunsaturated 

fatty acids, making sperm a viable target for oxidative damage via lipid peroxidation that in 

turn triggers a sequence of inflammatory events resulting in loss of membrane integrity, 

increased permeability, structural DNA damage, and apoptosis (Alahmar, 2019). Once a 

lipid peroxide radical is formed, it initiates a series of oxidation events that can affect over 

50% of the spermatozoa plasma membrane (Alahmar, 2019). The by-products of lipid 

peroxidation include malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) that further 

damage spermatozoa DNA (Fang & Zhong, 2019). An in vivo study in mice found a 

significant increase in lipid peroxidation and ROS levels, as well a decrease in glutathione 

peroxidase activity in the testes following BPA treatment (Kaur et al., 2018). They also found 

that BPA treated mice had decreased sperm concentration and motility. 

Given constraints of human reproductive tissue use, the bovine model is well-suited 

as a translational model. Several physiological similarities exist between cattle and human,

such as the length of folliculogenesis, single ovulation, and the size of both female and male 

gametes (Langbeen et al., 2015; Santos et al., 2014). Additionally, BPA exposure is not 

limited to humans. Livestock animals are highly and continuously exposed to BPA from their 

diet because of contaminated soil and water, and through farming equipment such as water 

pipes and milking apparatus (Santonicola et al., 2019). As a lipophilic chemical, BPA can 

accumulate in adipose tissue, be secreted in milk fat, and is found in dairy products 

(Georgescu & Georgescu, 2013). As such, farm animals are equally, if not more, susceptible 

to the endocrine-disrupting effects of bisphenols (Rhind et al., 2011).  



 

64 

 

In this study, we aimed to not only confirm the effects of BPA in altering oxidative 

stress levels in gametes, but also investigate whether BPA’s analogs, BPS and BPF, affect 

oocytes and sperm by increasing oxidative stress. We hypothesize that in vitro exposure to 

BPA, BPS and BPF affect reproductive capability of both female and male gametes by 

increasing oxidative stress levels that are accompanied by an alteration in the expression 

of antioxidant enzymes. 
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3.3 Materials and Methods 

Reagents 

All chemicals and media were purchased from Sigma Aldrich (Oakville, ON, Canada) 

unless otherwise specified. All buffer preparations, including media for cumulus-oocyte-

complex (COC) or sperm preparation, embryo production, ROS measurement, and western 

blotting, can be found in Appendix I. 

Cumulus-oocyte-complex (COC) collection & maturation 

Bovine (Bos taurus) ovaries were obtained from a local abattoir (Cargill Meat Solutions, 

Guelph, ON, Canada & Highland Packers, Stoney Creek, ON, Canada). COCs were 

collected by aspirating antral follicles into a collection medium of 1M HEPES buffered F-10 

Ham supplemented with 2% steer serum (Gibco; Whitby, ON, Canada), heparin (2 IU/mL) 

and penicillin/streptomycin (10,000 IU/mL/10,000 IU/mL) (Invitrogen; Burlington, ON, 

Canada).  

After aspiration, oocytes underwent maturation using the protocol previously established 

by our laboratory (Sabry et al., 2021; Saleh et al., 2021). To summarize, pools of 40 COCs 

were matured in 80 µL micro-drops of in vitro HEPES buffered TCM199 maturation medium 

(S-IVM) supplemented with 2% steer serum and sodium pyruvate. S-IVM media also 

contained the following hormones (H): follicle-stimulating hormone (FSH) (Vetoquino; 

Cambridge, ON, Canada), estradiol, and luteinizing hormone (LH) (NIH; San Diego, CA, 

USA). Treatment groups include control (2.5mL S-IVM+H), vehicle (2.5 mL S-IVM+H with 

2.5 μL 0.1% ethanol), and the three bisphenol treatments: BPA, BPS and BPF at a 

concentration of 0.05 mg/mL (2.5 mL S-IVM+H with 2.5 μL of the respective bisphenol 
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diluted in 0.1% ethanol). Micro-drops were covered with mineral oil and matured in a 

humidified incubator (38.5oC, 5% CO2).  After 24 hours of maturation, COCs were either 

snap frozen in liquid nitrogen for qPCR or Western blot protocols or fertilized to produce in 

vitro blastocysts. Maturation was assessed in 10 oocytes for each treatment group (n=10) 

by identifying extrusion of the first polar body under fluorescent microscopy while quantifying 

the total ROS amount. 

Dose response curve & in vitro embryo production 

Dose response curves for BPA and BPS were conducted previously by Sabry and 

colleagues (2021), but a curve for BPF had yet to be established. Therefore, to determine 

the appropriate dose for BPF-treated bovine oocytes, a dose dependent curve was 

performed to assess cleavage and blastocyst rates. The doses used for the curve include 

the 0.05 mg/mL (equivalent to the LOAEL dose of BPA) 10X and 100X lower, and 10X 

higher. Thus, pools of 40 COCs were matured as previously described in the following 

groups: control, vehicle, 0.0005 mg/mL, 0.005 mg/mL, 0.05 mg/mL and 0.5 mg/mL.  

After 24 hours of maturation in their respective treatment groups, COCs were washed 

twice in HEPES + 15% bovine serum albumin (BSA) (Sigma Aldrich; Oakville, ON, Canada) 

and again in IVF-TALP + 15% BSA for an additional two washes. Washed COCs were 

transferred to 80 µL micro-drops of IVF-TALP + BSA and covered with mineral oil. COCs 

were fertilized using frozen-thawed Bos taurus semen (Semex; Guelph, ON, Canada) from 

the same bull. The highest quality spermatozoa were isolated using a swim-up method 1 

hour prior to fertilization as described by Saleh et al. (2021). Each micro-droplet, containing 

20 treated COCs each, received a concentration of 1x106 sperm cells/mL and incubated 

(38.5oC 5% CO2) for 18 hours. 



 

67 

 

Presumptive zygotes (PZs) were mechanically stripped using a micropipette, washed, 

and pools of 20-25 PZs were cultured in 30 µL droplets of synthetic oviductal fluid (SOF) 

medium with 15% BSA, 2% FBS, 88.6 ug/mL sodium pyruvate, 2% non-essential amino 

acids, 1% essential amino acids, and 0.5% gentamicin (IVC medium). Micro-drops were 

covered with mineral oil and incubated in a low oxygen (5% O2) incubator. Cleavage rate 

and blastocyst rates were determined at 48 hours and 8 days post-fertilization, respectively. 

Cleavage rate was determined by comparing the number of embryos cleaved to the total 

number of oocytes fertilized, while blastocyst rate was determined by comparing the number 

of blastocysts formed to the number of embryos cleaved. 

Spermatozoa preparation & evaluation of motility and morphology 

Cryopreserved semen of one bull with known fertility and proven in vitro fertilization 

capability (Semex; Guelph, ON, Canada) was thawed in a 39 °C water bath for 20 seconds. 

To isolate motile sperm from extender debris and dead spermatozoa, semen samples were 

washed using a discontinuous Percoll density gradient of 500 µL 45% over 500 µL 90% of 

Percoll solution (Sigma Aldrich, GE17-0891-01). Recipe for 90% Percoll solution is 

described in Appendix I. 45% Percoll solution was made by combining 250 µL of 90% 

Percoll solution with 250 µL HEPES/Sperm TALP and phenol red to distinguish between 

the layers.  

 Semen was layered on top of the Percoll gradient and centrifuged at 900 x g for 20 

minutes. Supernatant was removed and discarded, leaving a sperm pellet that was 

resuspended in 1 mL HEPES/Sperm-TALP medium. Sperm cells were pelleted again by 

centrifugation at 900 x g for an additional 7 minutes, followed by removal of the supernatant.  
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Sperm pellets were resuspended in 50 µL of HEPES/Sperm-TALP and equally divided 

amongst 5 treatment groups: control (1mL HEPES/Sperm-TALP), vehicle (1mL 

HEPES/Sperm-TALP + 1 µL 0.1% ethanol), BPA (1mL HEPES/Sperm-TALP + 1 µL 

50mg/ml BPA stock), BPS (5mL HEPES/Sperm-TALP + 1 µL 50mg/ml BPS stock), and 

BPF (5mL HEPES/Sperm-TALP + 5 µL 50mg/ml BPF stock). Thus, spermatozoa were 

treated at a physiologically relevant dose of 0.05 mg/mL (BPA LOAEL dose) for each 

respective bisphenol, mimicking treatments in COCs’ experiments. Groups were prepared 

1 hour in advance to allow media to equilibrate in an incubator at 38.5oC and 5% CO2.  Once 

sperm was added to the respective treatment groups, samples were incubated in a 

humidified environment for 4 hours. The 4-hour incubation was based on a pilot time-

dependent experiment to determine the effects of BPA on motility. Additionally, Li et al. 

(2021) also used a 4-hour incubation with BPA in human spermatozoa to determine sperm 

viability and motility. After incubation, treatment groups were transferred to a 15 mL conical 

tube and centrifuged at 13,800 x g for 5 minutes to pellet the sperm. Then, supernatant was 

removed, and sperm pellets analyzed for i) motility and/or morphology assessments or ii) 

ROS quantification or iii) RNA extraction. 

Examination of motility and morphology was conducted based on the World Health 

Organization (WHO) laboratory manual for the examination and processing of human 

semen (WHO, 2021). For morphology, 10 µL of washed, well-mixed spermatozoa was 

smeared on to a pre-warmed microscope slide using a feathering technique as described 

in the laboratory manual (WHO, 2021). Once air-dried, slides were put into a fixative of 3:1 

methanol/acetic acid for at least one hour, then rinsed in Milli-Q water and air-dried in a 

vertical position. Slides were stained using a Giemsa solution of 5 mL Giemsa stock to 45 

mL Milli-Q water for 15 minutes, rinsed in Milli-Q water and allowed to air-dry. Under the 
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microscope, morphology was manually determined by assessing at least 100 spermatozoa 

per treatment group. Defects were categorized based on head, midpiece, and tail 

abnormalities. Head defects include pyriform, tapered or detached heads, while midpiece 

anomalies include bent necks and proximal or distal cytoplasmic droplets. Lastly, tail defects 

consisted of bent, coiled, or shortened tails. 

Motility was assessed by pipetting 10 µL of washed spermatozoa on to a pre-warmed 

Makler counting chamber and immediate observation under a microscope at 200x 

magnification. At least 100 spermatozoa per treatment group per replicate were assessed 

for motility and were categorized as progressive, non-progressive, and immotile. 

Progressive motility refers to spermatozoa moving actively, either linearly or in a large circle, 

while non-progressive motility denotes spermatozoa is swimming in small circles or moving 

in place without forward movement. In contrast, immobility refers to the lack of tail 

movements overall (WHO, 2021).  

Measurement of reactive oxygen species (ROS)  

Intracellular ROS production was measured using the fluorescent probe 5-(and-6)-

chloromethyl-20 ,70-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA – 

Invitrogen, C6827). CM-H2DCFDA is a general oxidative stress indicator that will fluoresce 

green in correlation to the amount of ROS detected. A tube CM-H2DCFDA was prepared 

immediately before staining by dissolving the content (50 µg) in 86.5 µL of 100% ethanol 

for a final concentration of 1 mM. All ROS detection experiments were done in low-light 

conditions. Both female and male gametes were stained using CM-H2DCFDA to determine 

oxidative stress levels after bisphenol treatment. 
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For the measurement of ROS in COCs, the same groups described earlier (control, 

vehicle, and the three bisphenols at the LOAEL dose) were used, along with a positive 

control and a negative control. The positive control group received 10 µL of 3% H2O2 in the 

last hour of maturation. The negative control group consists of COCs matured in standard 

maturation media in the same manner as the control group, but without CM-H2DCFDA. 

After 24 hours of maturation, COCs were transferred into 500 µL hyaluronidase (2 mg/mL) 

to remove cumulus cells, along with gentle aggravation using a micropipette. Denuded 

oocytes were washed 3X in sterile phosphate buffered saline (PBS) (Multicell, Wisent 

Bioproducts; Quebec, Canada) with 0.01% polyvinyl alcohol (PVA). Then, oocytes were 

incubated in pre-warmed PBS/PA with freshly prepared CM-H2DCFDA at a concentration 

of 5 µM for 30 minutes at atmospheric conditions. Oocytes were counterstained using 

Hoechst (blue) and incubated for an additional 15 minutes. Stained oocytes were then 

washed 3X in PBS/PVA and mounted on a slide with DAKO Fluorescence Mounting 

Medium (Aligent Technologies; Mississauga, ON, Canada). Oocytes were immediately 

observed under an Olympus FV1200 Confocal Microscope at 40x objective using laser 

wavelengths of 405 nm for Hoechst (blue) and 488 nm for Alexa-Fluor 488 (green). As 

described in Chapter Two, the corrected total cell fluorescence (CTCF) was determined for 

each oocyte using ImageJ software using the following formula: CTCF = integrated density 

– (area of selected cell × mean fluorescence of background readings) (Tiwari & Chaube, 

2016). 

For the male gamete, spermatozoa were prepared as described earlier, in treatment 

groups of control, vehicle, BPA, BPS and BPF (at the BPA LOAEL dose of 0.05mg/mL). 

Additional groups for ROS quantification included the positive and negative controls 

described above for the oocyte experiments. After 4 hours in their respective treatment 
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groups, sperm was pelleted via centrifugation at 600 x g for 5 minutes and resuspended in 

100 µL of pre-warmed HEPES/Sperm-TALP with 1 M of freshly prepared CM-H2DCFDA. 

Samples were incubated for 15 minutes in the dark at 37oC. After incubation, 1 µL of 

propidium iodide (PI, stock 1mg/mL) was added to each group and samples were incubated 

for an additional 15 minutes. Afterwards, samples were washed, transferred to slides, and 

fixed as described above. A coverslip was applied to slides with DAKO Fluorescent 

Mounting Medium and sealed, and the slides were stored at 4oC. Sperm was observed 

under an inverted fluorescent microscope (Leica DM IRE2) at 60X objective. At least 100 

sperm per group per replicate was quantified using the corrected total cell fluorescence 

(CTCF) technique after determining fluorescent intensity using ImageJ software.  CTCF was 

calculated by subtracting the background signal intensity from the integrated fluorescence 

density for each sperm cell. 

RNA extraction and reverse transcription 

For COCs, RNA extraction was conducted as described by Saleh et al. (2021). In brief, 

pools of 35 COCs per treatment group underwent RNA extraction using the Qiagen RNeasy 

Plus Micro Kit (Qiagen; Toronto, ON) with the same protocol as described in Chapter Two. 

Samples were snap-frozen at -80°C until reverse transcription. 

For male samples, total RNA was extracted from spermatozoa using the Macherey-

Nagel Nucleospin® miRNA Kit (Germany). All centrifugations were done at 11,000 x g for 1 

minute at room temperature unless specified. Washed sperm pellets obtained from 400 µL 

of bovine semen were resuspended in 300 µL lysis buffer (Buffer ML) and gently vortex 

mixed. Samples were homogenized using a sonicator at high speed for 30 seconds on ice 

and incubated at room temperature for 15 minutes.  Then, 300 µL of the lysate was 
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transferred to a NucleoSpin® Filter Column and centrifuged, followed by the addition of 150 

µL of 100% ethanol to each tube. Samples were vortexed for 5 seconds and incubated at 

room temperature for 5 minutes. Flow through was loaded onto a NucleoSpin® RNA 

Column and centrifuged. Resulting flow through was set aside and the RNA column was 

treated with 350 µL Buffer MDB and centrifuged. Then, the RNA column received 100 µL 

rDNAse and following a 15-minute incubation at room temperature, 300 µL Buffer MP was 

added and the flow through was collected and centrifuged to pellet the protein. Afterwards, 

the supernatant was transferred to a NucleoSpin® Protein Removal Column and 

centrifuged; flow through received 800 µL of binding buffer (Buffer MX) and was vortex 

mixed. The resulting media was added to the rDNAse-incubated RNA column and after 

centrifugation, the flow through was discarded. Next, RNA columns underwent three wash 

steps using wash buffers (Buffer MW1 and Buffer MW2) to remove DNA fragments, salts, 

or other contaminants as described in the manufacturer’s instructions. RNAse-free water 

(100 µL, pre-warmed at 95°C) was added to each RNA column, incubated for 1 minute and 

centrifuged. The flow through samples were concentrated for 1 hour using the Jouan 

Centrifugal Evaporator (RCT 60) and Vacuum Concentrator (RC 1010) (Thermo Fisher) to 

a final volume of 20 µL. Finally, samples were mixed by frequent vortex mixing while 

incubating on ice for 10 minutes, followed by heat at 45°C for 10 minutes. Samples were 

snap-frozen at -80°C until reverse transcription. 

For both male and female samples, RNA quantity and quality were assessed using a 

NanoDrop 2000c (Thermo Scientific). For each sperm and COC sample, 250 ng of RNA 

were reverse transcribed into cDNA using QuantaBio qScript cDNA SuperMix (VWR; 

Mississauga, ON, Canada) in the T100 Thermal Cycler (BioRad; Mississauga, ON, Canada) 
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as described by Sabry et al. (2021). Once transcribed, cDNA samples were stored at -20oC 

until used for qPCR.  

Quantitative polymerase chain reaction (qPCR) 

qPCR was used to determine mRNA expression of the 5 antioxidant enzymes (SOD1, 

SOD2, CAT, GPX1 and GPX4) using a CFX96 Touch Real-Time PCR Detection System 

(BioRad). mRNA was amplified using the SsoFast EvaGreen Supermix (Biorad, 1725201) 

as described previously. The primer pairs used for qPCR analysis are specified in Table 1 

in Chapter 1.  Relative changes in mRNA expression were calculated by efficiency-

corrected method (ΔΔCt) using tyrosine 3- monooxygenase/tryptophan 5-monooxygenase 

activation protein zeta (YWHAZ) and H2A histone family, member Z (H2AFZ) as reference 

genes. YWHAZ and H2AFZ were determined to be unaffected by treatments for both 

oocytes and sperm based on GeNorm analysis and thus, are appropriate references genes. 

Determination of reference genes for COCs and sperm is outlined in Appendix II. H2AFZ 

(GenBank accession no. NM_174809.2) forward sequence 5'-

CTCACCGCAGAGGTACTTGAATT-3' and reverse 5’-AGTCCAATTCTTCATCTCCACGA-

3’ were used as described by Misirlioglu et al. (2006). To account for inter-run variability, a 

group of 100 COCs was used as a calibrator for COC experiments, while a pool of 5 

cryopreserved semen straws (equivalent to 1mL of semen) was used as calibrator for sperm 

experiments, respectively. At least three biological replicates in technical triplicates were 

quantified. 
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Western Blotting 

 Protein expression of 5 antioxidant enzymes was quantified from pools of 35 COCs 

by Western blotting, as described in Chapter 1 and previously by Saleh et al. (2021). To 

summarize, samples were lysed via 4 freeze-thaw cycles in liquid nitrogen and sonicated 

for 30 minutes in an ice water bath. Then, samples were centrifuged at 13,800 x g at 4°C to 

isolate proteins found within the supernatant. Following quantification, 30 ug of protein were 

loaded to each well and were separated on 12% SDS-polyacrylamide gels using the XCell 

SureLock Mini-Cell Electrophoresis System (Invitrogen, Burlington, ON) set at 125V for 2 

hours. Proteins were transferred onto a nitrocellulose membrane (Bio-Rad, 1620115) at 45V 

for 2 hours on ice. Membranes were stained with Ponceau S to ensure adequate protein 

transfer blocked in 5% skim milk in Tris buffered saline pH 7.6 plus 0.1% Tween 

(Fisherbrand BP337) (TBST). Afterwards, membranes were incubated overnight at 4°C in 

one of the following primary antibodies: SOD2 at 1:1000 (Invitrogen, PA1-31072), CAT at 

1:800 (Invitrogen, PA5-23246) and GPX1 at 1:800 (Invitrogen, 711797). These three 

antioxidants were chosen for western blotting as significant changes were observed at the 

mRNA level.  

Blots were incubated with a 1:5000 dilution of anti-rabbit IgG HRP-linked antibody 

(Cell Signalling Technology, Whitby, Canada; 70735) in TBST for 1 hour at room 

temperature. Membranes were imaged with ChemiDoc XRS + Imaging System (Bio-Rad) 

after a 5-minute incubation in Clarity Western ECL Blotting Substrate (Bio-Rad 170–5060). 

Blots were washed 1X for 10 minutes to remove excess ECL. To probe for the housekeeping 

protein, blots were incubated with β-actin antibody (Cell Signalling Technology, 4967) at a 

1:200 dilution in TBST overnight at 4°C. Blots were imaged as described above following a 
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1-hour room temperature incubation with anti-mouse IgG HRP-linked antibody (Cell 

Signaling Technology, 7076) diluted 1:5000 in TBST. Densitometric analysis was performed 

using the Bio-Rad Image Lab software and protein levels expressed as a ratio to β-actin. 

Immunofluorescent staining of sperm 

Immunofluorescence was used to evaluate protein expression of three antioxidant 

enzymes (SOD1, GPX1, and GPX4). Washed spermatozoa were prepared in the same 

treatment groups as described above (control, vehicle, and bisphenols at 0.05 mg/mL), as 

well as a positive and negative control. Positive control contained spermatozoa treated with 

10 µL of H2O2, while negative control received solely Hoechst counterstain. After 4 hours of 

incubation, the sperm pellet was isolated and washed twice in PBS. Then, sperm samples 

were fixed in 4% paraformaldehyde (PFA) for 30 minutes at room temperature. Samples 

were stored in 2% PFA in PBS at 4oC until stained. To remove PFA, samples were 

centrifuged at 10,000 x g for 4 minutes. Supernatant was removed and replaced with cold 

3:1 methanol/acetic acid, and samples were centrifuged again to isolate a sperm pellet. 

Afterwards, 5 µL from each sperm pellet were applied to multi-welled microscope slides, air-

dried, and a few drops of methanol/acetic acid fixative was applied the slide. Once air-dried, 

the slides were washed 3X in 1X PBS. Fixed sperm was permeabilized by adding 50 µL of 

0.5% Triton X100 + 0.1% sodium citrate in 1X PBS to each well for 10 minutes at room 

temperature. Slides were then washed 3X in PBS and air-dried. Sperm was blocked using 

1X PBS supplemented with 5% normal donkey serum (NDS) for 1 hour at room temperature. 

Again, slides were washed 3X in 1X PBS. 

Next, slides were incubated in the primary antibody, either SOD1 at 1:5000 

(Invitrogen, Burlington, ON; PA5-23245), GPX1 at 1:800 (Invitrogen, 711797) or GPX4 at 
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1:1000 (Invitrogen, PA5-18545). Incubation occurred overnight at 4oC in a sealed, 

humidified chamber in the dark. Primary antibodies were freshly diluted in antibody dilution 

buffer, made up of 0.005% Triton X and 1% NDS in 1X PBS. The next day, slides were 

washed 3X in TBST for 10 minutes in the dark. The secondary antibody was diluted 1:200 

in antibody dilution buffer and applied to each slide. For SOD1 and GPX1, the secondary 

antibody was Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, 

Alexa-Fluor 488 (Invitrogen, Thermo Fisher Scientific; A21206). For GPX4, the secondary 

antibody was Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa 

Fluor 488 (Invitrogen, Thermo Fisher Scientific; A-11055). Slides were incubated in the dark 

in a humidified chamber for one hour at 37oC. Then, 10 µL of Hoechst nuclear stain was 

added and slides were incubated for an additional 15 minutes in the humidified chamber at 

37oC. Finally, slides were washed 3X for 10 minutes each in TBST.  

Once air-dried, slides were covered with coverslips and DAKO fluorescent mounting 

medium and sealed with nail polish.  Slides were stored at 4°C until they were imaged using 

an Olympus FV1200 Confocal Microscope at a 20X and/or 40X objective. Laser 

wavelengths include 488 nm for Alexa-Fluor 488 (green) and 405 nm for Hoechst (blue).  

Fluorescent images were analyzed using ImageJ software. First, Hoechst-stained nuclei 

(blue) were separated and counted to determine total number of sperm. Then, localization 

was determined based on FITC-staining (green) of sperm. Points of interest for localization 

included the acrosome, cytoplasm, equatorial band, post-acrosomal sheath, midpiece and 

the flagella. Intensity of antioxidant expression was determined by averaging the calculated 

corrected total cell fluorescence of 100 spermatozoa per treatment group in triplicate. 
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Statistical analysis 

All data sets were analyzed for statistical significance using GraphPad Prism 9 

software. Prior to analysis, normality of data was determined using Kolomogorov-Smirnov 

and Shapiro Wilk tests. Normally distributed data sets were analyzed using one-way 

analysis of variance (ANOVA), while non-symmetric data were analyzed using Kruskal-

Wallis test. Significant data sets were then subjected to further analysis. Parametric data 

was followed by Tukey’s post hoc test, while non-parametric analysis was followed by 

Dunn’s multiple comparison test. At least three biological replicates were used in each 

experiment and statistical difference was determined at a two-tailed p-value < 0.05. Data 

shown represent the mean ± standard error of the mean (SEM). 
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3.4 Results 

Dose response curve for BPF 

Pools of 40 COCs were matured in various dilutions of BPF, fertilized, and cultured for 

8 days post-fertilization to determine cleavage and blastocyst rates of seven biological 

replicates (Figure 9).  As seen in Figure 9A, cleavage rates were significant reduced in the 

0.05 mg/mL dose (p < 0.05) as well as the highest dose of BPF, 0.5 mg/mL (p < 0.004). 

Compared to control and vehicle, no significant changes were observed at doses lower than 

the BPA LOAEL (0.005 mg/mL and 0.0005 mg/mL). Of the zygotes that cleaved, a 

significantly lower percentage progressed to the blastocyst stage when treated with the 

LOAEL dose (p < 0.03) (Figure 9B). No blastocysts were produced in any of the biological 

replicates when treated with the highest dose of BPF (p <0.0001). Overall, these results 

indicate a dose-dependent effect of BPF on embryonic development. As such, the BPA 

LOAEL dose was chosen for future BPF experiments as the highest dose is lethal to 

blastocyst formation. Additionally, this dose is consistent with the doses used for BPA and 

BPS, from previous work in our laboratory (Sabry et al., 2021; Saleh et al., 2021). 

Morphologically, differences were observed after 24 hours of maturation in various 

doses of BPF (Figure 10). COCs in control, vehicle, and the lowest doses of BPF have a 

similar appearance with multilayered cumulus cell expansion and an overall 

light/transparent colour. However, COCs treated at the LOAEL dose and higher show less 

cumulus expansion and were darker in appearance. The morphological assessment 

followed the grading of de Loos et al. (1989). 

 

 



 

79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Dose response curves after in vitro exposure of bovine COCs to bisphenol F 
(BPF). (A) Cleavage rate, (B) blastocyst rate over cleaved embryos, (C) blastocyst rate over 
total embryos. Treatment groups include control (IVM+H media only), vehicle (IVM+H + 
0.1% ethanol), and 4 serial dilutions of BPF (0.5 mg/mL, 0.05 mg/mL, 0.005 mg/mL, and 
0.0005 mg/mL diluted in 0.1% ethanol and IVM+H media). *, **, ***, and **** represent a p 
value of <0.05, <0.004, <0.03, and < 0.0001, respectively. Error bars represent +/- SEM. 
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Figure 10: Morphology of cumulus-oocyte-complexes (COCs) after 24 hours of 
maturation in serial dilutions of BPF. Treatments from left to right include control (IVM+H 
media only), vehicle (IVM+H + 0.1% ethanol), and 4 concentrations of BPF (0.5 mg/mL, 
0.05 mg/mL, 0.005 mg/mL, and 0.0005 mg/mL diluted in 0.1% ethanol and IVM+H media). 

 

Sperm motility and morphology 

For motility, treated spermatozoa were categorized into progressive, non-

progressive, and immotile sperm. After 4 hours of incubation, a significant decrease in 

progressive motility was observed in all three bisphenol groups compared to controls (p < 

0.03) (Figure 11A).  Additionally, the percentage of immotile sperm was significantly 

increased in all bisphenol-treated groups after 4 hours (p <0.03) (Figure 11C). Interestingly, 

no significant changes were seen in the number of non-progressive sperm across the 5 
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treatment groups (Figure 11B). Overall, when motile sperm, including both progressive and 

non-progressive movement, was compared to immotile sperm (Figure 11D), all three 

bisphenols exhibit a significant increase in the amount of immotile sperm after 4 hours of 

incubation. 

 

 

 

Figure 11: Motility of bovine spermatozoa treated with BPA, BPS and BPF (0.05 mg/mL) 
for 4 hours. (A) represents the % of progressive sperm, (B) represents % of non-progressive 
sperm, and (C) represents the % of immotile sperm. (D) demonstrates motile (both 
progressive and non-progressive movement) compared to immotile sperm. * denotes a p 
value of <0.03. Error bars represent +/- SEM.  

 

Spermatozoa were also stained and assessed for morphology. The majority of 

control and vehicle spermatozoa were morphologically normal with a paddle-shaped head, 

intact midpiece, and single flagellum; in both groups, tail defects were slightly increased 

compared to head and midpiece. Bisphenol treatment did not affect morphology (head, 

midpiece, tail) (Figure 12A). When defects were combined, no notable changes were seen 
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in the amount of abnormal sperm (Figure 12B). Based on these findings, although there 

appeared to be a trend toward increased abnormalities following BPF exposure, no 

statistically significant differences were detected. Overall, 4 hours of incubation in bisphenol 

treatment had no effect on morphology; each group yielded ~10% abnormal sperm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Morphology of bovine spermatozoa after 4 hours incubation in BPA, BPS and 
BPF treatment. (A) depicts the percentage of abnormalities based on defect type (head, 
midpiece, tail). (B) shows the overall percentage of abnormalities found. No significant 
differences were observed when separated by defect or overall. Error bars represent +/- 
SEM.  
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Oxidative Stress 

ROS levels were examined after bisphenol treatment of bovine oocytes as an 

indicator of total oxidative stress (Figure 13). In the images depicted (Figure 13A), it can be 

observed that the intensity of green fluorescence in the BPA group is noticeably higher than 

in all the other groups, indicating increased ROS production in this group. BPS- and BPF-

treated oocytes exhibit the same fluorescence as the control and vehicle groups, indicating 

that the amount of ROS produced are similar. When fluorescence intensity was measured 

(Figure 13B), trends from observation were confirmed in that the generation of ROS was 

substantially increased in BPA treated oocytes compared to controls and all other groups 

(p <0.05). No significant differences in ROS generation were detected in cells treated with 

BPS or BPF compared to controls.  

In spermatozoa (Figure 14A), the images indicate the same trend in the BPA-treated 

group, where fluorescent intensity in the BPA treated groups were noticeably higher 

compared to all other groups. However, when intensities were quantified, no significant 

differences were observed between BPA treatment and controls. Unexpectedly, the other 

bisphenol treated groups, BPS and BPF, had significantly decreased levels of ROS (p 

<0.03) compared to other groups.  
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Figure 13: Quantification of ROS as a measure of total oxidative stress after 24 hours of 

maturation in BPA, BPS and BPF of denuded bovine oocytes. (A) denotes oocytes stained 
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with CM-H2DCFDA and captured using an Olympus FV1200 Confocal Microscope and 

analyzed using ImageJ software. Fluorescence intensity correlates with ROS generation. 

(B) represents the corrected total cell fluorescence (CTCF) of 10 denuded oocytes per 

group. * indicates p <0.05 and error bars are +/- SEM. 
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Figure 14: Quantification of ROS after 4 hours of incubation in BPA, BPS and BPF of bovine 
spermatozoa. (A) Sperm was stained with CM-H2DCFDA, which fluoresces relative to 
amount of ROS produced and is an indicator of total oxidative stress. (B) Corrected total 
cell fluorescence (CTCF) is shown. * indicates a p < 0.03 and error bars represent +/- SEM.  

 

mRNA expression in treated oocytes & sperm 

mRNA of five antioxidant enzymes were quantified in oocytes and sperm treated with 

BPA, BPS and BPF relative to housekeeping genes YWHAZ and H2AFZ. The effect of 

bisphenols on mRNA expression of SOD1, SOD2, GPX1, GPX4 and CAT in oocytes and 

sperm are displayed in Figures 15 and 16 respectively. 

In COCs, mRNA expression of SOD2, GPX1 and CAT were significantly reduced (p 

<0.05) in the BPA treatment group. No changes were observed for SOD1 and GPX4 in 

BPA-treated COCs. mRNA expression of all five antioxidants were unaffected by BPS and 

BPF treatment.  

In sperm, a significant increase in mRNA expression for SOD1 was observed in BPA 

and BPS treated groups, but not in those exposed to BPF (p <0.05). In contrast, GPX4 

expression was significantly decreased in all three bisphenol groups compared to control 
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and vehicle (p <0.05). Lastly, GPX1 expression was unaffected by bisphenol treatment as 

there were no significant differences across the five groups. SOD2 and CAT mRNA could 

not be quantified in any treatment group, indicating that either SOD2 and CAT are not 

expressed in sperm or are expressed below the detection limits of the technique used.  

 

 

 

 

 

Figure 15: mRNA expression of five antioxidant enzymes in bovine COCs after 24 hours of 
maturation in BPA, BPS and BPF treatment (0.05mg/mL). Quantification is relative to 
reference genes YWHAZ and H2AFZ. * indicates a p < 0.05 and error bars represent +/- 
SEM. 
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Figure 16: mRNA expression of three antioxidants (SOD1, GPX1, GPX4) in bovine 
spermatozoa after 4 hours of incubation of BPA, BPS and BPF at a dose of 0.05 mg/mL. * 
denotes a statistical significance p <0.05. Error bars represent +/- SEM. 

 

Protein expression of COCs after BPA, BPS and BPF treatment 

Protein levels of the antioxidant enzymes SOD2, CAT, and GPX4 were quantified in 

bovine COCs relative to the loading control, β-actin. The effects of BPA, BPS and BPF on 

antioxidants’ expression can be observed in Figure 17.  

All three antioxidants (SOD2, GPX1, and CAT) were statistically reduced by BPA 

treatment (p <0.05) compared to control and vehicle. Additionally, BPF reduced SOD2 

protein levels, though this decrease was not statistically significant. No other trends were 

observed.  
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Figure 17: Western blot of SOD2 (A), GPX1 (B), CAT (C) protein expression in bovine 
COCs. For each antioxidant enzyme, blots are seen on the left and densitometric analysis 
relative to the loading control, β-actin, is seen on the right. Western blot data represents 4 
biological replicates. * denotes statistical significance (p < 0.05). Error bars represent +/- 
SEM. 

 

Protein expression & localization of sperm 

Immunofluorescent staining was conducted on treated bovine spermatozoa to determine 

protein expression and localization of antioxidant enzymes SOD1, GPX1, and GPX4, as 
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seen in Figure 18 (A-C). The present study found that bisphenol treatment did not alter 

protein expression of SOD1, GPX1 or GPX4. A downward trend in GPX4 expression was 

observed in BPA-, BPS- and BPF-treated spermatozoa, but these decreases were not 

statistically significant. All three antioxidants appear to be localized in the midpiece of the 

sperm. GPX1 and GPX4 can also be seen in the acrosome the sperm.  
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Figure 18: Relative protein expression of SOD1 (A), GPX1 (B) and GPX4 (C) determined 
via immunofluorescent staining in bovine spermatozoa treated with BPA, BPS and BPF.  
Images were taken at 40X objective using the Olympus FV1200 Confocal Microscope at 
laser wavelengths of 405 nm for Hoechst (blue) and 488 nm for Alexa-Fluor 488 (FITC) 
(green). Localization of respective antioxidants can be determined based on location of 
Alexa-Fluor 488 present. (D) demonstrates the corrected total cell fluorescence (CTCF) of 
spermatozoa for SOD1, GPX1 and GPX4 as determined using ImageJ software. 
Fluorescent intensity of Alexa-Fluor 488 correlates with protein expression. 
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3.5 Discussion 

Bisphenols are well-established as endocrine disruptors. However, the full range of 

mechanisms through which they elicit their effects has yet to be elucidated. One of the 

suggested mechanisms by which bisphenols impair oocyte maturation and sperm 

fertilization potential is through alteration of oxidative stress pathways. The work presented 

in this chapter aimed to determine the effects of BPA, BPS and BPF, on oocytes and sperm 

markers of oxidative stress. Oxidative stress occurs due to the imbalance between 

protective antioxidants and damaging ROS; while oxidative stress has been well-

documented to negatively affect both oocytes and sperm, bisphenol-induced oxidative 

stress in gametes and early development has yet to be fully characterized. 

Prior to investigating bisphenol-induced changes in oxidative stress, a BPF dose-

response curve was established. Presently, no governmental regulations exist regarding 

safe dosage of BPF for humans or animals alike. The LOAEL dose for BPA of 0.05 mg/mL 

was adopted for BPF as it is used in similar concentrations to BPA in the manufacturing 

industry (Peretz et al., 2011). As bisphenol exposure occurred solely during in vitro 

maturation, effects on cleavage and blastocyst rates demonstrate the effects of BPF on 

oocyte competence. Oocyte competence refers to the ability of the oocyte to successfully 

mature, be fertilized and develop into a viable embryo. The process of oocyte maturation is 

tightly regulated and disturbances during this time could affect its developmental potential 

(Albertini et al., 2003). Our results indicate significant declines in both cleavage and 

blastocyst rates at the 0.05 mg/mL and 0.5 mg/mL doses, indicating that these doses of 

BPF affect some aspects of the maturation process. Since BPF exhibits similar actions as 

BPA and BPS (Rochester & Bolden, 2015), it is speculated that BPF affects oocyte 

maturation in a similar manner. For example, in a study by Saleh et al., (2021) BPA and 



 

95 

 

BPS exposure in vitro led to increased DNA fragmentation at several stages during bovine 

embryogenesis. Spindle abnormalities and chromosome misalignments were also 

documented as consequences of BPA and BPS (Campen et al., 2018; Ferris et al., 2016). 

In other species, Žalmanová et al. (2016) reported poor cumulus cell expansion, disruptions 

in meiosis, and altered mRNA expression of ERα, ERβ and aromatase in pig oocytes treated 

with BPS.  

To further support the idea that BPF affects oocyte maturation in parallel to its 

counterparts BPA and BPS, we can compare our findings to dose-response curves for BPA 

and BPS. Sabry et al. (2021) exposed bovine COCs to the same concentrations as 

described in this study during maturation. At the highest dose, exposure to BPA, BPS and 

BPF prevented blastocyst formation. However, while no cleavage was also documented in 

the highest dose of BPA, a very small percentage (<10%) of cleaved embryos was observed 

after treatment with BPS or BPF at the same dose. Additionally, the 0.05 mg/mL dose 

resulted in decreased cleavage and blastocyst rates after exposure to all three bisphenols, 

however significance was reached only for BPA and BPF. These findings suggest that the 

effects of BPF may be more detrimental to oocyte development than BPS, but less 

detrimental than BPA (BPA > BPF > BPS). This is supported in the literature in other cell 

types, as Molina-Molina et al. (2013) suggest that BPS has weaker estrogenic effects on 

human breast cancer MCF-7 cells than BPA and BPF, which have comparable potency. 

Additionally, BPS appears to be less likely to induce mitochondrial apoptosis than BPA and 

BPF in human erythrocytes (Maćczak et al., 2017). 

In spermatozoa, we observed a significant decrease in progressive motility after 

treatment with all three bisphenols. Motility is vital to the reproductive potential of the male 



 

96 

 

gamete to fertilize the oocyte, as sperm must swim to penetrate both the cumulus layer and 

the ZP (Turathum et al., 2021). Elevated ROS levels in the male reproductive tract has been 

repeatedly documented in individuals with poor motility (asthenozoospermia) and in cases 

of male idiopathic infertility. Although sperm cells actively generate ROS in order to drive 

the changes associated with sperm capacitation, an overproduction of ROS can lead to 

excess lipid peroxidation. Since sperm membranes have notably high levels of 

polyunsaturated fatty acids, they are particularly vulnerable to free radical attack, leading to 

a direct inhibition of sperm movement (Aitken et al., 2016). ROS generation and oxidative 

stress can also lead to a loss in mitochondrial membrane potential, which is considered a 

potential regulator of sperm motility (Agnihotri et al., 2016). Thus, we speculated that 

decrease in sperm motility arises from ROS accumulation and subsequent oxidative stress. 

ROS accumulation in sperm can also lead to DNA damage, increasing the fragmentation 

levels in the nucleus  (Aitken et al., 2016). Sperm DNA damages has been linked to lower 

fertilization capability and higher miscarriage and developmental abnormalities in offspring 

(Chabory et al., 2009). 

No significant differences in non-progressive motility were observed. Non-

progressive motility refers to the movement of sperm without forward progression, such as 

swimming in small circles, flagellar beat, or movement of the head by flagellar force (WHO, 

2021). In particular, circular movement can be a sign of hyperactivated motility and 

capacitation, which is a series of biochemical transformations that occurs in sperm in 

preparation of fertilization within the female reproductive tract (Itach et al., 2012). 

Capacitation-like changes can occur in cryopreserved semen due to the frequent stressors 

that occur during the freezing process (Naresh & Atreja, 2015). However, since the specific 

type of non-progressive motility was not determined in this study, it is still unclear whether 



 

97 

 

bisphenols affect capacitation status in cryopreserved bovine sperm. However, a study by 

Li et al. (2021) suggests that BPA exposure for 4 hours decreased capacitation and the 

acrosomal reaction in human sperm. Sperm from this study also exhibited decreased 

protein tyrosine phosphorylation but did not show any differences in intracellular calcium 

concentration after bisphenol exposure. BPA’s effects in sperm could be mediated by ROS 

generation, which has been speculated to play a role in tyrosine phosphorylation by 

activating the cyclic adenosine monophosphate (cAMP) pathway (Aitken, 2017). In 

particular, low levels of ROS is involved in the stimulation of adenylyl cyclase activity, 

activation of protein kinase A, and the inhibition of tyrosine phosphatase activity (Aitken et 

al., 2016). Thus, perhaps BPA elicits an overgeneration of ROS, resulting in oxidative 

stress, that affects capacitation in sperm.  

Both sperm and oocytes were stained with CM-H2DCFDA to determine the oxidative 

status after bisphenol treatment. Our findings indicate that BPA exposure at the LOAEL 

dose results in increased oxidative stress in bovine oocytes. These findings are in alignment 

with the literature in other species, such as a study by Park et al. (2018) that reported 

increased ROS generation after in vitro BPA treatment of porcine oocytes. Similar increases 

in ROS generation were also observed in mouse oocytes after BPA exposure (Li & Zhao, 

2019).  

In sperm, an unexpected significant decrease in oxidative stress was measured 

following BPS and BPF treatment. While an upward trend was observed after BPA 

exposure, this increase was not statistically significant. We expected BPA, BPS and BPF 

treatment to result in elevated ROS generation and subsequent oxidative stress; however, 

the literature suggests that perhaps BPS and BPF affect oxidative stress to a lesser extent 
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than BPA. In a study by Castellini et al., (2020), mitochondrial ROS was not altered in human 

spermatozoa treated with BPS and BPF in vitro compared to control samples. Differences 

between Castellini et al., (2020)’s results and the present study could potentially be 

explained by differences in detection techniques.  Our study determined ROS production 

using a fluorescent probe for total ROS, while they detected mitochondria-derived ROS.  

The decrease in ROS generation after BPS or BPF exposure in sperm suggests that 

these analogs may not initiate pro-oxidative or pro-apoptotic mechanisms in the same 

manner as BPA in the male gamete. As mentioned previously, sperm is highly susceptible 

to oxidative stress, particularly in the mitochondria. When cells are stressed, the 

mitochondria release cytochrome C to initiate apoptosis; this process has been well-

documented to be upregulated by BPA in porcine embryos (Guo et al., 2017), rat 

spermatozoa (Wang et al., 2014), and mouse testes (Wang et al., 2010). However, in 

mature sperm, the mitochondria are found outside the cell cytoplasm, where cytochrome C 

cannot readily enter the sperm heads. Thus, it has been hypothesized that apoptosis in 

sperm, leading to a loss of sperm motility and oxidative DNA damage, is initiated through 

ROS production (Koppers et al., 2011). 

Antioxidants play an important role in mediating ROS generation. Not all ROS are 

detrimental; in fact, ROS have functional roles in both oocyte and sperm, as well as during 

embryonic development (Combelles et al., 2009). Therefore, ROS production is tightly 

regulated by antioxidant enzymes. Changes in expression of SODs, GPXs and CAT could 

negatively affect the gamete’s ability to combat ROS, leading to elevated oxidative stress.  

The present study found that mRNA expression of SOD2, GPX1 and CAT were 

significantly reduced in the BPA treatment group. Our results demonstrate an inverse 
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correlation between antioxidants and ROS and this imbalance could contribute to elevated 

oxidative stress. Interestingly, decreased mRNA expression was found at three different 

stages of the oxidative stress pathway. SOD2 is a key mitochondrial enzyme that catalyzes 

the conversion of free radicals into oxygen and hydrogen peroxide, which is then reduced 

to water by CAT and GPX1. CAT is absent from mammalian mitochondria and therefore 

metabolizes hydrogen peroxide in the cytosol, while GPX1 is found most abundantly in the 

mitochondria (Ighodaro & Akinloye, 2018).  

A significant increase in SOD1 mRNA expression following BPA and BPS exposure, 

as well as a prominent decrease in GPX4 mRNA expression for all three bisphenols were 

detected in sperm. These results align with findings by Shi et al. (2018), who found that 

prenatal in vivo exposure to BPA in mice led to elevated SOD1 transcripts and reduced 

GPX4 transcripts. SOD1 is found in the cytosol, while GPX4 is found both mitochondrially 

and in the nucleus (Ighodaro & Akinloye, 2018). SOD is typically regarded as a protective 

enzyme in male reproductive cells, playing a role in maintaining sperm viability. Its activity 

has been reported to be positively correlated with sperm ability to withstand the stress of 

cryopreservation (Papas et al., 2020). Interestingly, GPX4 specifically targets phospholipid 

hydroperoxides, which are produced abundantly in the sperm membrane (Ighodaro & 

Akinloye, 2018; Noblanc et al., 2011). 

In COCs, the protein levels of SOD2, GPX1 and CAT were significantly decreased 

in the BPA treatment group, thus matching mRNA results. No significant differences were 

observed in the other groups, though a declining trend in SOD2 expression can be observed 

after BPF exposure. Though this decline is not statistically significant, it reinforces that BPF 

may exhibit similar effects to BPA, but at a reduced potency.  Overall, decreased expression 
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of these key antioxidants supports the role of BPA, but not BPS and BPF, in altering 

oxidative stress.  

Reproductive potential of the mammalian oocyte decreases drastically with 

advanced maternal age, and a major hypothesis to explain this phenomenon is the free 

radical theory of aging. According to this theory, the accumulation of ROS within the ovarian 

environment is a contributor to cellular senescence and deteriorating oocyte quality. The 

primary sites of ROS production in the oocyte are the mitochondria. Functional mitochondria 

are imperative for normal oocyte function as these organelles are responsible for ATP 

production, regulation of calcium homeostasis, and cellular metabolism in both oocytes and 

early embryos (Dumollard et al., 2007). Mitochondrial dysfunction may play a role in how 

BPA induces oxidative stress in the female gamete. Thus, bisphenol-induced oxidative 

stress could potentially facilitate a premature aging phenotype indicative of infertility (Sasaki 

et al., 2019). 

In sperm, bisphenol treatment did not affect protein levels of SOD1 and GPX1. These 

findings matched mRNA results for GPX1. The statistically significant increase in SOD1 

mRNA expression following BPA and BPS exposure does not correlate with protein levels, 

indicating that either SOD1 mRNA undergoes rapid degradation or that more SOD1 is 

needed by the sperm, therefore more mRNA has been transcribed and eventually will be 

translated into protein to combat the oxidative stress imbalance. Lastly, 

immunofluorescence of GPX4 in sperm revealed a trend towards decreased protein 

expression following treatment with all three bisphenols, as seen at the mRNA level, but this 

decrease was not statistically significant. GPX4 was localized to the midpiece and the 

acrosome of bovine spermatozoa; this was expected given that GPX4 plays a structural role 
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in the mitochondrial capsule (Schneider et al., 2009). Interestingly, compared to control and 

vehicle, there appeared to be a loss of protein expression around the acrosome in samples 

treated with all three bisphenols. The acrosome, found on the outer membrane of the sperm 

head, is highly sensitive to ROS as it contains an electron dense region needed for the 

acrosomal reaction and ZP penetration (El-Taieb et al., 2015). The overall decline in GPX4 

expression, along with the lack of protein expression in the acrosomal area, after BPA, BPS 

and BPF treatment may play a role in the decline of progressive motility after bisphenol 

treatment.  

While this research demonstrates that bisphenol exposure increases oxidative 

stress, the precise oxidative stress pathways regulated by bisphenols need further 

elucidation. Differences between mRNA and protein expression could potentially be 

explained by rapid mRNA degradation; post-transcriptional modifications, including 

polyadenylation, of the antioxidant transcripts could be an avenue to explore. For example, 

a study by Fay et al. (2021) discovered that high levels of BPA induced the formation of 

stress granules in Hap1 cells, a near haploid fibroblast-like cell line derived from a human 

leukemia lineage. As aggregates of protein and mRNA accumulate, stress granules form as 

a downstream consequence of the integrated stress response, which occurs when cells are 

exposed to biotic or environmental stressors (heat shock, oxidative stress, UV radiation) 

(Fay et al., 2021). Once activated, the integrated stress response signals the cell to 

decrease protein synthesis to conserve energy and redirect resources towards the survival 

of the cell (Pakos-Zebrucka et al., 2016). In mammalian cells, this response can activate 

four kinases: double-stranded RNA-dependent protein kinase (PKR), PKR-like endoplasmic 

reticulum kinase (PERK), general control non-depressible kinase 2 (GCN2) and heme-

regulated eIF2α kinase (HRI); all of which act to phosphorylate serine 51 of the α-subunit of 
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eIF2, leading to the restriction of the initiation of ternary complexes required for protein 

synthesis (Fay et al., 2021). The study by Fay et al. (2021) found that high doses of BPA, 

as well as BPF, initiated the phosphorylation of eIF2 through PERK. Inhibition of translation 

was also confirmed after BPA exposure by polysome profiling.  Thus, the formation of stress 

granules is protective and is believed to delay stress-induced apoptosis, but its presence in 

oocytes or sperm have yet to be confirmed. 

In conclusion, this study contributes to our understanding of alternative mechanisms 

of action through which BPA, BPS and BPF affect oocyte maturation and spermatozoa 

fertilization potential. Although BPA has been known to elicit its effects by inappropriately 

binding to the estrogen receptor, our study suggests that oxidative stress may play a role in 

its deleterious effects on both the female and male gamete. Based on our results, BPS and 

BPF do not induce oxidative stress to the same degree as BPA and likely act through 

different mechanisms.  
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GENERAL DISCUSSION 

This thesis describes a novel study that investigated the association between 

oxidative stress and endocrine disrupting compounds (EDCs) on reproductive capabilities 

of both female and male gametes, as well as its surrounding environment.  

BPA is well known for its ability to bind to estrogen receptor (ER) α and β (Acconcia 

et al., 2015). Under normal circumstances, estradiol (E2) binds to these receptors, initiating 

a conformational change and migration into the nucleus, where the E2-receptor complex 

interacts with co-activators, co-repressors, and with estrogen responsive elements to 

stimulate estrogenic activity (Acconcia et al., 2015). Until recently, the interactions of BPA 

with these nuclear receptors were the forefront of bisphenol research. BPA is considered a 

‘weak estrogen’ as it has a much lower affinity to the ERs compared to estradiol; since BPA 

has been shown to elicit deleterious effects even at nanomolar doses, alternative 

mechanisms have been proposed. A recent discovery demonstrates BPA’s ability to bind to 

G protein-coupled estrogen receptor 30 (GPR30), a 7-transmembrane domain receptor 

expressed in several tissues. GPR30 mediates rapid non-genomic actions of estrogens 

through the generation of second messengers Ca2+, cAMP and nitric oxide (NO) as well as 

induce several kinases such as the ERK family (Cimmino et al., 2020). Results from 

Revankar et al. (2007) demonstrate that BPA’s affinity for GPR30 is 50-fold higher than for 

ERα. BPS demonstrated similar affinity to GPR30 as BPA, while BPF’s affinity is much 

weaker (Cao et al., 2017).  

Other alternative mechanisms of action of BPA and its analogs include binding to the 

androgen receptor, estrogen-related receptors (ERRs), thyroid hormone receptors, and 

peroxisome proliferator-activated receptors (PPARs) (Cimmino et al., 2020). Recent 
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research has also established a link between bisphenol exposure and anti-Mullerian 

hormone (AMH), which plays a role in sex differentiation and is used clinically to determine 

ovarian reserve (Cao et al., 2018). Saleh et al. (2021) showed that both BPA and BPS 

altered AMH and its receptor (AMHRII) expression in both oocytes and blastocysts. Beyond 

receptor interactions, bisphenols can potentially elicit effects by acting on connexins that 

form gap junctions needed for intercellular communications between the oocyte and 

surrounding cumulus cells (Sabry, et al., 2021). Our laboratory has established that the 

expression of Cx37 in bovine oocytes and granulosa cells (GCs) was significantly increased 

by BPA and BPS in GCs and solely by BPA in cumulus-oocyte-complexes (COCs) (Sabry 

et al., 2021). Lastly, BPA has also been shown to affect human and animal health through 

epigenetic modulations, such as DNA methylation.  For example, findings from our 

laboratory show that the expression of several miRNAs, including miR-21, miR-155, and 

miR-34c, were dysregulated in bovine oocytes after BPA exposure (Sabry et al., 2021). 

However, the focus of this thesis is the ability of BPA, BPS and BPF to activate oxidative 

stress pathways that ultimately cause harmful effects in the gametes, both oocytes and 

spermatozoa, as well as the GCs surrounding the oocyte. GCs play a vital role in regulating 

oocyte maturation; not only do GCs provide nourishment and regulate oocyte growth, but 

they also have a protective role against environmental contaminants, like EDCs, from the 

oocyte (Tripathi et al., 2019). 

Blastocyst formation represents an important developmental milestone. On average, 

as many as 70% of IVF embryos fail to reach to the blastocyst stage (Wong et al., 2010). In 

order to progress to the blastocyst stage, healthy embryo production is highly dependent on 

the development of competent gametes. It is well-known that the production of ROS plays 

important physiological roles, but excessive ROS can attack lipids, nucleic acids, and 
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proteins, as well as alter the energy metabolism process, leading to oxidative stress-related 

cellular damage (Pang et al., 2018). During oocyte maturation, a physiological level of ROS 

(less than 60 ng per oocyte in rats, as determined by Chaube et al., 2005) maintains meiotic 

arrest of oocytes. Moderate increases in the generation of ROS, between 60-80 ng/oocyte, 

has been shown to be necessary in initiating meiotic resumption by destabilizing maturation-

promoting factor (Prasad et al., 2016). Similarly, normal physiological levels are necessary 

in sperm to mediate capacitation, hyperactivation, the acrosomal reaction, and fusion with 

the female gamete (Du Plessis et al., 2015). When ROS production goes beyond the 

threshold for physiological ROS in either gamete, their metabolic pathways and subsequent 

cell function can be disturbed. Hydroxyl, lipid peroxyl, and alkoxyl radicals can oxidize DNA 

bases, leading to strand breaks that, if left unrepaired, can lead to cell death, chromosomal 

instability, and gene mutations (Sharma et al., 2016). For example, the DNA base guanine 

is commonly oxidized to 8-oxoG during oxidative stress, which has been shown to cause 

substitution mutations (G to T and A to C) (García-Rodríguez et al., 2019). These oxidative 

stress-related effects occur because of BPA exposure, but whether BPS and BPF also 

induce oxidative stress in the same manner has yet to be fully explored. 

 Previous literature suggests that BPA analogs, specifically BPS and BPF, act 

similarly to BPA. In a dose-response curve for BPF, we observed a significant decline in 

developmental rates of bovine embryos at a dose of 0.05 mg/mL. These findings align with 

developmental rates observed by Saleh et al., (2021) for BPA- and BPS-treated bovine 

oocytes at the same dose, indicating that bisphenol analogs do indeed elicit similar effects 

during oocyte maturation. BPS and BPF share a common chemical structure to BPA with 

subtle modifications that are suspected to limit leaching; however, initial studies indicate 

BPS and BPF exhibit similar hormonal potency as BPA (Rochester & Bolden, 2015). 
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Nonetheless, the phenol structure found in all three bisphenols confer their ability to bind to 

estrogen receptors ERα and ERβ, though at a much lower affinity than estradiol. Based on 

the results of the present study and the current body of literature comparing BPA to its 

analogs, it is suggested that bisphenol analogs may elicit some oxidative stress, but not to 

the same extent as BPA. 

In the present study, we saw that oxidative stress was significantly increased in 

COCs, spermatozoa and in GCs at both short-term and extended treatment time points (12 

hours and 48 hours, respectively) following BPA treatment. These findings are consistent 

with results in rats (Tiwari & Vanage, 2017; Eid et al., 2015), as well as in vitro in porcine 

oocytes (Guo et al., 2017; Wang et al., 2016). Unexpectedly, BPS and BPF did not 

significantly increase oxidative stress in either gamete or significantly decreased oxidative 

stress in spermatozoa. It can be speculated that current antioxidant levels in the sperm are 

sufficient in combating oxidative stress induced by BPS and BPF, but not by BPA. In a study 

conducted by Buffone et al. (2012), human cryopreserved sperm was shown to contain 

enough SOD scavenging activity to combat oxidative stress related to the preservation and 

thawing processes. Additionally, some extenders have been formulated to contain 

cryoprotectants such as antioxidants vitamin E or glutathione (GSH) to improve post-thaw 

outcomes (Ugur et al., 2019). Even the addition of BSA during the incubation with 

bisphenols has been shown to help maintain acrosomal integrity (Sariözkan et al., 2009). 

Therefore, it could be a possibility that these measures were adequate in reducing ROS 

produced from BPS and BPF, but not BPA. 

Somatic cells, like GCs, have been shown to be more resilient to oxidative stress 

compared to germ cells. While all cells are susceptible to oxidative damage, spermatozoa 
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and oocytes are disadvantaged in that they have limited DNA repair mechanisms in place 

(Dattilo et al., 2016). GCs, on the other hand, are specifically equipped with their own 

antioxidant system to not only combat oxidative damage in themselves, but also provide 

protection for the oocyte. For example, catalase (CAT), the enzyme responsible for the 

conversion of hydrogen peroxide into neutral components, water and oxygen, is found solely 

in GCs (Bhardwaj & Saraf, 2016). In a study by Cetica et al. (2001), bovine COCs and GCs 

were cultured separately and monitored for enzymatic activities of SOD, CAT and GPX. 

Compared to denuded oocytes, the GCs had high levels of antioxidant activity at the 

beginning, which gradually declined. Occurring subsequently with this decline was the rise 

of activity in the COCs after maturation, indicating the protective and collaborative 

relationship between oocyte and surrounding GCs. Our results are in alignment with findings 

by Cetica and colleagues (2001) in that high levels of antioxidants were observed in the 

bisphenol group at the 12-hour time point, representing short time exposure. However, 

these levels were no longer significant after 48 hours.  

Bidirectional communication between somatic cells and the mammalian oocyte can 

also be mediated by extracellular vesicles, including exosomes, microvesicles, and 

apoptotic bodies (Saeed-Zidane et al., 2017). Under stressful conditions, bovine GCs have 

been shown to release exosomes containing high levels of Nrf2 mRNA as well as its 

downstream genes CAT, PRDX1, and TXN1, into the extracellular environment. Nrf2-

mediated oxidative stress response is considered one of the most important cytoprotective 

mechanisms for antioxidant induction. While typically sequestered in the cytosol by Keap1 

protein, oxidative stress triggers the release of Nrf2, which translocates into the nucleus. 

There, Nrf2 binds to antioxidant response elements (AREs) to initiate the release of 

antioxidant molecules (Saeed-Zidane et al., 2017). Thus, the release of these exosomes 
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from the GCs to be taken up by the oocyte for increased oxidative defense further 

emphasizes how GCs are for oocyte competence. Exosomes released into to the 

extracellular environment, such as follicular fluid, has been shown to protect bovine oocytes 

from heat stress, improving cleavage and blastocyst rates (Rodrigues et al., 2019). 

However, excessive ROS production can negatively impact GCs and inhibit their 

protective effects on the oocyte. Oxidative stress can induce GC dysfunction and apoptosis, 

contributing to follicular atresia (Park et al., 2021). Interestingly, ROS, particularly hydrogen 

peroxide, have been shown to induce membrane depolarization in GCs, resulting in the 

opening of hemichannels (Ramadan et al., 2021). Hemichannels, commonly known as 

connexons, form gap junctions that mediate communications between GCs and the oocyte 

(Ramachandran et al., 2007). While hemichannels are typically closed to prevent leakage 

of molecules between adjacent cells, opening of the channels can occur due to physiological 

disturbances like low extracellular calcium, ischemia, or oxidative stress (Ramadan et al., 

2021). Once open, these channels allow for the direct passage of ROS from the GCs to the 

oocyte and vice versa. Since the oocyte relies heavily on GCs for antioxidant defense, 

perhaps the release of ROS into the oocyte indicates oxidative stress acting on the GCs is 

too much for the cells to endure, and they can no longer support the oocyte.  

Previous work in our laboratory found that BPA and BPS exposure significantly 

increased connexin (Cx) 37 mRNA expression in bovine cumulus cells (Sabry et al., 2021). 

Cx37 is an important protein found within the hemichannel and therefore mediates oocyte-

GC communication in the oocyte. In mice, knock-down studies of Cx37 lead to disrupted 

folliculogenesis and growth in Cx37-null oocytes was halted, pointing to Cx37’s role in 

oocyte competence (Li et al., 2007). Based on the present findings and results from Sabry 
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et al., (2021), we speculate that BPA and its analogs induce oxidative stress which alters 

connexins within the oocyte, leading to affected gap junctions and disrupted oocyte 

competence. Cx37 hemichannels have been shown to open under vitrification and heat 

stress, both of which result in elevated ROS generation (Kordowitzki et al., 2021). Thus, 

perhaps bisphenol-induced oxidative stress is responsible for altering Cx expression, 

opening hemichannels that allow for the uncontrolled efflux of metabolites and ions, 

including ROS, between the oocyte and cumulus cells.  

Antioxidant mRNA levels were significantly increased in BPA-treated COCs but 

significantly decreased in the oocyte and sperm (excluding an increase of SOD1 in BPA-

and BPS-treated sperm). These findings represent a potential compensatory relationship 

between COCs and GCs, where shortcomings in antioxidant production in the oocyte can 

be provided by supplementary antioxidant production in the GCs. Alemu et al. (2018) 

suggested that GCs exhibit adaptive cellular reactions to oxidative stress that involve the 

activation of antioxidant-related genes to normalize cellular homeostasis. When excessive 

ROS are produced, antioxidant genes are upregulated in bovine GCs during the first 24 

hours, resulting in a decline in ROS back to normal levels by 48 hours. Our findings are in 

alignment with Alemu et al. (2018), in that mRNA expression of all five antioxidants studied 

were significantly increased after 12 hours of BPA exposure. The increase in transcription 

of SOD1, SOD2, GPX1, GPX4 and CAT might represent an initial reaction to cellular stress. 

By 48 hours of BPA exposure, no significant differences in the mRNA expression of the 

antioxidants were observed, as, according to Alemu et al. (2018), ROS levels should return 

to usual levels by this time point. Our study still observed significant increases in ROS 

production in the low dose BPA treatment group (0.005 mg/mL) as well as in the high dose 

BPS treatment group (0.05 mg/mL) at this longer time point. Compared to ROS generation 
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at the 12-hour time point, the amount of ROS produced in both the low dose BPA treatment 

and high dose BPS treatment was halved, indicating that ROS had declined. As such, it is 

speculated that ROS levels in these two groups will continue decreasing to normal levels 

with additional time. This would also be in alignment with Cetica et al. (2001), who described 

a gradual return to original levels in antioxidant levels by the end of IVM (24 hours). 

The decline in antioxidant mRNA production detected in sperm following bisphenol 

exposure is supported by initial studies in the literature. For example, in vivo exposure to 

BPA in mice resulted in decreased activity of SOD (Park et al., 2018), CAT (Park et al., 

2018), and GPX (Kaur et al., 2018; Anjum et al., 2011). These results are expected as 

mature spermatozoa extrude the majority of their cytoplasm during spermiogenesis, 

rendering the male gamete almost transcriptionally and translationally silent (Gur & 

Breitbart, 2006). Thus, spermatozoa have low levels of antioxidant enzymes and less DNA 

repair mechanisms in the cytosol to begin with (Ribas-Maynou & Yeste, 2020). In contrast 

to our hypothesis, no increase in oxidative stress occurred in bovine spermatozoa after 4 

hours of incubation with bisphenols.  While we did see elevated antioxidant mRNA 

expression in the BPA treatment group, these changes were not reflected at the protein 

level. Similarly, in GCs we observed statistically significant increases in mRNA expression 

of all five antioxidants in the low dose BPA treatment group (12-hour time-point) which were, 

for the most part, not replicated at the protein level.  

 We speculate that discrepancies between mRNA and protein expression after BPA 

arise due to protein degradation. Proteins involved in oxidative phosphorylation, including 

antioxidants, have been shown to be the first to be affected by ROS, and degrade at a faster 

rate (Yang et al., 2019). The mitochondria are considered the major source of intracellular 
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ROS in all three experimental types as they produce ATP for the cells through oxidative 

phosphorylation. During this process, high energy electrons progress through the electron 

transport chain to be accepted by oxygen, which is reduced by water through a complex 

called cytochrome c oxidase (complex IV) (Ugarte et al., 2010). However, some molecules 

escape capture by complex IV and are subsequently released as an anion superoxide, a 

highly unstable ROS, that then elicits oxidative protein damage. Since repair of these 

proteins is limited to cysteine and methionine oxidation, which themselves are susceptible 

to oxidative stress, damaged proteins are typically eliminated via the Lon protease in the 

mitochondrial matrix or the proteasome in the cytosol (Ugarte et al., 2010). Further support 

for the rapid degradation of these proteins comes from the fact that some oxidative damage 

is irreversible, leading to impaired function or the complete inactivation of the protein that is 

to be eliminated (Ugarte et al., 2010). Thus, mitochondrial dysfunction resulting from BPA 

exposure could be responsible for the differences in mRNA and protein expression of 

antioxidants found in our experiments. Additionally, oxidative stress has been shown to 

cause both physical and chemical defects in RNA, such as strand breaks and nucleoside 

base removal. As mentioned previously, 8-oxoG formation occurs regularly as a 

consequence of oxidative stress; a study by Barciszewski et al. (1999) found over 20 

oxidized bases in RNA after inducing ROS, with the majority being 8-oxoG. These 

modifications to the mRNA sequence initiate the generation of short polypeptides due to 

pre-mature translational termination (Thompson & Parker, 2009) as well as ribosomal 

inactivation during protein synthesis (Ding et al., 2005; Honda et al., 2005). Based on our 

results, it could be speculated that mRNA expression of antioxidants was also upregulated 

to overcompensate for the early termination of protein synthesis. Future studies in this field 

could investigate post-transcriptional changes in gametes after bisphenol exposure.  
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Finally, while antioxidant protein appeared unaltered by bisphenol exposure in 

sperm, the activity of the antioxidants is still unknown. Proteins are considered a key target 

of oxidants due to the high content in number of oxidative-sensitive amino acid side chains 

(Reichmann et al., 2018). Under stress conditions, proteins can undergo a series of post-

translational modifications; while some reactions occur intentionally and reversibly to 

regulate redox protein activity, proteins can also undergo several irreversible side-chain 

modifications such as carbonylation, thiol overoxidation, and di-tyrosine modifications 

(Reichmann et al., 2018). These irreversible reactions lead to fragmentation, 

oligomerization, and degradation of the protein, often inducing a secondary stressor on 

protein regulation (Dahl et al., 2015). Modified proteins are particularly vulnerable to 

mutations and tend to be inactivated or eliminated as they are no longer able to perform 

their functions. For example, mutations in SOD1 caused by oxidative stress result in enzyme 

inactivation and misfolding (Mesika & Reichmann, 2019). Other enzymes, such as 

glyceraldehyde dehydrogenase (GAPDH) in glycolysis, have been shown to undergo 

enzyme inactivation as a consequence of oxidative stress, leading to the rapid depletion of 

ATP in E.coli (Dahl et al., 2015).  Therefore, enzyme inactivation could explain why we see 

increased oxidative stress in sperm, but a lack of change in protein expression of the 

antioxidants. Thus, future studies should investigate enzymatic activity of antioxidants after 

bisphenol exposure. 

Overall, our results support BPA-induction of oxidative stress during oocyte 

maturation, but its effects on sperm remain inconclusive.  However, results regarding the 

role of BPS and BPF in oxidative stress alteration are still inconclusive. While some 

evidence points to the activation of oxidative stress after BPS and BPF exposure, it is 

unlikely that bisphenol analogs affect oxidative stress in the same manner as BPA: they 
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likely act through other mechanisms to elicit their effects. Regardless, these findings add to 

the growing body of research aiming to understand the role of man-made endocrine 

compounds on female and male reproductive capabilities and ultimately, they contribute to 

gaining more information that will benefit assisted reproductive technologies in farm animals 

and humans. 
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APPENDIX I 

All reagents were made in the laboratory.  

 

REAGENTS FOR IN VITRO FERTILIZATION & EMBRYO CULTURE: 

Table 2: HEPES/Sperm TALP 

Chemical (MW)  HEPES/SP Salts  

Sodium Chloride – NaCl  14.25 g  28.5 g  

Potassium Chloride – KCl  0.59 g  1.18 g  

Sodium Phosphate 
Monobasic (137.99)  

0.12 g  0.24 g  

Calcium Chloride – CaCl2  0.735 g  1.47 g  

Magnesium Chloride  0.5 g  1.01 g  

Water  500 mL  1000 mL  

 

Table 3: IVF TALP 

Component mM  mg/L  

Sodium Chloride – NaCl  114  6669  

Potassium Chloride – KCl  3.2  238.4  

Sodium Phosphate Monobasic (137.99)  0.4  55.2  

Calcium Chloride – CaCl2  2  222.2  

Magnesium Chloride  0.6  101.65  

Sodium Bicarbonate  25  2100  

Sodium Lactate  10  1.416  

Volume 

Sodium Pyruvate  1 mL  

Gentamicin  100 uL  

Heparin 1 mL 

 

Table 4: 90% Percoll 

Component  Volume  

100% Percoll 45 mL 

10X Stock  5 mL 

CaCl2·2H2O (1M stock) 98.5 µL 

MgCl2·6H2O (0.1M stock) 197 µL 

Na lactate *added last 182.6 µL  

NaHCO3 104.5mg 
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REAGENTS FOR WESTERN BLOTTING: 

Table 5: 12% Gel Recipe (BioRad) 

Component  Volume  

MQ Water  3.3 mL  

30% Acrylamide  4 mL  

1.5M Tris  2.5 mL  

10% SDS  100 uL  

10% ammonium persulfate  100 uL  

TEMED  4 uL  

 

Table 6: 5X Tris-Glycine Buffer (Running Buffer) 

Component  Volume  

Tris  15.1 g  

Glycine  72.1 g  

20% SDS  5 mL  

MQ Water  955 mL  

 

Table 7: Towbins Buffer (Transfer Buffer) 

Component  Volume  

Tris  3.02 g  

Glycine  14 g  

Methanol  200 mL  

MQ Water  800 mL  

 

Table 8:  10X TBST 

 

 

Component  Volume  

Tris  24.2 g  

NaCl  80 g  

HCl  To pH 7.6  

MQ Water  1 L  

Tween-20  1 mL  
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Table 9: TRIS for Gels 

 

Table 10: Reducing Buffer 

 

REAGENTS FOR IMMUNOFLUORESCENCE: 

Table 11: Blocking Solution 

 

Table 12: Antibody Dilution Buffer 

 

 

 

 

Component  1M TRIS  1.5M TRIS  

Tris  12.12 g  18.16 g  

MQ Water  80 mL  80 mL  

HCl  pH to 6.8  pH to 8.8  

Component  Volume  

20% SDS  1 mL  

Glycerol  1 mL  

1M Tris HCl  0.5 mL  

Bromeophenol Blue  10 mg  

MQ Water  9 mL  

Component  Volume (Concentration) 

1 x PBS  20 ml 

Triton X-100  20 uL (0.1%) 

Donkey Serum (NDS) 1 ml (5%) 

Component  Volume (Concentration) 

1 x PBS  50 mL 

Triton X-100  2.5 uL (0.005%) 

Donkey Serum (NDS) 25 uL (0.05%) 
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APPENDIX II 

 

Reference Gene Selection  

To accurately quantify RNA expression using quantitative real-time PCR, stable 

housekeeping genes in both COCs and sperm under bisphenol treatment (BPA, BPS and 

BPF) were determined. For both gametes, six candidate genes were considered (β-actin, 

SDHA, GAPDH, H2AFZ, YWHAZ and PPIA). Determination of reference genes was 

conducted using geNorm analysis within qBase software by producing stability values 

(geNorm M). Genes are ranked based on stability (geNorm M) and the optimal number 

of genes to be used based on mean pairwise variations (geNorm V). The consensus is 

that an M value < 0.5 indicates stability and a V value < 0.15 indicates the minimum 

number of genes to be used.  

GeNorm analysis revealed that YWHAZ and H2AFZ were appropriate genes for both 

bovine COCs (M <0.30, V= 0.13) (Figure 19) and sperm (M <0.275, V = 0.085) (Figure 

20).   
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Figure 19: Optimal reference gene selection for COCs matured in BPA, BPS, and BPF 
using geNorm. (A) Lowest stability value (GeNorm M) was determined for YWHAZ and 
H2AFZ. (B) Based on the GeNorm V value, the optimal number of targets for treated 
COCs is 2. 

 

Figure 20: Optimal reference gene selection for sperm matured in BPA, BPS, and BPF 
using geNorm. (A) Lowest stability value (GeNorm M) was determined for H2AFZ, 
YWHAZ and PPIA. (B) The optimal number of reference genes to use for treated sperm 
was 2, based on GeNorm V value. 


