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ABSTRACT 

EFFECTS OF BPA AND BPS ON THE ANTI-MULLERIAN HORMONE RECEPTOR 

AND DOWNSTREAM SMAD PROTEINS IN BOVINE GRANULOSA CELLS 

Rushi Patel         Advisor(s): 

University of Guelph, 2022      Dr. Laura A. Favetta 

 

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

and Bisphenol S (BPS) have consequences for embryonic development through the 

dysregulation of hormonal pathways governing reproduction. Anti-Mullerian hormone 

(AMH), a positive predictor of fertility, has been shown to be affected by exposure to 

bisphenols, however, the interaction between bisphenols and mediators of the AMH 

pathway has not yet been clarified. This study evaluated the effects of BPA and BPS on 

the AMH signaling pathway in bovine granulosa cells through the analysis of AMH 

receptor (AMHRII) and SMADs, downstream effectors in the AMH pathway. Our findings 

show that BPA alters SMAD expression and BPS alters AMHRII expression in normal 

and AMHRII knocked-down granulosa cells respectively. This study suggests that BPA 

exerts its effects independently of the AMH receptor while BPS may act directly through 

the AMH signaling pathway providing further evidence against the safety of both BPA and 

its analogs.  
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1 

1 Introduction and Literature Review 

1.1 Introduction 

All aspects of our physiology are directly regulated by hormones or modified by their 

actions, as illustrated by their essential role in reproductive processes (Norris & Lopez, 

2011). As such, any disruption of hormone signaling, by internal or external factors, can 

result in adverse outcomes for reproductive processes in the body. In recent years, the 

increased exposure to environmental contaminants, such as endocrine disrupting 

compounds (EDCs), has been implicated with reproductive impairments in both males 

and females (Amir et al., 2021). Infertility rates in Canada have doubled since the 1980s 

with roughly 16% of couples now unable to conceive (Canada, 2022). Similarly there has 

been a notable decline in the overall fertility of beef and dairy cattle (Spencer, 2013), 

highlighting that infertility is not only a major concern in humans, but also in farm animals 

with severe economic repercussions for the cattle industry. As such, the use of assisted 

reproductive technologies (ARTs) is on the rise for both humans and farm animals. For 

the cattle industry, the efficient production of healthy bovine embryos is essential for its 

success, therefore, in vitro fertilization (IVF) is commonly used to produce offspring and 

to remain profitable (Spencer, 2013). In humans, IVF accounts for approximately 1 – 3% 

of all births annually in the U.S. and Europe (Eskew & Jungheim, 2017). Although IVF 

success rates have improved over the years, the mean survival rate of in vitro produced 

bovine embryos is only about 30 – 40% (Spencer, 2013). Similarly, in humans, the 

average live birth rate in Canada following IVF is only about 30% (Secretariat, 2006). 

EDCs, such as bisphenol A (BPA), are suspected to contribute to compromise early 
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embryonic development, thus adding to the low IVF success rates and the increase in 

infertility in humans and animals. 

BPA is a synthetic ubiquitous chemical used in the manufacturing industry to 

produce epoxy resins and polycarbonate plastics (Česen et al., 2018). Its abundance in 

the environment, chemical composition, and various routes of exposure determine BPA 

to have adverse effects on health (Liao et al., 2012; Rochester & Bolden, 2015). As a 

result, analogs of BPA, such as bisphenol S (BPS), are now being used as substitutes in 

the manufacturing process. However, unlike the growing body of evidence against BPA 

use, little is known about the effects of BPS on human and animal health. Thus, it is 

commonly utilized in manufacturing and remains for a large part unregulated, despite 

evidence supporting its safety or lack thereof (Björnsdotter et al., 2017; Lehmler et al., 

2018). For many years, BPA has been most studied for its xenoestrogen properties and 

ability to interfere with endogenous estrogen by either mimicking or blocking its response 

through non-genomic and/or genomic pathways (Viñas et al., 2012). Additionally, several 

studies both in vivo and in vitro examining the actions of bisphenol S and bisphenol F, 

have reported them to be similar to BPA (Rochester & Bolden, 2015). However, more 

recent studies suggest that there are several physiological effects of BPA that are 

independent of its actions on the estrogen receptor (Sabry et al., 2021a, b; Sabry et al., 

2022a, b). 

Thus, the bovine experimental model is used in this study both for its importance in 

for cattle industry and as a translational model for elucidating the mechanisms governing 

human reproduction. The bovine model presents more similarities to humans in critical 

aspects of embryo development, such as oocyte maturation, granulosa cell proliferation, 
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and ovarian follicle development than any other mammals (Santos et al., 2014). 

Moreover, environmental factors have been shown to interfere with many or all these 

processes, contributing to the rise in infertility rates that have become a topic of growing 

interest for researchers. While the potential causes of infertility are numerous, in females 

EDC exposure may have greater consequences likely due to the notable differences in 

the developmental timing of the female gamete. In males, sperm are produced 

continuously throughout the lifetime of an individual. By contrast, gametogenesis in 

females is substantially more complex. Females produce oocytes in large quantities 

during development, however, this pool of oocytes is reduced significantly at birth and 

continues to decline over the lifespan of the individual (Findlay et al., 2015). In addition to 

having a maximum number of oocytes at birth, commonly referred to as the ovarian 

reserve, only one, of the few that are recruited, will survive to maturity (Findlay et al., 

2015). As such, reproductive processes in females are more multifaceted compared to 

males, but they are both controlled by the actions of hormones on critical molecular 

pathways in the body. One hormone plays a pivotal role during embryonic development, 

and it is the Anti-Müllerian Hormone (AMH). AMH has a fundamental role in oocyte 

maturation and follicular development and is used clinically as the best endocrine marker 

for assessing the age-related decline of the ovarian reserve in women (Grynnerup et al., 

2012). Therefore, investigating the importance of AMH signaling during embryonic 

development and the ability of bisphenols to disrupt this process can shed light on how 

EDCs interfere with reproductive processes contributing to infertility. 
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1.2 Oogenesis and Folliculogenesis 

The follicle, in the very early stages of development, consisting of an oocyte 

surrounded by somatic cells, is known as the functional unit of the ovaries (Gershon & 

Dekel, 2020). The process by which a follicle forms, undergoes several stages of growth, 

develops to eventually release the mature oocyte, and transitions into the corpus luteum 

(CL) is known as folliculogenesis (Gershon & Dekel, 2020). Both folliculogenesis and 

oogenesis are events that occur in parallel to one another involving the synthesis, growth, 

and maintenance of cells that will ensure the developmental competence of an oocyte 

subsequently capable of producing a viable offspring (Sánchez & Smitz, 2012).  

In most species, including bovine and humans, oogenesis occurs only during fetal 

development, starting at the very early embryonic stage, when oogonia, which are the 

precursor cells that give rise to the primary oocyte, originate from the primordial germ 

cells (PGCs) migrating towards the developing genital ridge (Cole & Kramer, 2016). 

Throughout migration, PGCs undergo repeated cell divisions but, due to incomplete 

cytokinesis, they form distinct cell clusters (syncytia) also known as “germ cell cysts or 

nests” as shown in Figure 1 (Sánchez & Smitz, 2012; Gershon & Dekel, 2020). Following 

migration, the germ cell nests begin to break down and the cells within them (oogonium) 

give rise to primordial follicles, whereby each primary oocyte becomes surrounded by a 

single layer of squamous epithelial cells that will eventually differentiate into granulosa 

cells (GCs). The pool of primordial follicles continue to grow and produce a maximum of 

approximately 7 million oogonia by 6 – 7 months of fetal life in humans (Douglas & Lobo, 

2021). However, as mentioned previously, the amount of ovarian reserve (primary 
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oocytes) declines rapidly by the process of apoptosis and atresia of the developing follicle 

during prenatal development to about 2 – 4 million at birth and less than 1 million by 

puberty (Douglas & Lobo, 2021). 

During meiosis, prophase I is further subdivided into five distinct stages: leptotene, 

zygotene, pachytene, diplotene and diakinesis. Within the first stages of prophase, crucial 

events such as the pairing of homologues chromosomes, synapsis, and ‘crossing over’ 

occur to allow for the exchange of genetic material between homologues (Gershon & 

Dekel, 2020). At birth, the oocytes within primordial follicles progress to the diplotene 

stage of prophase 1 and become arrested in a prolonged resting phase called dictyate 

until stimulation by gonadotropins around the time of puberty (Sánchez & Smitz, 2012; 

Douglas & Lobo, 2021). Most of the primordial follicles will remain quiescent and die 

during this time, those that survive might be recruited to develop into primary follicles by 

the process of folliculogenesis throughout life until menopause (Rimon-Dahari et al., 

2016).  

Primary follicles are characterized by a morphological change in the GCs 

surrounding the primary oocyte from a single layer of flattened cells into a single layer of 

cuboidal cells (Gershon & Dekel, 2020). Bidirectional communication between the oocyte 

and granulosa cells allow for the transition of a primary follicle into a secondary follicle 

(Edson et al., 2009). Additionally, this promotes oocyte growth within the follicle, 

proliferation of granulosa cells, and the formation of an additional layer of cells outside 

the basement membrane surrounding the follicle known as theca cells (Edson et al., 2009; 

Rimon-Dahari et al., 2016). The theca cells produce androgens which are then converted 

to estrogen by the enzyme, aromatase, expressed in the ovaries (Gershon & Dekel, 
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2020). The growth of the pre-antral follicle up until this stage is independent of 

gonadotropin stimulation, as such many of the signaling molecules responsible for this 

process belong to the transforming growth factor β (TGF-β) family of glycoproteins 

(Rimon-Dahari et al., 2016). Shortly after the formation of the secondary follicle, granulosa 

cells in the multi-layered pre-antral follicle begin to secrete small amounts of fluid within 

the follicle. The continued development of the pre-antral follicle is dependent on the 

stimulation by gonadotropin-releasing hormone (GnRH) in the hypothalamus. GnRH 

triggers the cyclical release of follicle-stimulating hormone (FSH) from the pituitary gland. 

FSH is responsible for stimulating the growth of several follicles, however, of the recruited 

follicles, only one (dominant follicle) will be ovulated while the others undergo follicular 

atresia in mono-ovulatory species, like humans. In response to FSH, follicles are 

stimulated to grow into antral follicles whereby the small fluid-filled cavities grow until they 

unite to form one large cavity known as the antrum (Gershon & Dekel, 2020). In addition, 

the granulosa cell population is separated into two functional cell types, mural GCs, and 

cumulus granulosa cells. The mural GCs are responsible for steroidogenesis and line the 

inner basement membrane of the follicle, while the cumulus GCs are directly adjacent to 

the oocyte allowing direct communication with the oocyte and promoting its growth 

(Sánchez & Smitz, 2012; Rimon-Dahari et al., 2016; Gershon & Dekel, 2020). At this 

stage of follicle development, FSH also induces estrogen production as well as the 

expression of LH receptors on mural granulosa cells within the follicle (Clarke, 2018; 

Gershon & Dekel, 2020). Follicles containing a large antrum and differentiated granulosa 

cells are termed preovulatory or Graafian follicles (Clarke, 2018).  
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The primary oocyte meiotically arrested in prophase I, during ovulation acquires 

the ability to resume meiosis I, often referred to as meiotic competence (Sánchez & Smitz, 

2012). Ovulation is the process by which an oocyte is expelled from a dominant follicle 

and able to resume meiosis, following a surge in luteinizing hormone (LH), another 

gonadotropin released by the pituitary. Dominant follicles acquire greater responsiveness 

to LH through several characteristic features, such as a greater number of granulosa 

cells, a greater number of FSH receptors (FSHR) and increased production of estrogen, 

further mediating the effects of FSH on LH receptor expression (Rimon-Dahari et al., 

2016; Clarke, 2018). Increased estrogen levels induce a surge in LH, which in turn 

activate the Graafian follicle causing follicle rupture and subsequent oocyte release in the 

peritoneal cavity (Gershon & Dekel, 2020). Upon release, the primary oocyte arrested at 

prophase I completes meiosis I and proceeds to metaphase II of meiosis II where it 

becomes arrested once more with the name of secondary oocyte (Polin et al., 2010; 

Gershon & Dekel, 2020). The completion of meiosis I is characterized by the segregation 

of homologous chromosomes into two daughter nuclei, and asymmetrical division of the 

cytoplasm to produce a larger secondary oocyte and one small polar body that is 

extruded. In mammals, meiosis II is only resumed upon fertilization of the oocyte by a 

sperm (Polin et al., 2010).  
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Figure 1 – Stages of follicle growth. (Clarke, 2018) 

1.3 Oocyte competence  

As previously mentioned, among the several follicles that are recruited, in mono-

ovulatory species, such as humans and bovine, only one will mature to be selected for 

ovulation. Therefore, it is crucial for the oocyte contained within the follicle to accumulate 

enough nutrients and be properly equipped to support the developing embryo after 

fertilization. The oocyte must undergo both nuclear and cytoplasmic maturation to gain 

competency post ovulation. Nuclear maturation is regulated by signaling pathways and 

secondary messengers responsible for meiotic arrest and resumption at the correct 

stages of development, a species-specific process (Conti & Franciosi, 2018). Cytoplasmic 

maturation is a process accompanied by extensive reorganization of the oocyte 

cytoplasm, including the movement of organelles such as mitochondria, Golgi, and 

endoplasmic reticulum (ER). During this phase of maturation, the oocyte gains 

competency through the accumulation of maternal mRNAs and proteins required for the 

proper development of the embryo (Conti & Franciosi, 2018).  

Therefore, the developmental competence of an oocyte is determined by its ability 

to resume meiosis (nuclear and cytoplasmic maturation), undergo fertilization, and 
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support embryo development as far as the activation of the embryonic genome, which 

occurs at different times depending on the species (Conti & Franciosi, 2018). Oocyte 

competence involves the acquisition of factors that regulate entry and incorporation of the 

male genome, nuclear reprogramming, and the transition from a maternal-dominant 

genome to the embryonic genome, termed maternal to embryonic transition (MET) (Conti 

& Franciosi, 2018). Although oocyte competence relies heavily on the oocyte itself, the 

intense crosstalk and communication between the oocyte and surrounding granulosa 

cells play an essential role in the growth and maturation of the oocyte (Coticchio et al., 

2014). As mentioned previously, this communication is bi-directional and involves the 

regulation of nutrient transfer and signaling between the cumulus cells and the oocyte 

(Russell et al., 2016). Thus, studying gene expression changes and cellular mechanisms 

by which these bi-directional interactions occur can provide greater insight into the 

developmental capacity of the oocyte, its ability to reach the blastocyst stage and 

successfully implant into the uterus to produce a viable offspring. 

Prior to in vitro fertilization, a morphological assessment is commonly used to 

determine oocyte and embryo quality (Lasiene et al., 2009). Parameters such as 

cumulus-oocyte complex (COC) structure, homogeneity within the oocyte cytoplasm, 

polar bodies, perivitelline space, zona pellucida, and the meiotic spindles (Lasiene et al., 

2009) are normally evaluated. Although commonly used, this method can be highly 

subjective and has been proven to falter in many instances where oocytes and embryos 

that were deemed “good quality” by morphological parameters, fail to fertilize and produce 

viable offspring (Morbeck, 2017). Thus, investigating non-invasive biomarkers to 
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determine oocyte quality in the environment surrounding the oocyte, such as the cumulus 

cells, can contribute to greater success for IVF procedures. 

1.4 TGF-β superfamily and the Anti-Mullerian Hormone 

Anti-Müllerian Hormone (AMH) is a member of the transforming growth factor-β 

(TFG-β) family of glycoproteins (Almeida et al., 2018). Initially, AMH was identified to be 

one of the first hormones produced by the Sertoli cells of the fetal testis in males. In 

females, AMH is predominately produced by preantral and early antral follicles, thus it is 

not expressed at the time of sex differentiation (Rosewell & Curry, 2018; Sinclair, 2018). 

AMH is also known as Müllerian-Inhibiting Substance (MIS) and its function is essential 

for the differentiation of the Müllerian and Wolffian ducts (Sinclair, 2018). In females, the 

under-expression of AMH allows for the development of the Müllerian ducts, which 

differentiate to form the uterus and uterine tubes (Rosewell & Curry, 2018). In contrast, 

high levels of AMH allow for the regression of the Müllerian ducts during testicular 

differentiation, promoting the development of the Wolffian ducts, which give rise to the 

epididymis and vas deference in males. (Sinclair, 2018). Although the actions of AMH on 

the Müllerian ducts are predominantly associated with the early stages of fetal 

development, in females, AMH is continually expressed near the end of gestation. AMH 

is produced and secreted into circulation by the granulosa cells of the developing follicles 

in the basal growth phase until they reach the cyclic recruitment phase (Grynnerup et al., 

2012; Almeida et al., 2018; Urrutia et al., 2019).  

Follicle recruitment during ovarian folliculogenesis can be described in two phases: 

the basal follicle growth phase, characterized by initial follicle recruitment, and the phase 
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of cyclic follicle recruitment (Urrutia et al., 2019). The basal follicle growth phase is 

characterized by the development and progression of the primordial follicles into small 

antral follicles, and it begins during fetal life and continues through adulthood (Almeida et 

al., 2018). The basal follicle growth phase is supported by the actions of FSH and 

androgens. However, in the absence of FSH, this phase is maintained at a lesser 

efficiency, thus it is classified as being “FSH-responsive” rather than “FSH-dependent” 

(Urrutia et al., 2019). The cyclic recruitment phase only occurs during reproductive life 

and is heavily dependent on stimulation by gonadotropins, whereby FSH regulates the 

transition of small antral follicles to pre-ovulatory follicles and subsequent ovulation 

following an LH surge (Kumar et al., 1997; Urrutia et al., 2019).  

As mentioned, AMH regulates the rate of initial recruitment of primordial follicles into 

the growing pool. It is expressed throughout all stages of folliculogenesis, but the highest 

levels of AMH are observed in the pre-antral and small antral follicles (Grynnerup et al., 

2012; Dumont et al., 2015). Apart from cumulus cells of the pre-ovulatory follicle, AMH 

expression begins to decline during the FSH-dependent stages of follicular growth. The 

main functional role of AMH is well characterized by various knock-out studies. It has 

been shown that AMH knock-out in mice leads to faster recruitment of primordial follicles 

resulting in a greater decline in the primary follicle pool at a younger age when compared 

to wild-type mice (Carlsson et al., 2006). Therefore, it is suggested that AMH has an 

inhibitory role in early follicular recruitment. Moreover, exposure to elevated levels of AMH 

has been shown to significantly reduce the number of growing follicles in mouse ovaries 

(Almeida et al., 2018; Urrutia et al., 2019). Therefore, in addition to its role in the initial 

recruitment of primordial follicles, AMH also plays a role in determining FSH threshold 
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levels for cyclic recruitment by reducing the sensitivity of growing follicles to FSH, thereby 

facilitating their selection for ovulation (Visser & Themmen, 2005; Dumont et al., 2015; 

Almeida et al., 2018). 

As previously mentioned, AMH production and secretion into circulation by 

granulosa cells in the basal growth phase is not FSH-depended. This explains why serum 

AMH levels, measurable in plasma, remain relatively stable during infancy, childhood, 

puberty, and the early stages of adulthood in women. Moreover, AMH is one of the most 

valuable biomarkers of the ovarian follicular reserve as it represents the total number of 

growing follicles which correlate to the size of the resting primordial follicle pool 

(Grynnerup et al., 2012; Urrutia et al., 2019). Serum AMH levels have also been 

correlated with the antral follicular count (AFC) since AMH in circulation is predominantly 

produced by GCs of follicles that are between 2-9 mm in diameter. In fact, serum AMH 

levels are proposed to be more sensitive and specific than AFC as they also represent 

the pre-antral and small antral follicles (<2 mm) not captured by ultrasound (Dumont et 

al., 2015). 
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Figure 2 – Anti-Müllerian Hormone actions in the ovary during follicle development. 
AMH, produced by the granulosa cells, inhibits initial follicle recruitment. AMH is highly 
expressed in cumulus cells of mature follicles and inhibits FSH-dependent growth and 
selection of pre– and small–antral follicles (Dewailly et al., 2014). 

 

1.4.1 AMH Receptors and Smad Signaling Pathway 

Members of the TGF-β family of growth factors, including TGF-β itself, AMH, 

activin, and bone morphogenetic proteins (BMPs) are thought to use a similar signal 

transduction system (Visser & Themmen, 2005). These factors signal through several 

receptor domains consisting of type I and type II receptors. The type II receptors are 

ligand-specific, while the type I receptors, also known as activin receptor-like protein 

kinases (ALKs), are more general (Josso & di Clemente, 2003). For AMH, one type II 

receptor (AMHRII) has been identified and is shown to be highly specific and essential 

for signaling to occur. ALK2, ALK3, and ALK6 are three BMP type I receptors that have 

been identified as candidates for AMH response (Visser & Themmen, 2005). The AMH 

type two receptor (AMHRII) consists of three domains: an extracellular domain (ECD) that 

binds to the ligand (i.e., AMH), a single transmembrane domain, and an intracellular 
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domain which has serine/threonine kinase activity (Visser & Themmen, 2005; di Clemente 

et al., 2021). An intracellular signaling cascade is initiated once the C-terminal domain of 

AMH binds to the AMHRII, resulting in the recruitment, dimerization, and phosphorylation 

of type I receptors to initiate a BMP-specific SMAD signaling cascade (Figure 3) (Josso 

& Picard, 2022). Upon type I receptor activation, cytoplasmic proteins such as Receptor-

regulated SMADs (R-SMAD), SMAD1, SMAD5, and SMAD8 are phosphorylated allowing 

them to associate with common-SMAD4 (SMAD4) forming a SMAD complex (Josso & 

Picard, 2022). The SMAD complex can translocate into the nucleus and alter gene 

transcription of AMH targets (Anttonen et al., 2011). 

 

Figure 3 – AMH signaling cascade; Adapted from Heule et al., (2014). 
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1.5 Endocrine disrupting compounds 

The endocrine system plays a pivotal role in hormone regulation by the secretion 

and transport of hormones throughout the body. Hormones, once synthesized, are carried 

to their target where they can elicit their effects via binding to specific receptors on the 

target cell (Darbre, 2015). Endocrine-disrupting chemicals (EDCs) are defined as any 

exogenous agent found in the environment, in the food supply, or in manufacturing that 

has the ability to disrupt normal endocrine function by interfering with hormonal pathways 

that regulate reproductive processes (Kiess et al., 2021). As such, exposure to EDCs can 

interfere with the synthesis, release, transport, metabolism, and receptor binding of 

endogenous hormones (Diamanti-Kandarakis et al., 2010). This has negative implications 

for development. Within the past decade, many epidemiological studies have confirmed 

the link between exposure to EDCs and the ensuing consequences of impaired fertility 

and increased risk of disease in both males and females (Messerlian et al., 2018). 

Many endocrine disruptors are heterogeneous in nature and have highly diverse 

sources of exposure. They are designed to have a long half-life to benefit industrial use. 

However, because these compounds do not decay easily, they accumulate in tissues in 

the body, resulting in detrimental outcomes for human and animal health (Diamanti-

Kandarakis et al., 2010). Researchers have identified a variety of mechanisms by which 

endocrine disruptors can exert their effects. Originally, they were thought to exert their 

actions exclusively through nuclear hormone receptors such as estrogen receptors (ERs), 

androgen receptors (ARs), progesterone receptors, and thyroid receptors (TRs) 

(Diamanti-Kandarakis et al., 2010). However, due to growing health concerns and 
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adverse effects associated with EDC exposure, many alternative mechanisms of action 

of EDCs have been proposed and studied. Researchers have suggested that endocrine 

disruptors can also act via non-steroid receptors, enzymatic pathways involved in steroid 

biosynthesis and/or metabolism, as well as many other mechanisms that converge on the 

reproductive and endocrine system (Diamanti-Kandarakis et al., 2010). 

1.5.1 Bisphenol A 

Among the endocrine disruptors, bisphenol A (BPA), is one of the highest volume 

chemicals produced globally. Up to 5 – 6.8 billion pounds of BPA are produced each year 

(İyigündoğdu et al., 2020). BPA is a synthetic ubiquitous chemical widely used in the 

manufacturing industry in the form of monomers for items such as epoxy resins and 

polycarbonate plastics, thus, it is abundantly present in food and water containers, dental 

sealants, receipts as well as electronics and toys (Česen et al., 2018). When exposed to 

high temperatures, acidic, or basic substances, the hydrolysis of the ester bond linkage 

between the monomers allow BPA to leach into the surrounding environment (Rubin, 

2011). Therefore, exposure to BPA can occur through drinking contaminated water, 

inhaling contaminated air particles, ingesting food, or contacting contaminated soil (Liao 

et al., 2012). Ease of exposure through several routes and its abundant presence in the 

environment has made BPA detectable in serum, urine, plasma, and follicular fluid, thus, 

investigating the exact mechanisms by which BPA elicits its effects is crucial to combat 

reproductive toxicity (Mileva et al., 2014). 
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1.5.1.1 BPA structure and toxicokinetics 

BPA, with the chemical nomenclature 2,2-bis (4-hydroxyphenyl) propane, is 

composed of two phenol rings linked together by a methyl bridge which is attached to two 

functional methyl groups. The reactivity potential of BPA is attributed to the presence of 

two hydroxyl groups, each linked to a phenol ring (Almeida et al., 2018). As previously 

mentioned, there are various routes of exposure to BPA, however, oral administration of 

BPA leads to rapid absorption (Mileva et al., 2014). In the body free BPA, also known as 

unconjugated BPA, is lipophilic and is considered harmful as it can elicit estrogenic 

activity in tissues and organs that it permeates (Chianese et al., 2018). In humans, 

unconjugated BPA is absorbed by the gastrointestinal tract and transported to the liver 

where it undergoes rapid glucuronidation (90%) or sulfonation (10%) to produce inactive 

forms of BPA (Almeida et al., 2018). Conjugation of BPA into its inactive form makes it 

hydrophilic and therefore can be excreted in the urine through bile (Fenichel et al., 2013; 

Almeida et al., 2018).  

Age and sex are factors that heavily influence the metabolism of BPA. Although 

glucuronidation is the dominant method of metabolizing BPA in adults, during fetal 

development, the low expression of proteins involved in the process of glucuronidation 

make sulfation the dominant process resulting in greater levels of unconjugated BPA 

(Kang et al., 2006). This suggests that the fetus is more susceptible to the detrimental 

effects of BPA compared to adults (Almeida et al., 2018). Moreover, androgens are 

thought to inhibit glucuronidase, an enzyme responsible for the de-conjugation of BPA 

thereby reducing serum BPA levels in males (Ginsberg & Rice, 2009). Thus, males 

metabolize BPA faster than females. Furthermore, females possess more body fat than 
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males, and since BPA is lipophilic, they accumulate larger amounts in their tissues and 

internal organs (Schwartz, 2003).  

1.5.1.2 Dose and exposure 

To this day, the question regarding hazardous levels of BPA, as well as the dosage 

utilized in scientific studies, is a contentious issue. This may be because the metabolism 

of BPA varies between individuals and is influenced by a variety of factors such as age, 

sex, and lifestyle (He et al., 2009). Furthermore, BPA concentrations also vary between 

different organs and tissues which poses a challenge for selecting a dose that is both 

environmentally and physiologically suitable in vitro to mimic the effects in vivo (Prins et 

al., 2019). As with all chemicals/compounds, regulatory bodies seek to establish risk 

assessment criteria associated with the chemical. The tolerable daily intake (TDI) is used 

to assess the daily amount of a chemical that can be consumed over a lifetime with no 

appreciable health risk (Rogers, 2021). In Canada, a TDI of 25 µg/kg/ body weight/day 

was established for BPA in 1996 based on toxicological studies in animals. Since then, 

the TDI remains unchanged despite the growing number of studies that have reported 

adverse effects at much lower doses (Rogers, 2021). The TDI is based on the no 

observed adverse effect level (NOAEL) of 5 mg/kg body weight/day derived from several 

reproductive toxicity studies (Anadón et al., 2010). Initially, the European Food Safety 

Authority (EFSA) established a TDI for BPA of 0.05 mg/kg body weight/day in 2006, 

however, in its reviewed risk assessment in 2015, the TDI was lowered temporarily to 4 

µg/kg body weight/day (Anadón et al., 2010; Manuel et al., 2021). Most recently, revisions 

to the TDI were made in 2021 based on studies reporting adverse effects of BPA from 

2013 – 2018. The new proposed TDI of BPA established by the EFSA is 0.04 ng/kg body 
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weight/day (Manuel et al., 2021). Although BPA exposure in humans is estimated to be 

less than 1 – 5 µg/kg body weight/day, there is strong evidence that BPA is an ovarian, 

uterine, and prostate toxicant at levels below the lowest observed adverse effect level 

(LOAEL) and at levels below the TDI of 4 µg/kg body weight/day (Murata & Kang, 2018; 

Tomza-Marciniak et al., 2018). In this study, we use the current established LOAEL of 

BPA which is reported to be 50 mg/kg body weight/day in vivo, equating to 50 µg/ml in 

vitro (Peretz et al., 2012).  

1.5.1.3 Mechanism of action 

Over the years BPA has been shown to interfere with several biological systems, 

including the nervous, cardiovascular, immune, and reproductive systems. Furthermore, 

due to emerging evidence suggesting that BPA is hazardous at much lower 

environmentally relevant doses, the various mechanisms by which BPA elicits its 

detrimental effects are a topic of growing interest (Acconcia et al., 2015). BPA has long 

been studied for its estrogen-mimicking capabilities and ability to bind to α/β estrogen 

receptors (ER α/β) and androgen receptors, thus likely has a greater impact on 

reproductive organs. Although BPA’s structural characteristics confer its ability to bind to 

the estrogen receptors, it does so with an affinity of 1000 to 2000-fold less than estrogens 

(Bolli et al., 2010). BPA has also been shown to strongly bind and act through the 

estrogen-related receptors (EERs) which are highly expressed in the mammalian brain 

during development and the brain, lungs, and various other tissues in adults. In addition 

to ER and EERs, BPA has been associated with a disruption of male reproductive function 

where its exposure results in a fewer proportion of male births, reduced semen quality 

and an increase in cryptorchidism and hypospadias due to its ability to interfere with 
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androgen signaling (Kortenkamp et al., 2012). BPA’s ability to induce changes through 

the thyroid receptors have also been documented in the literature. More recent studies 

have suggested that there are several physiological effects of BPA that are independent 

of its action on nuclear hormone receptors (Saleh et al., 2021; Sabry et al., 2022a) 

1.5.1.4 Effects of BPA on human and animal reproduction 

The negative effects associated with the presence of BPA in reproductive tissues 

have been abundantly documented in the literature. Several studies in humans and 

animals have shown a correlation between exposure to BPA and impaired fertility. In 

women undergoing IVF treatment, BPA exposure has been associated with a decrease 

in antral follicle count (AFC), a decrease in the number of oocytes retrieved and an 

increase in implantation failure (Mok-Lin et al., 2010; Ehrlich et al., 2012; Machtinger & 

Orvieto, 2014). Similarly, in mice studies, it has been shown that BPA exposure disrupts 

normal implantation and reduces the number of implantation sites (R. G. Berger et al., 

2007; Machtinger & Orvieto, 2014). Moreover, in women undergoing IVF, it has been 

demonstrated that higher urinary BPA levels are linked to an increased risk of polycystic 

ovarian syndrome (PCOS) (Akin et al., 2015). BPA has also been shown to disrupt sex 

hormone levels in females, whereby exposure leads to a significant reduction in hormone 

levels (Patel et al., 2017). In various animal models such as mice, it has been revealed 

that BPA exposure is associated with increased ovarian cysts (Fernández et al., 2010). 

Decreased oocyte quality and impaired fertilization capability have also been associated 

with BPA exposure (Krisher, 2013). Furthermore, decreased cleavage rate and blastocyst 

rate of bovine embryos have been reported due to BPA exposure at concentrations lower 

than environmentally significant (Ferris et al., 2016). Many studies have shown that 
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granulosa cells exposed to BPA in vitro have disrupted steroidogenesis through the 

alteration of the aromatase enzyme responsible for the conversion of androgens into 

estrogens (Zhou et al., 2008; Grasselli et al., 2010).  

Studies in mice have shown that BPA exposure in utero has adverse effects on 

ovarian development and function, leading to impaired fertility (Berger et al., 2016). It has 

also been shown that BPA can disrupt the process by which germ cell nests break down 

during early development whereby exposure prevents germ cell nest breakdown, 

consequently reducing the number of primordial follicles at birth (Berger et al., 2016). 

Lastly, a study in human testis showed that BPA exposure in the first trimester displays 

increased apoptosis of germ cells, reduced germ cell density and a decrease in the 

percentage of germ cells expressing pluripotency markers (Eladak et al., 2018).  

1.5.2 Bisphenol S 

Due to the widespread adverse effects associated with BPA exposure and its strict 

regulation by health authorities, bisphenol S (BPS), has been increasingly used as a 

‘safer’ alternative, despite the possibility that it may possess similar toxicological 

properties as BPA (Lehmler et al., 2018; Bousoumah et al., 2021). Currently in the 

manufacturing industry, BPS is widely used as an alternative to BPA in paper products 

such as thermal receipts and paper currencies (Björnsdotter et al., 2017); however, very 

little information exists about the potential adverse health effects of BPS. Many studies 

have proposed that, like BPA, BPS is also classified as an endocrine disrupting 

compound with similar estrogenic and androgenic activity (Bousoumah et al., 2021).  
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The chemical properties of BPS are similar to BPA therefore its routes of exposure 

and the process by which it is conjugated and eliminated is also similar. BPS exposure, 

much like BPA, can occur trans-dermally, orally, through ingestion, and/or inhalation 

(Lehmler et al., 2018). Following ingestion, BPS undergoes conjugation into its 

glucuronide and sulphate forms, however, due to higher oral bioavailability, its 

unconjugated or active form in circulation is found at higher levels than BPA (Khmiri et 

al., 2020). Therefore, further research investigating the effects of BPS on the reproductive 

system is required to assure the safe use of this compound. 

Although limited research exists on BPS, many emerging studies have reported 

the adverse effects associated with its exposure. It has been reported that BPS exposure 

greatly reduces testosterone secretion in fetal testes compared to BPA at the same and 

lower doses (Eladak et al., 2015). Studies in other animal models, such as pigs, have 

shown that BPS treatment induces alterations in the meiotic cell cycle, as well as changes 

in the expression of maternal mRNA and disruption in cumulus cell expansion 

(Žalmanová et al., 2017). In another study, subcutaneous exposure to BPS in female rats 

resulted in delayed onset of puberty, reduced ovary weight, disrupted estrous cycle, and 

impaired folliculogenesis accompanied by decreased plasma concentration of LH, FSH, 

and progesterone (Shi et al., 2017; Ahsan et al., 2018; den Braver-Sewradj et al., 2020). 

Moreover, in male rats, exposure to BPS was shown to significantly elevate testosterone 

levels while decreasing sperm motility, sperm production, and the number of sperm 

present in the epididymis (Ullah et al., 2016, 2021).  

One of the first studies investigating the effects of BPS in the bovine model showed 

that BPS induces changes in basal estradiol secretion by granulosa cells (Campen et al., 



 

23 

2018). As previously mentioned, AMH is an important regulator of estradiol secretion by 

granulosa cells, while estradiol is an important modulator of oocyte competence, thus 

disruption of estradiol production by BPS may have detrimental consequences for oocyte 

development. The findings of this study were consistent with other in vivo and in vitro 

studies conducted on zebrafish which show that BPS treatment results in an upregulation 

of plasma estradiol concentrations (Rochester & Bolden, 2015). In addition to altered 

hormone levels, there was also a reduction in egg production and an increase in embryo 

malformation following exposure to BPS (Rochester & Bolden, 2015; Saleh et al., 2021).  
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2 Rationale and Hypothesis 

Environmental toxicants and other man-made endocrine disrupting chemicals are 

abundantly present in the environment today and it is becoming increasingly difficult to 

avoid them (Green et al., 2021). This results in an increasing concern for implications on 

reproductive health among scientists and physicians. In the modern world, couples 

postponing childbearing age due to socioeconomic improvement is one factor contributing 

to a general decline in the population. However, for some individuals, the concurrent 

decline in fertility can be amplified by an increasing yet persistent exposure to EDCs 

(Green et al., 2021).  

Hormonal interactions in the body between various regions of the brain and the 

reproductive organs, regulate crucial reproductive processes in both males and females. 

These processes are highly controlled and rely on several signaling pathways and 

transcription factors to ensure proper development of an oocyte and embryo. Thus, in 

females, hormonal imbalances caused by intrinsic or extrinsic factors can disrupt major 

developmental processes such as oogenesis and folliculogenesis. Therefore, it is crucial 

to investigate the factors that influence and disrupt important events during oocyte 

development, contributing to the observed decline in female fertility.  

Over the past few decades, there has been an increase in animal and human 

exposure to EDCs due to the leaching of these chemicals into the environment. BPA is 

one of the most commonly found plasticizer in manufacturing and has been implicated 

with poor fertility in both males and females. It is known to interfere with several hormonal 

pathways governing reproduction and therefore its use has been limited. However, BPA 
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has now been replaced by BPS and other analogs without sufficient evidence of their 

safety. Despite limited research comparing BPA to its analogs, recent studies in the 

literature as well as studies in the Favetta lab have shown that BPS exposure is also 

associated with adverse effects on reproduction that are comparable to BPA.  

Studies in our laboratory have shown that BPA and BPS exposure leads to an 

increase in DNA fragmentation and alteration in proteins responsible for the 

communication between the oocyte and granulosa cells (Sabry et al., 2021a; Saleh et al., 

2021). Moreover, assessment of bisphenol exposure during oocyte maturation reveals 

alterations in AMH and AMHRII expression which may be attributed to the increase in 

DNA fragmentation and developmental arrest (Saleh et al., 2021). In addition to inducing 

changes to gene expression and increasing apoptosis in blastocysts, BPA exposure has 

been correlated with decreased antral follicle count and an overall decrease in ovarian 

reserve (Souter et al., 2013; Ferris et al., 2015, 2016). Therefore, it is evident that both 

BPA and BPS have serious implications for female fertility. In addition, AMH and its 

receptor appear to be influenced by BPA and BPS exposure, thus investigating the 

interaction between BPA and/or BPS and the AMH signaling pathway is warranted. 

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

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

potential disruption of the Anti-Mullerian Hormone signaling pathway. Specifically, this 

project aims to uncover whether BPA and BPS affect AMHRII activity and subsequent 

alteration in the downstream mediators of the pathway, the SMAD proteins, in bovine 

granulosa cells. Thus, we hypothesize that BPA and/or BPS alter the expression of 

AMHRII and downstream SMAD proteins, disrupting the AMH signaling pathway in 
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bovine granulosa cells, thus contributing to a decrease in oocyte competence and 

an overall decline in fertility. 

The hypothesis was tested through the following three objectives: 

1. Quantify AMHRII, and downstream signaling proteins (SMAD proteins), at the 

mRNA and protein levels, following exposure of bovine granulosa cells to 

physiologically significant concentrations of BPA (0.005-0.5 mg/mL), BPS (0.005-

0.5 mg/mL), and AMH (0.025 µg/mL).  

 

2. Perform AMHRII Knockdown in granulosa cells using LNA-GapmeRs, measure 

GapmeR uptake and validate the knock-down by measuring AMHRII mRNA 

expression.  

 
 

3. Quantify AMHRII, and downstream signaling proteins (SMAD proteins), following 

exposure of AMHRII knocked-down bovine granulosa cells to physiologically 

significant concentrations of BPA (0.005-0.5 mg/mL), BPS (0.005-0.5 mg/mL), and 

AMH (0.025 µg/mL).  
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Chapter 1: Bisphenols disrupt the AMH signaling pathway in 

bovine granulosa cells cultured in vitro 

2.1 Abstract 

Endocrine-disrupting compounds contribute to fertility decline in both farm animals 

and humans. Bisphenol A and its analog, BPS, are known EDCs used in plastics that can 

interfere with hormonal pathways and are implicated in poor fertility outcomes. Evidence 

supporting the safety of BPS in comparison to BPA is limited, therefore studies in our lab 

investigate non-traditional mechanisms of action of bisphenols’ impacting both farm 

animals and human fertility. Previously, we have shown that exposure to BPA in oocytes 

and embryos at the LOAEL dose (0.05 mg/mL), displays a significant decrease in AMH 

expression, while its receptor, AMHRII, is significantly increased, suggesting a direct 

interaction between BPA and the AMH signaling system. AMH, an established marker of 

ovarian reserve is associated with increased fertility. Thus, this study aims to investigate 

bisphenols’ ability to alter AMHRII and SMADs expression in bovine granulosa cells in 

vitro. Bovine GCs were treated for i) 24 hours with physiologically relevant doses of BPA 

and BPS and ii) 1- and 12-hours with BPA, BPS, and AMH. mRNA and protein expression 

were quantified by qPCR and western blotting.  

SMAD1, SMAD5, and SMAD4 mRNA expression significantly increased (p<0.05) 

following 24-hour treatment with BPA, while no changes in AMHRII expression were 

observed. No significant changes were observed in AMHRII or SMADs protein expression 

after 24-hour treatment. Following 12-hour treatment with AMH and BPA together and 
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BPA alone, a significant increase in SMAD1 and SMAD4 mRNA was observed (p<0.05) 

while a significant decrease in SMAD1 and Phospho-SMAD1 protein was observed 

(p<0.05). No significant changes were observed in AMHRII or SMADs mRNA and protein 

expression after 1-hour treatment with BPA or BPS. These findings suggest that 

bisphenols may modulate the activation of the AMH system in a time-dependent manner. 

Thus, AMHRII knockdown using LNA-GapmeRs was performed on GCs to establish a 

functional link between BPA and the AMH system. Following knockdown AMHRII mRNA 

significant decreased (p<0.05) with a 70% knock-down achieved. AMHRII knocked-down 

cells were then treated with BPA, BPS, and AMH for 12 hours and mRNAs and proteins 

were quantified. AMHRII mRNA was significantly upregulated following treatment with 

BPS (p<0.05), while no significant changes in SMADs expression were observed. The 

findings of this study suggest that both BPA and BPS affect AMH signaling in bovine 

granulosa cells, which may impair oocyte development. 
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2.2 Introduction 

Female fertility is characterized by the ability of the ovaries, oviduct, uterus, cervix, 

and vagina to change their morphology and/or function to support a developing embryo 

(Bhardwaj & Saraf, 2016). However, evidence in the literature has proposed that the 

predominant events that determine oocyte competence and subsequently embryo pre-

implantation development, occur during follicular growth and oocyte maturation in the 

ovaries. Thus, the two main functions of the ovary are to produce the oocytes themselves, 

as well as essential reproductive hormones that help ensure the competence of the 

matured oocytes (Shi et al., 2021). Somatic cells surrounding the oocyte within each 

follicle, also known as granulosa cells (GCs), are responsible for regulating hormone 

secretion, and subsequent growth and development of the ovarian follicles, ovulation, and 

formation of the corpus luteum (Shi et al., 2021). Hence, hormone production and gamete 

formation require precise coordination between both the oocyte and the surrounding GCs. 

Hormones derived from the ovary (i.e., estrogen, progesterone, AMH etc.) regulate fertility 

through paracrine actions on the ovary and endocrine effects on the hypothalamus and 

pituitary in the brain (Bhardwaj & Saraf, 2016). As such, during development, growth 

factors and hormones utilize intricate molecular pathways to regulate oocyte growth and 

follicular development. Members of the transforming growth factor β (TGF-β) family of 

glycoproteins along with their receptors and intracellular signaling molecules, the SMADs, 

are indispensable for the critical functions of the ovary including oogenesis and 

folliculogenesis (Kaivo-Oja et al., 2006).  

The Anti-Mullerian Hormone (AMH), produced by granulosa cells, is an important 

member of the TGF-β superfamily that controls the growth and development of follicles 
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by i) regulating the rate of recruitment of primordial follicles into the growing pool and ii) 

reducing the sensitivity of the growing follicles to FSH to select a dominant follicle for 

ovulation (Visser & Themmen, 2005; Dumont et al., 2015; Almeida et al., 2018). 

Therefore, AMH is known to have an inhibitory role in FSH-induced follicular recruitment. 

During folliculogenesis, AMH expression peeks in the pre-antral and small antral stages 

and diminishes in mature Graafian follicles (Grynnerup et al., 2012; Dumont et al., 2015). 

AMH elicits its effects through its highly specific type 2 receptor (AMHRII) which initiates 

signal transduction via downstream SMAD proteins to induce changes in gene expression 

of its targets (Josso & Picard, 2022). Hence, during folliculogenesis, the temporal and 

spatial regulation of these signaling molecules is crucial and disturbances at the level of 

the ligand (AMH), receptor (AMHII), and/or signaling molecules (SMADs) can cause 

improper signaling and adversely affect fertility (Kaivo-Oja et al., 2006).  

Today, due to modernization and industrialization, one of the causes of hormone 

dysregulation is the increased use of man-made chemicals. These chemicals, known as 

endocrine disrupting compounds (EDCs) are capable of interfering with hormone 

synthesis, metabolism, and function in almost all systems throughout the body (Pivonello 

et al., 2020). Of the variety of chemicals present today, phenols such as bisphenol A 

(BPA) and its analogs like bisphenol S (BPS) are some of the highest-produced chemicals 

worldwide. BPA is used to produce plastic bags, the lining inside food and water 

containers, microwave ovenware and many other items (Pivonello et al., 2020). 

Therefore, the main route of exposure is through ingestion where BPA monomers can 

leach into the food and water if exposed to high temperatures or alkaline conditions 

(Almeida et al., 2018). Although the diet is the main source of exposure, BPA and BPS 
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can also be absorbed through the skin, and inhaled, thus, transdermal absorption and 

inhalation are also notable routes of exposure (Mileva et al., 2014).  

Due to constant exposure, BPA has been detected in almost all tissues, organs, and 

bodily fluids including human follicular fluid. Consequently, it has been implicated in the 

pathophysiology of the female reproductive system (Pivonello et al., 2020). The 

restrictions on BPA use have promoted the formulation and widespread use of its analogs 

like BPS and subsequently increased exposure to these chemicals garners the need to 

investigate the mechanistic similarities and differences between BPA and BPS. BPA’s 

ability to mimic estrogen and induce unwanted estrogen-mediated responses in the body 

has been thoroughly investigated (Valentino et al., 2016). However, BPA has a weak 

binding affinity for the estrogen receptors, therefore genomic effects mediated through 

estrogen receptors are not the sole way for BPA to elicit its effects (Bolli et al., 2010). A 

study investigating the effects of BPA on follicular development showed significantly 

decreased growth and increased atresia of follicles following exposure to BPA, 

independently of the estrogenic pathway (Peretz et al., 2012). Previous studies in our lab 

in bovine oocytes and embryos exposed to BPA display significantly reduced cleavage 

and blastocyst rates resulting in poor quality oocytes and embryos (Sabry et al., 2021b). 

Furthermore, additional studies in our lab show the effects of BPA on apoptosis rates, 

epigenetic regulators, spindle formation, and oxidative stress, through alterations in gene 

expression (Ferris et al., 2015; Saleh et al., 2021; Nguyen et al., 2022; Sabry et al., 

2022a). Other studies have shown disrupted steroidogenesis and decreased sex 

hormone levels as a result of in vitro BPA exposure. Similarly, studies investigating 

exposure to BPS in bovine showed alterations in basal estradiol secretion by granulosa 
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cells (Campen et al., 2018). Studies in other animal models, such as zebrafish, support 

the findings of this study where BPS exposure resulted in increased plasma estradiol 

(Rochester & Bolden, 2015). Additional studies in our lab investigated the effects of BPA 

and BPS on AMH and its receptor (AMHRII) in bovine oocytes, cumulus-oocyte 

complexes, and cumulus cells. Following exposure to BPA, AMH mRNA expression was 

significantly downregulated in oocytes, while in COCs and cumulus cells treated with BPS 

and BPA respectively, the expression of AMHRII was significantly upregulated (Saleh et 

al., 2021). Similarly, protein expression of AMHRII was significantly upregulated in 

oocytes, COCs, and cumulus cells treated with BPA (Saleh et al., 2021). Studies 

investigating the effects of BPA on the ovarian reserve reported a decrease in AMH and 

estrogen levels in patients with a diminished ovarian reserve compared to normal 

individuals (Cao et al., 2018). The findings of these studies suggest a strong link between 

exposure to BPA and BPS and the AMH signaling pathway, however, a direct link 

between bisphenols and the mediators of the AMH pathway has not yet been established. 

Hence, to further characterize this interaction, this study investigates bisphenols’ ability 

to influence the expression of the AMHRII and downstream mediators of the AMH 

pathway, elucidating their effects on critical developmental processes. In clinical practice, 

AMH is used as a strong predictor of ovarian reserve (Urrutia et al., 2019). Accordingly, 

a diminished ovarian reserve is predicted by decreased levels of AMH, estrogen, and a 

reduction in the antral follicle count, which are all shown to be influenced by exposure to 

EDCs such as BPA and BPS (Cao et al., 2018). Thus, investigating the effects of BPA 

and BPS on the AMH signaling pathway may provide greater insight into the 

developmental competence of an oocyte and subsequently the embryo.  
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2.3 Materials and Methods 

Granulosa cell isolation and primary cell culture 

Granulosa cell lines were established by aspirating Cumulus Oocyte Complexes 

(COCs) from Bovine (Bos Taurus) ovaries obtained through a local abattoir (Highland 

Packers, Stoney Creek, ON, Canada). COCs were transferred into collection media 

containing 1 M HEPES buffered Ham’s F-10 (Sigma Aldrich; Oakville, Canada, H3375; 

Sigma Aldrich, N6635) supplemented with 2% fetal bovine serum (FBS) (GIBCO; Whitby, 

ON, Canada), Heparin (2 IU/mL, Sigma Aldrich; H3149), sodium bicarbonate and 

penicillin/streptomycin (1%) (GIBCO; Burlington, Canada; 15140122). Cumulus cells 

were mechanically stripped via micropipette in 15 mL conical tubes containing 1x 

Dulbecco's Modified Eagle Medium (DMEM) (Gibco) supplemented with 

penicillin/streptomycin (1%), and L-Glutamine (2 mM). Cells were resuspended in DMEM 

media supplemented with 20% FBS (Gibco, 12483020), plated on a T75 flask (Corning; 

C430641U) and cultured at 38.5°C in 5% CO2 for 6–7 days with media replacement every 

48 h until 90-100% confluency. Confluent cells were washed, trypsinized (Sigma Aldrich, 

T4799) and cryopreserved in liquid nitrogen for future use. 

Experiment 1: Granulosa cell culture and treatments without AMH 

In preparation for treatment, passage one (P1) cryopreserved granulosa cells, 

were re-established by plating onto a T-75 flask. Once the cells had become confluent 

(80-90%), they were passaged again into four new T-75 flasks, at a seeding density of 

150,000 cells/mL, containing DMEM media supplemented with 10% FBS. These passage 

2 (P2) cells were incubated for up to 48 hours at 38.5°C in 5% CO2. Once the flasks had 
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become confluent, the cells were washed with DMEM, and serum restricted in media 

containing DMEM supplemented with 0.1% FBS for 18 hours to ensure all cells were at 

the same stage in the cell cycle. Following serum starvation, the flasks were randomly 

assigned to one of the four treatment groups: DMEM + 0.1% FBS (Control), 0.1% ethanol 

in DMEM and 0.1% FBS (Vehicle), 0.05 mg/mL BPA in DMEM and 0.1% FBS, 0.05 

mg/mL BPS in DMEM and 0.1% FBS. BPA (239658) and BPS (43034) were purchased 

from Sigma Aldrich. The cells were incubated in their respective treatment groups for 1- 

and 12- hours. Following treatment, the cells were trypsinized, washed in 1X sterile 

phosphate-buffered saline (PBS) (Multicell, Wisent Bioproducts, Quebec, Canada, 

311010), snap frozen in liquid nitrogen and stored at - 80°C for RNA and protein 

extraction. 

Experiment 2: Granulosa cell culture and treatments with AMH 

In preparation for treatment, cryopreserved P1 granulosa cells were re-established 

as previously described in experiment 1 and passaged into 6-well plates, at a seeding 

density of 150,000 cells/mL, containing DMEM media supplemented with 10% FBS. Cells 

were incubated for 24 hours at 38.5°C in 5% CO2. Once the cells (P2) became confluent, 

they were washed with DMEM, and serum restricted in media containing DMEM 

supplemented with 0.1% FBS for 24 hours. Following serum starvation, the wells were 

randomly assigned to one of the eight treatment groups: DMEM + 0.1% FBS (Control), 

0.1% ethanol in DMEM and 0.1% FBS (Vehicle for BPA and BPS), 4 mM HCl in DMEM 

and 0.1% FBS (Vehicle for AMH), 0.025 µg/ml AMH (R&D Systems, Minneapolis, MN, 

USA ) in DMEM and 0.1% FBS, 0.05 mg/mL BPA in DMEM and 0.1% FBS, 0.05 mg/mL 

BPS in DMEM and 0.1% FBS, 0.025 µg/ml AMH and 0.05 mg/mL BPA in DMEM and 
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0.1% FBS, 0.025 µg/ml AMH and 0.05 mg/mL BPS in DMEM and 0.1% FBS. Cells were 

incubated in their respective treatment groups for 1- and 12- hours. Following treatment, 

the cells were trypsinized, washed in 1X sterile PBS, snap frozen in liquid nitrogen and 

stored at -80°C for RNA and protein extraction. 

Experiment 3: GapmeR design and transfection for AMHRII knockdown 

AMH receptor knockdown in granulosa cells was achieved with fluorescently 

labeled antisense-locked nucleic acid modified GapmeRs (Cat. No: 339512 

LG00793178-DFC, Qiagen Canada). GapmeRs were resuspended in nuclease-free TE 

buffer containing 10mM Tris (pH 7.5-8) and 0.1 mM EDTA to achieve a concentration of 

50 µM. HiPerFect transfection reagent (5-35 µL) (Cat. No: 301705, Qiagen Canada) was 

used to allow the GapmeR complexes to enter the cells efficiently. A Scramble (50nM, 

100nM, 200nM) (Cat. No: 339516 LG00000002-DFB, Qiagen Canada) was used as a 

negative control for the GapmeR. Transfection complexes with the GapmeR (5’–

GTGACTGAACAACAAC–3’ FAM) were made in a 1 mL centrifuge tube containing 50 µL 

Opti-MEM (Thermo fisher, Mississauga Canada), 5-35 µL HiPerFect transfection reagent, 

and 50-200 nM GapmeR. Transfection complexes with the Scramble (5’ FAM–

AACACGTCTATACGC–3’) were made in a 1 mL centrifuge tube containing 50 µL Opti-

MEM, 5-35 µL HiPerFect transfection reagent, and 50-200 nM Scramble. The complexes 

were incubated at room temperature for 25 minutes prior to transfection. Cryopreserved 

granulosa cells were grown as previously described, passaged into 6-well plates at a 

seeding density of 300,000 cells/mL and randomly assigned to one of the following 

groups: Opti-MEM only (Control), 15 µL HiPerFect reagent only in Opti-MEM (Vehicle), 

15 µL HiPerFect reagent and 200 nM Scramble in Opti-MEM (Scramble), and 15 µL 
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HiPerFect reagent and 200nM GapmeR in Opti-MEM (GapmeR). Immediately following 

plating, the transfection complexes were added to their respective groups drop by drop 

and mixed by swirling the plate. The cells were incubated with the transfection complexes 

at 4-hour intervals up to 24 hours at 38.5°C in 5% CO2 to determine the optimal time of 

transfection, and concentrations of HiPerFect, Scramble and GapmeR. Following 

transfection, the cells were imaged using an EVOS Fluorescent Microscope, trypsinized, 

washed in 1X sterile PBS, snap frozen in liquid nitrogen and stored at - 80°C for RNA 

extraction. 

Experiment 4: Granulosa cell culture and treatment with AMH in AMHRII 

knockdown cells 

In preparation for transfection, GapmeR transfection complexes were made as 

previously described in experiment 3 and incubated at room temperature for 25 minutes 

prior to transfection. Cryopreserved granulosa cells were re-established as previously 

described in experiment 1 and grown until confluent in T75 flasks containing DMEM 

supplement with 20% FBS. They were then passaged into 6-well plates, at a seeding 

density of 300,000 cells/ml, in Opti-MEM serum-free media. Immediately following plating, 

the GapmeR transfection complexes were added to each well drop by drop and mixed by 

swirling the plate. The cells were incubated with the transfection complexes for 12 hours 

at 38.5°C in 5% CO2. Following transfection, the AMHRII knocked-down cells were 

washed with Opti-MEM media and randomly assigned to one of the previously mentioned 

treatment groups in experiment 2: Opti-MEM only (Control), 0.1% ethanol in Opti-MEM 

(Vehicle for BPA and BPS), 4 mM HCl in Opti-MEM (Vehicle for AMH), 0.025 µg/ml AMH 

in Opti-MEM, 0.05 mg/mL BPA in Opti-MEM, 0.05 mg/mL BPS in Opti-MEM, 0.025 µg/ml 
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AMH and 0.05 mg/mL BPA in Opti-MEM, 0.025 µg/ml AMH and 0.05 mg/mL BPS in Opti-

MEM. Cells were incubated in their respective treatment groups for 12 hours. Following 

treatment, cells were trypsinized, washed in PBS, snap frozen in liquid nitrogen, and 

stored at - 80°C for RNA and protein extraction. 

RNA extraction and reverse transcription 

Total RNA extraction was performed using the Qiagen RNeasy Plus Micro Kit 

(Qiagen, Toronto, ON) following a modified version of the manufacturer’s protocol. Briefly, 

GCs were lysed and transferred to gDNA spin columns to remove genomic DNA. This 

was followed by several wash steps in the RNeasy MinElute spin columns. Total RNA 

bound to the spin column was eluted into 1 mL centrifuge tubes and spectrometry was 

done using a Nanodrop 2000c (Thermo Scientific) to assess RNA quantity and quality. 

Once isolated, 1 µg of RNA was reverse transcribed into cDNA using the QuantaBio 

qScript cDNA SuperMix (VWR, Mississauga, Canada; 95048). Reverse transcription was 

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

reaction protocol: 5 minutes at 25°C, 30 minutes at 42°C, and 5 minutes at 85°C. Samples 

were stored at -20°C until qPCR was performed. 

Quantitative Polymerase Chain Reaction (qPCR) 

qPCR was performed using a CFX96 Touch Real-Time PCR Detection System 

(BioRad) to quantify the mRNA expression of the AMHRII, SMAD1, SMAD4, and SMAD5. 

For each gene, mRNAs were amplified using the SsoFast EvaGreen Supermix using a 

protocol previously described (Saleh et al., 2021). All primers used in this study were 

tested using standard curves. Primer efficiencies values between 95-105% were 
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accepted based on published guidelines (Bustin & Huggett, 2017). Primer efficiencies 

and sequences can be found in Table 1. A minimum of two reference genes were used 

for each data set for normalization of expression. GeNorm software was used to 

determine the stability of reference genes, see Appendix III and IV. Gene expression was 

calculated by the efficiency-corrected method (ΔΔCt) using the reference genes 

Peptidylprolyl Isomerase A (PPIA) and Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) for the first experiment and GAPDH and Tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) for all 

subsequent experiments. At least three biological replicates were run in triplicate for all 

quantification and a calibrator was used to account for the inter-run variability. 

Table 1: qPCR primers and efficiencies 

Gene 
Name 

Genebank 
Accession 
Number 

Primer Sequence – Forward and 
reverse (5’-3’) 

Efficiency 
(%) 

Source 

AMHRII NM_001205328.1 
F: GTGCTTCTCCCAGGTCATAC 
R: AATGTGGTCATGCTGTAGGC 

100.1 
(Carter et 
al., 2016) 

SMAD1 BC116117 
F: CACCATGAACTGAAACCATTGG 
R: GATGCACACCTCCTTCTGCTT 

99.8 

(Lee et al., 
2014a) 

SMAD5 DV821574 
F: GCAACGTTTCCTGATTCTTTCC 
R: GGCGGGTAGGGACTATTTGG 

100 

SMAD4 BC151330 
F: AACATTGGATGGAAGGCTTCA 
R: CCAGAGACGGGCATAGATCAC 

100 
(Lee et al., 

2014b) 

GAPDH NM_001034034.1 
F: TTCCTGGTACGACAATGAATTTG 
R: GGAGATGGGGCAGGACTC 

100 
(Ferris et 
al., 2016) 

YWHAZ NM_174814.2 
F: GCATCCCACAGACTATTTCC 
R: GCAAAGACAATGACAGACCA 

100.2 
(Sabry et 

al., 2021b) 

PPIA NM_178320.2 
F: TCTTGTCCATGGCAAATGCTG 
R: TTTCACCTTGCCAAAGTACCAC 

101 
(Sharma & 

Madan, 
2019) 
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Western Blotting 

AMHRII and SMADs protein expression in granulosa cells was quantified by 

western blotting. For all blots, beta-actin (Cell Signaling Technology, Whitby, Canada; 

4967) was used as a loading control as its expression has been shown to remain 

unaltered following treatment with BPA (Boucher et al., 2014). All the buffer components 

used can be found in Appendix I. Protein extraction was performed as previously 

described by Sabry et al., (2021a). In brief, frozen GCs were lysed in 

radioimmunoprecipitation assay (RIPA) buffer with protease inhibitors (Bio tool B14001 

and B15001) followed by freeze/thaw cycles using liquid nitrogen to further break down 

the cell membrane. Samples were then sonicated for 30 min in an ice water bath and 

centrifuged at 14000 rpm at 4°C for 10 minutes to isolate the protein. Protein 

concentration was determined using a Bradford Assay (Bio-Rad DC Protein Assay Kit). 

30 µg protein per sample was prepared and loaded onto a 12% polyacrylamide gel, by 

combining with equal volumes of 3X reducing buffer containing β-mercaptoethanol 

(Sigma Aldrich, M6250) and separated for 2 hours at 125V using an XCell SureLock Mini-

Cell Electrophoresis System (Invitrogen; Burlington, ON). The gel was then transferred 

onto nitrocellulose membranes (Bio-Rad, 1620115) using an Invitrogen wet transfer 

western blot apparatus (Invitrogen; Burlington, ON) at 35V for 3 hours.  

Following transfer, the blots were assigned to a primary antibody including AMHRII 

at 1:2000 (Abcam; ab197148), Phospho-SMAD1 (P-SMAD1) at 1:1000 (Cell Signaling 

Technology; 5753S), Total-SMAD1 (SMAD1) at 1:1000 (Signaling Technology, 6944S), 

and Common-SMAD4 (SMAD4) 1:500 (Cell Signaling Technology; 38454S). AMHRII and 

SMAD1 antibodies were diluted in Tris-buffered saline pH 7.6 plus 0.1% Tween 
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(Fisherbrand BP337) (TBST) containing 5% milk while P-SMAD1 and SMAD4 were 

diluted in TBST containing 5% BSA. P-SMAD1, SMAD1, and AMHRII blots were blocked 

in 5% milk, while SMAD4 was blocked in 5% bovine serum albumin (BSA) for 30 min (P-

SMAD1, SMAD4) and 1 hour (AMHRII, SMAD1). Each blot was then incubated with the 

primary antibodies at 4C overnight. The following day, each blot was washed with TBST 

to remove the primary antibodies and incubated with the secondary antibody for 1 hour 

at room temperature. The secondary antibody used for all four targets was an anti-rabbit 

IgG HRP-linked antibody (Cell Signaling Technology, Whitby, Canada; 70735) diluted in 

5% milk at the concentration of 1:3000. Blots were washed and imaged using a ChemiDoc 

XRS + Imaging System (Bio-Rad) after 1-minute incubation in Clarity Western ECL 

Blotting Substrate (Bio-Rad 170–5060).  

The same blots were then incubated with β-actin 1:2000 (Cell Signaling 

Technology, 4967) diluted in 5% BSA for 30 minutes, followed by washing and incubation 

with the secondary antibody, an 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 AMHRII, and SMADs 

protein levels in each sample were expressed as a ratio of β-actin expression detected in 

the same sample. 

Statistical Analysis 

GraphPad Prism 9 software was used to analyze the statistical difference among 

the treatment groups. qPCR expression levels were calculated and normalized relative to 

the housekeeping genes determined for each experiment. Normal distribution of the data 
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set was determined by using Kolmogorov-Smirnov and Shapiro Wilk tests. Normally 

distributed data sets were analyzed using a one-way analysis of variance (ANOVA). Data 

sets that did not follow a normal distribution were analyzed using the non-parametric 

Kruskal-Wallis test. A minimum of three biological replicates were analyzed for each 

experiment and the differences at a two-tailed p-value<0.05 were considered statistically 

significant. Data sets with a statistically significant p-value were then subjected to Tukey’s 

posthoc test to compare the differences between each group. The data shown represent 

the mean +/- standard error of the mean (SEM). 
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2.4 Results 

Experiment 1: BPA and BPS treatments in GCs 

mRNA expression in BPA and BPS treated GCs 

 The effects of BPA and BPS on the AMH signaling pathway were evaluated using 

qPCR on at least 3 biological replicates, to determine the relative mRNA expression of 

AMHRII, SMAD1, SMAD5, and common-SMAD4 against the reference genes GAPDH 

and PPIA. Following 24-hour treatment with BPA, AMHRII transcript levels showed no 

significant changes. However, the mRNA expression of SMAD1, SMAD5, and SMAD4 

was significantly upregulated in BPA-treated GCs (p<0.03, p<0.003, p<0.03, respectively) 

(Figure 4). In response to BPS treatment, no significant changes in mRNA expression 

were observed after 24 hours. 
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Figure 4 – mRNA expression in granulosa cells treated with BPA and BPS. A) 
AMHRII (n=7) B) SMAD1 (n=6) C) SMAD5 (n=5) D) SMAD4 (n=3) expression in serum 
restricted granulosa cells cultured with control DMEM media, 0.1% ethanol (vehicle), and 
0.05 mg/mL BPA or BPS for 24 hours. Quantification is relative to the reference genes 
GAPDH and PPIA. Error bars represent mean +/- SEM at p<0.05. *p< 0.03, and **p< 
0.003 indicate statistical significance. 

 

Time-dependent receptor activation and protein phosphorylation in GCs 

To evaluate potential time-dependent differences in protein phosphorylation and 

receptor activation, the expression of AMHRII, Phospho-SMAD1, Total-SMAD1, and 

SMAD4 was evaluated in at least 3 biological replicates. GCs were treated with either 

BPA (0.05 mg/mL) or AMH (0.025 µg/mL) for 1, 6, 12, or 24 hours. SMAD5 and Phospho-

SMAD5 (P-SMAD5) specific antibodies for bovine could not be found, therefore SMAD5 
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and P-SMAD5 expression was not evaluated in this study. Protein quantification is relative 

to the loading control, β-actin. Statistical analysis revealed no significant changes in the 

expression of AMHRII, P-SMAD1, SMAD1, or SMAD4 at any time point following 

treatment with AMH or BPA (Figure 5).  

 

Figure 5 – Protein expression in granulosa cells treated with BPA and AMH. 
Densitometric analyses of A) AMHRII B) Phospho-SMAD1 C) Total-SMAD1 D) Common-
SMAD4 expression relative to β-actin in serum restricted granulosa cells cultured with 
0.05 mg/mL BPA or 0.025 µg/mL AMH for 1, 6, 12, and 24 hours. Error bars represent 
mean +/- SEM (n=3) at p<0.05. 
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Protein expression in BPA and BPS treated GCs 

 To determine the effects of BPA and BPS on the protein expression of mediators 

of the AMH signaling pathway, AMHRII, P-SMAD1, SMAD1, and SMAD4 expression was 

evaluated in at least 3 biological replicates. Protein phosphorylation events are transient, 

thus multiple time points were used to capture receptor activation and protein 

phosphorylation that may occur as a result of BPA and/or BPS exposure. Protein 

expression was quantified relative to β-actin following treatment of GCs with BPA and 

BPS for 1- and 12-hours. Figures 6 and 7 show a visual (A, B, C, D – western blot) and 

graphical (E, F, G, H – densitometry analysis) representation of each protein following 1- 

and 12- hours of treatment respectively. 

No significant changes were observed in the expression of AMHRII, P-SMAD1, 

SMAD1, and SMAD4 at the 1-hour time point (Figure 6). Similarly, no significant changes 

in AMHRII, SMAD1 and SMAD4 expression were observed following 12-hour exposure 

to BPA or BPS (Figure 7). P-SMAD1 expression appeared to decrease following 

treatment with BPA for 12 hours, however, this decrease was not statistically significant 

(Figure 7F). 
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Figure 6 – Protein expression in granulosa cells treated with BPA and BPS. Western 
blot images of A) AMHRII B) Phospho-SMAD1 C) Total SMAD1 D) Common-SMAD4 
corresponding to β-actin expression. Densitometric analyses of E) AMHRII (n=6) F) 
Phospho-SMAD1 (n=4) G) Total SMAD1 (n=5) H) Common-SMAD4 (n=4) expression 
relative to β-actin in serum restricted granulosa cells cultured with control (DMEM media), 
0.1% ethanol (vehicle), and 0.05 mg/mL BPA or BPS for 1 hour. Error bars represent 
mean +/- SEM at p<0.05. 
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Figure 7 – Protein expression in granulosa cells treated with BPA and BPS. Western 
blot images of A) AMHRII B) Phospho-SMAD1 C) Total SMAD1 D) Common-SMAD4 
corresponding to β-actin expression. Densitometric analyses of E) AMHRII (n=5) F) 
Phospho-SMAD1 (n=3) G) Total SMAD1 (n=4) H) Common-SMAD4 (n=4) expression 
relative to β-actin in serum restricted granulosa cells cultured with control (DMEM media), 
0.1% ethanol (vehicle), and 0.05 mg/mL BPA or BPS for 12 hours. Error bars represent 
mean +/- SEM at p<0.05. 

 

Experiment 2: BPA, BPS, and AMH treatment in GCs 

mRNA expression in BPA, BPS and AMH treated GCs 

In addition to bisphenol treatment in GCs, AMH was used to determine the effects 

of BPA and/or BPS on AMHRII, and downstream SMADs expression in the presence of 

the endogenous ligand. qPCR was performed on at least 3 biological replicates to quantify 

the expression of AMHRII, SMAD1, SMAD5, and SMAD4 relative to the reference genes 

GAPDH and YWHAZ. Serum restricted GCs were treated with the following groups: 

control (DMEM media), 4mM HCl (vehicle for AMH), 0.1% ethanol (vehicle for BPA/BPS), 

AMH (0.025 µg/mL), AMH and BPA (0.025 µg/mL and 0.05 mg/mL respectively), AMH 

and BPS (0.025 µg/mL and 0.05 mg/mL respectively), BPA (0.05 mg/mL), and BPS (0.05 

mg/mL). Following 1-hour treatment, no significant differences were observed in AMHRII 

or SMADs expression (Figure 8). 

Following 12-hour treatment, SMAD1 mRNA expression was significantly 

upregulated in GCs treated with AMH and BPA together (p<0.02) and BPA alone 

(p<0.004) (Figure 9B). Interestingly, SMAD4 mRNA was also significantly upregulated in 

GCs treated with AMH and BPA together and BPA alone (p<0.05) (Figure 9D). SMAD5 

mRNA expression following 12-hour treatment also appeared to increase in GC treated 
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with AMH and BPA together and BPA alone, however, this increase was not statistically 

significant (Figure 9C). No significant change in AMHRII expression was observed 

following treatment for 12-hours. 

 

Figure 8 – mRNA expression in granulosa cells treated with BPA, BPS, and AMH. 
A) AMHRII (n=4) B) Total SMAD1 (n=4) C) SMAD5 (n=4) D) Common-SMAD4 (n=4) 
expression in granulosa cells cultured with control (DMEM media), 4mM HCl, 0.1% 
ethanol, 0.05 mg/mL BPA or BPS, and 0.025 µg/mL AMH for 1 hour. Quantification is 
relative to the reference genes GAPDH and YWHAZ. Error bars represent mean +/- SEM 
at p<0.05. 
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Figure 9 – mRNA expression in granulosa cells treated with BPA, BPS, and AMH. 
A) AMHRII (n=5) B) Total SMAD1 (n=5) C) SMAD5 (n=5) D) Common-SMAD4 (n=5) 
expression in granulosa cells cultured with control (DMEM media), 4mM HCl, 0.1% 
ethanol, 0.05 mg/mL BPA or BPS, and 0.025 µg/mL AMH for 12 hours. Quantification is 
relative to the reference genes GAPDH and YWHAZ. Error bars represent mean +/- SEM 
at p<0.05. *p< 0.05, p**< 0.02, p***<0.004 indicated statistical significance. 

 

Protein expression in BPA, BPS, and AMH treated GCs 

To further investigate the effects of BPA and BPS on AMHRII and SMADs 

expression in the presence of the endogenous ligand, AMH, western blotting was 

performed on GCs with at least 3 biological replicates. Protein levels of AMHRII, P-

SMAD1, SMAD1, and SMAD4 were quantified using β-actin as a loading control. GCs 
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were treated with BPA, BPS, and AMH for 1- and 12- hours and the specificity for AMHRII, 

P-SMAD1, SMAD1 and SMAD4 antibodies was confirmed with the presence of a specific 

band at the respective molecular weight of each target (63 kDa, 60 kDa, 60 kDa, and 70 

kDa). Figure 10 and Figure 11 show a visual (A, C, E, G – western blot) and graphical (B, 

D, F, H – densitometry analysis) representation of each protein following 1- and 12- hours 

of treatment respectively. Following 1-hour treatment with BPA and BPS, no significant 

changes were observed in the protein expression of AMHRII, P-SMAD1, SMAD1, or 

SMAD4 (Figure 10).  

In contrast to the transcript levels, densitometry analysis following 12-hour 

treatment in GCs treated with AMH and BPA together and BPA alone showed a significant 

decrease in SMAD1 protein expression (p<0.005) (Figure 11F). In addition to that, 

phosphorylated SMAD1 protein levels also decreased significantly in GCs treated with 

AMH and BPA together and BPA alone (p<0.05) (Figure 11D). No significant changes in 

AMHRII and SMAD4 protein expression were observed following BPA or BPS treatment 

for 12-hours (Figure 11). 
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Figure 10 – Protein expression in granulosa cells treated with BPA, BPS, and AMH. 
Western blot images of A) AMHRII C) Phospho-SMAD1 E) Total SMAD1 G) Common-
SMAD4 corresponding to β-actin expression. Densitometric analyses of B) AMHRII (n=4) 
D) Phospho-SMAD1 (n=3) F) Total SMAD1 (n=4) H) Common-SMAD4 (n=5) expression 
relative to β-actin in granulosa cells cultured with control (DMEM media), 4mM HCl, 0.1% 
ethanol, 0.05 mg/mL BPA or BPS, and 0.025 µg/mL AMH for 1 hour. Error bars represent 
mean +/- SEM at p<0.05. 
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Figure 11 - Protein expression in granulosa cells treated with BPA, BPS, and AMH. 
Western blot images of A) AMHRII C) Phospho-SMAD1 E) Total SMAD1 G) Common-
SMAD4 corresponding to β-actin expression. Densitometric analyses of B) AMHRII (n=5) 
D) Phospho-SMAD1 (n=6) F) Total SMAD1 (n=3) H) Common-SMAD4 (n=3) expression 
relative to β-actin in granulosa cells cultured with control DMEM media, 4mM HCl, 0.1% 
ethanol, 0.05 mg/mL BPA or BPS, and 0.025 µg/mL AMH for 12 hours. Error bars 
represent mean +/- SEM at p<0.05. *p<0.05, **p<0.005 indicate statistical significance. 

 

Experiment 3: AMHRII knockdown in GCs using LNA-GapmeRs 

From the previous experiments, it is shown that BPA can modulate the expression 

of downstream SMADs in the AMH pathway. Thus, to further characterize the direct 

functional interaction between bisphenols and the AMH receptor, an AMHRII knock-down 

was performed using fluorescently tagged LNA-GapmeRs. GCs were transfected with the 

GapmeR using a HiPerFect transfection reagent for efficient entry into the cells. To 

determine the optimal time of transfection, GapmeR uptake was measured at 4-hour 

intervals for 24 hours, using a live fluorescent microscope. The amount of GapmeR taken 

up by GCs was consistent at 8 hours and onwards (Figure 13). In addition, qPCR was 

performed using 1 biological replicate every 4 hours post-transfection to quantify AMHRII 

mRNA expression relative to the reference genes GAPDH and YWHAZ. Following 8-hour 

transfection, AMHRII expression was consistently reduced (Figure 12).  

Optimal GapmeR concentration for transfection was determined through qPCR 

performed on at least 3 biological replicates. GCs were transfected for 12 hours using 50, 

100, and 200nM GapmeR and AMHRII mRNA expression was quantified relative to the 

reference genes GAPDH and YWHAZ. Transfection of GCs with 200nM GapmeR 

resulted in a significant decrease in AMHRII expression (p<0.05), corresponding to a 70% 

of knock-down achieved (Figure 14C). Transfection with 100nM GapmeR showed a 
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decrease in AMHRII expression as well, although, this was not statistically significant 

(Figure 14B).  

 

Figure 12 – mRNA expression in AMHRII knockdown granulosa cells using LNA-
GapmeRs. Quantification of AMHRII expression (n=1) relative to the reference genes 
GAPDH and YWHAZ in granulosa cells cultured with control (Opti-MEM), HiPerFect 
transfection reagent, 100nM scramble, and 100nM GapmeR at 4-hour intervals for 24 
hours. 
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Figure 13 – GapmeR uptake in GCs. Fluorescent images of GapmeR uptake in 
granulosa cells cultured with control (Opti-MEM), HiPerFect transfection reagent, 100nM 
Scramble, and 100nM GapmeR captured at 4-hour intervals for 24 hours. Images were 
captured at 10X magnification using an EVOS Fluorescent Microscope. 
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Figure 14 – mRNA expression in AMHRII knockdown granulosa cells using LNA-
GapmeRs. Quantification of AMHRII expression relative to the reference genes GAPDH 
and YWHAZ with A) 50nM GapmeR B) 100nM GapmeR C) 200nM GapmeR in granulosa 
cells cultured with control (Opti-MEM), HiPerFect transfection reagent, scramble, and 
GapmeR for 12 hours. Error bars represent mean +/- SEM (n=3) at p<0.05. *p<0.01 
indicates statistical significance. 

 

Experiment 4: BPA, BPS, and AMH treatment in AMHRII knockdown GCs 

To determine the effects of BPA and BPS on AMHRII and SMADs expression in 

the presence of the endogenous ligand, AMH, in AMHRII knockdown cells, qPCR and 

western blotting were performed on GCs with at least 3 biological replicates. mRNA 
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transcripts of AMHRII, SMAD1, SMAD5, and SMAD4 were quantified relative to the 

reference genes GAPDH and YWHAZ. Protein levels of AMHRII, P-SMAD1, SMAD1, and 

SMAD4 were quantified using β-actin as a loading control. GCs were transfected with 

GapmeRs for 12 hours and subsequently treated with BPA, BPS, and AMH for another 

12-hours. Statistical analysis revealed a significant upregulation of AMHRII mRNA 

expression following treatment with BPS for 12 hours (p<0.05) (Figure 15A). Furthermore, 

SMAD1 and SMAD5 mRNA expression also appeared to increase after treatment with 

BPS, however, these changes were not statistically significant (Figure 15B, C). No 

significant changes were observed in the SMAD4 mRNA in any treatment group (Figure 

15D). 

Figure 16 shows a visual (A, C, E, G – western blot) and graphical (B, D, F, H – 

densitometry analysis) representation of each protein following 12-hour treatment in 

AMHRII knockdown GCs. Densitometric analyses of SMAD4 protein showed a decrease 

in expression following treatment with AMH alone and AMH and BPS together, although 

these changes were not statistically significant (Figure 16H). No significant changes in 

the expression of AMHRII, P-SMAD1, or SMAD1 proteins were observed in any treatment 

group at 12 hours (Figure 16). 
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Figure 15 – mRNA expression in AMHRII knockdown granulosa cells treated with 
BPA, BPS, and AMH. A) AMHRII (n=3) B) Total SMAD1 (n=3) C) SMAD5 (n=3) D) 
Common-SMAD4 (n=3) expression in AMHRII knockdown granulosa cells cultured with 
control (Opti-MEM), 4mM HCl, 0.1% ethanol, 0.05 mg/mL BPA or BPS, and 0.025 µg/mL 
AMH for 12 hours. Quantification is relative to the reference genes GAPDH and YWHAZ. 
Error bars represent mean +/- SEM at p<0.05. *p<0.05 indicates statistical significance. 
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Figure 16 – Protein expression in AMHRII knockdown granulosa cells treated with 
BPA, BPS, and AMH. Western blot images of A) AMHRII C) Phospho-SMAD1 E) Total 
SMAD1 G) Common-SMAD4 corresponding to β-actin expression. Densitometric 
analyses of B) AMHRII (n=3) D) Phospho-SMAD1 (n=3) F) Total SMAD1 (n=3) H) 
Common-SMAD4 (n=3) expression relative to β-actin in granulosa cells cultured with 
control Opti-MEM media, 4mM HCl, 0.1% ethanol, 0.05 mg/mL BPA or BPS, and 0.025 
µg/mL AMH for 12 hours. Error bars represent mean +/- SEM at p<0.05. 
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2.5 Discussion 

Ovarian follicles are the functional units of the ovary comprising three different cell 

types; the oocyte, granulosa cells surrounding the oocyte, and an external layer of theca 

cells (Trombly et al., 2009). The complex crosstalk between oocytes and granulosa cells 

is important for proper oocyte growth, maturation, and developmental competence, which 

is critical for successful reproduction (Trombly et al., 2009; Coticchio et al., 2014). During 

embryonic development, members of the transforming growth factor β (TGF-β) family of 

glycoproteins control essential processes including differentiation, apoptosis, cell 

proliferation, and specification (Trombly et al., 2009). The Anti-Mullerian Hormone (AMH) 

is one of the most well-known members of the TGF-β family that serves as a marker of 

the ovarian reserve and has a critical role in primordial follicle recruitment and dominant 

follicle selection (Urrutia et al., 2019). Previous studies have shown that the expression 

of AMH and its receptor is influenced by exposure to EDCs, such as bisphenol A (BPA) 

and its analog bisphenol S (BPS) (Saleh et al., 2021). However, no direct or functional 

link has yet been established between BPA, BPS, and the AMH pathway. Therefore, to 

our knowledge, this study is one of the first to support bisphenols’ ability to modulate the 

AMH signaling pathway in bovine granulosa cells (GCs) affecting follicular development, 

oocyte maturation and ultimately oocyte competence. 

In this study, the effect of BPA and BPS on the AMH receptor (AMHRII) and the 

downstream SMAD mediators in bovine granulosa cells was investigated. BPA dose used 

is the lowest observable adverse effects level (LOAEL) dose of 50 mg/kg BW/day in vivo 

which equates to 0.05 mg/mL in vitro (Peretz et al., 2012). Although a formal LOAEL dose 
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of BPS was not yet established in mammals at the start of these experiments, 

developmental exposure to BPS in both academic and regulatory studies proposes a 

LOAEL range of 10µg-60mg/kg BW/day, which falls within the LOAEL established for 

BPA (Beausoleil et al., 2022). Furthermore, BPS use in the industry has increased 

drastically to levels similar to BPA, therefore the dose of BPS used in this study is 0.05 

mg/mL.  

Previous studies in our lab by Saleh et al., (2021) in bovine oocytes, COCs, and 

cumulus cells showed an increase in AMHRII expression in response to BPA and BPS 

treatment in cumulus cells and COCs respectively. However, in this study, qPCR data 

shows no significant changes in AMHRII mRNA expression following treatment with BPA 

or BPS (Figure 4). One possible explanation for this is that GCs were isolated from the 

oocyte before treatment and in vitro cultured and since they can re-synthesize any AMH 

transcripts that may be degraded due to BPA or BPS toxicity, cellular response to produce 

more receptors is not needed to mediate signaling (Mossa & Ireland, 2018). Meanwhile, 

an oocyte is unable to produce its own AMH therefore the compensatory cellular response 

would be to increase AMHRII expression, as seen by Saleh et al., (2021). On the other 

hand, mRNA expression of SMAD1, SMAD5, and Co-SMAD4 were all significantly 

upregulated in BPA-treated GCs, which implicate BPA’s ability to alter gene expression 

through a non-genomic pathway independently of the estrogen-receptor (Figure 4). These 

changes may be explained by the fact that SMADs are shared and regulated by other 

TGF-β members, such as bone morphogenetic proteins (BMPs) thus changes in their 

expression may not be solely due to AMH signal transduction (McCarthy & Chetty, 2018). 

SMADs are found in virtually all cells throughout the body including the oocyte and host 
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a wide array of cellular functions such as tumor suppression, cell differentiation, migration, 

and apoptosis (Shen et al., 2014). Additionally, cell-to-cell communication between the 

oocyte and granulosa cells that would typically occur in vivo, is not present in the current 

experimental model. Hence, any stress induced by BPA and BPS in GCs in vitro would 

result in a heightened cellular response due to the absence of oocyte-derived factors.  

mRNA results from the first experiment suggested a strong link between BPA and 

SMADs. However, since cellular function is directly tied to the actions of proteins, we 

investigated the effects of BPA and BPS on the protein expression of AMHRII and 

SMADs. Protein phosphorylation regulates several aspects of cell function; however, 

these events are known to be transient (Cohen, 2002; Wrighton et al., 2009). Therefore, 

to observe changes in the timing of SMAD1 phosphorylation, several time points were 

assessed following treatment of GCs with both BPA and AMH. AMH is expressed 

immediately following follicle recruitment and reaches peak levels of approximately 1.1 

µg/mL in the intrafollicular fluid of 3 mm follicles. It continues to decline far below 0.01 

µg/mL in follicles that have been selected for ovulation (Andersen et al., 2010). A study 

investigating the effect of AMH on GC proliferation showed that 10, 25, and 100 ng/mL 

AMH treatment significantly altered the expression of CYP19A1, thus the dose of AMH 

used in the present study (0.025 µg/mL) is physiologically relevant (Poole et al., 2016). 

AMH treatment serves to establish baseline activation of the AMH pathway and protein 

expression profile of AMHRII and SMADs. Treatment with BPA and AMH revealed no 

statistically significant changes in protein phosphorylation but using multiple timepoints 

would increase our chances to detect transient phosphorylation events. Therefore 1- and 

12-hour time points were used for the remainder of the study (Figure 5). Protein analysis 
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following BPA and BPS treatment revealed no significant changes in the expression of 

AMHRII, P-SMAD1, SMAD1 or SMAD4 following 1-hour treatment (Figure 6). Following 

12-hour treatment with BPA, protein levels of P-SMAD1 and SMAD1 appeared to 

decrease, although these changes were not statistically significant (Figure 7). 

Regardless, it is important to note that the GCs were treated with bisphenols after being 

isolated from the oocyte, thus no observed changes in AMHRII and SMADs protein 

expression does not completely exclude underlying effects on oocyte development. Our 

findings indicate that bisphenols certainly have an impact on AMH signaling, however it 

is unclear whether these changes are mediated directly through the AMHRII, indirectly 

through alterations in levels of AMH or through other TGF-β pathways. 

For this reason, we treated GCs with BPA, BPS, and AMH, where AMH treatment 

would serve to provide a better insight into the mechanism by which BPA and BPS 

modulate the expression of AMHRII and SMADs in comparison to the endogenous ligand. 

Typically, AMH binding to the AMHRII would initiate an intracellular BMP-specific SMAD 

signaling cascade resulting from the dimerization and phosphorylation of type I receptors 

(Figure 1) (Josso & Picard, 2022). Upon receptor activation, receptor-activated SMADs 

(R-SMADs), such as SMAD1, SMAD5, and SMAD8 become phosphorylated and 

associate with SMAD4 to form a SMAD complex (Josso & Picard, 2022). Thus, AMH 

treatment in this study intended to determine whether bisphenols can induce changes in 

AMHRII and SMADs expression in the presence of the endogenous ligand, supporting or 

excluding a competing role of AMH and bisphenols for the receptor. Interestingly, SMAD1 

mRNA expression was significantly upregulated in GCs treated with AMH and BPA 

together and BPA alone following 12-hour treatment (Figure 9B). SMAD5 mRNA 
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expression also appeared to increase in GC treated with AMH and BPA together and 

BPA alone, however, this increase was not statistically significant (Figure 9C). We 

suspect this may be due to the redundant roles of SMAD1 and SMAD5 in ovarian function 

(Yu et al., 2013; Rodriguez et al., 2016). Alternatively, a statistically significant increase 

in SMAD5 mRNA, not observed in experiment 2 (BPA, BPS, and AMH treatment) 

compared to experiment 1 (BPA and BPS treatment) following treatment with BPA, may 

be attributed to the time differences in exposure to BPA, where cells were treated with 

BPA for 12 hours compared to 24 hours respectively. 

In addition to AMH, BMPs, particularly BMP2 and BMP4 are key regulators of cell 

differentiation mediated by downstream SMADs (Clément et al., 2016). The observed 

increase in SMAD1 expression may be explained by other studies in which BPA exposure 

has been determined to pre-activate the BMP signaling pathway resulting in increased 

SMAD1/5/8 expression (Clément et al., 2016). This highlights one possibility that BPA 

can induce changes in SMADs expression independently of the AMHRII. On the other 

hand, previous studies in our lab have shown that BPA treatment reduced the levels of 

AMH in oocytes, COCs, and cumulus cells (Saleh et al., 2021). Hence, we could 

speculate that the increase in SMAD1 mRNA expression is due to a BPA-induced 

reduction in AMH expression. Reduced AMH would prevent AMHRII activation and 

decrease the phosphorylation of SMAD1, which is what is observed at the protein level in 

the same groups following 12-hour BPA treatment (Figure 11D). We suspect that the 

cells’ compensatory mechanism acts to increase the transcription of SMAD1/5 mRNA to 

maintain downstream regulation of target gene expression. Furthermore, SMAD4 mRNA 

expression following 12-hour treatment was also significantly upregulated in GCs treated 
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with AMH and BPA together and BPA alone (Figure 9D). The functional role of SMAD4 

during embryogenesis has been investigated widely in the literature. One study has 

shown that depletion of granulosa cell-specific SMAD4, a central component shared 

among many members of the TGF-β family, leads to premature luteinization and ovulation 

failure (Rodriguez et al., 2016). Moreover, it has been proposed that SMAD4 is required 

for LH-stimulated activation of the non-canonical ERK pathway, suggesting that SMADs 

are not solely regulated by canonical TGF-β signaling pathways (Yu et al., 2013). That 

being the case, it is possible that the observed increase in SMAD4 mRNA expression is 

a result of BPA’s collective actions on the AMH pathway and other canonical (i.e., BMP, 

TGF-β) or non-canonical pathways (i.e., ERK/MAPK).  

 In the granulosa cells of the small antral follicles, intrafollicular concentrations of 

AMH and estrogen are inversely associated with CYP19A1 (aromatase) levels (Dewailly 

et al., 2014). A study investigating prenatal exposure to BPA identified the epigenetic role 

of miR-224 on the CYP19A1 gene involved in TGF-β signaling. BPA exposure was shown 

to overexpress miR-224, known to be a negative regulator of target protein synthesis, in 

ovarian granulosa cells (Lite et al., 2019). Experimentally, SMAD4 protein expression was 

validated to be a target of miR-224, which suggests that BPA-induced overexpression of 

miR-224 may reduce SMAD4 protein expression. Thus, we can speculate that the 

increase in SMAD4 mRNA expression observed here may be due to a compensatory 

response by GCs to upregulate SMAD4 mRNA to produce more SMAD4 protein to carry 

out critical cellular functions (Lite et al., 2019). While SMAD4 can be a target of miRNAs, 

a study in porcine GCs suggests the opposite, as SMAD4 downregulates, several 

miRNAs involved in cell proliferation, including miR-143 and miR-425 (Du et al., 2018). 
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Downregulation of these miRNAs has been associated with decreased apoptosis in GCs 

highlighting yet another functional role of SMAD4 in mediating anti-apoptotic effects in 

GCs (Du et al., 2018).  

Contrary to SMAD1 mRNA expression, western blot analysis following 12-hours 

revealed significant downregulation of total-SMAD1 and phosphorylated-SMAD1 proteins 

in GCs of the same treatment groups: AMH together with BPA and BPA alone (Figure 

11D, F). To produce proteins, pre-mRNAs undergo a series of post-transcriptional 

modifications such as capping, splicing and polyadenylation, which take place in the 

nucleus to produce mature mRNA (Bhagavan & Ha, 2015). However, several studies 

have shown that pre-mRNA processing can be influenced by external factors such as 

EDCs. For instance, a study investigating the effects of BPA on RNA splicing in male 

mice offspring reported downregulation of the Hnrnpu gene responsible for RNA splicing 

following exposure to BPA in a dose-dependent manner (Zhang et al., 2019). Although 

the effects of BPA on post-transcriptional modifications of factors involved in TGF-β 

signaling are not well documented, the finding of this study suggest that BPA affects RNA 

splicing (Zhang et al., 2019). This may support our observations whereby BPA reduces 

protein expression of P-SMAD1 and total-SMAD1 by degrading SMAD1 mRNA, resulting 

from defects in splicing. This further aligns with the results obtained through qPCR where 

in response to reduced P-SMAD1 and SMAD1 protein expression, the cells upregulate 

the production of SMAD1 mRNA. 

Inhibitory-SMADS (I-SMADs) such as SMAD6 and SMAD7 have been shown to 

antagonize TGF-β/BMP signaling in vitro. SMAD6 inhibits signaling by interacting with 

type I receptors (ALK6) to prevent phosphorylation of SMADs or by competing with P-
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SMADs for heterotrimeric complex formation with SMAD4, thereby sequestering SMAD4 

(Kaivo-Oja et al., 2006; Trombly et al., 2009). If we assume that BPA may modulate the 

expression of I-SMADs (not measured in this study), then we can speculate that BPA 

inhibits SMAD signaling by preventing phosphorylation of SMAD1 through the actions of 

SMAD6 on the type 1 receptor. Which aligns with the decrease in P-SMAD1 observed 

here. 

Notably, treatment with BPA and BPS did not affect the mRNA or protein levels of 

AMHRII at 1- or 12-hours. These findings contradict prior observations of AMHRII 

expression in cumulus cells from in vitro matured bovine COCs and cumulus cells, in 

which both mRNA and protein levels were elevated after BPA and/or BPS treatment 

(Saleh et al., 2021). The inconsistencies between these observations may be addressed 

by considering the lack of oocyte-derived factors, which would normally function in a 

paracrine manner on the surrounding cumulus cells. Bone morphogenic protein-15 (BMP-

15) and growth differentiation factor-9 (GDF-9) are essential oocyte-secreted factors that 

play a critical role in granulosa cell proliferation and growth (Li et al., 2014). Studies 

investigating the effects of BPA on GDF-9 and BMP-15 expression have shown that BPA 

exposure in oocytes significantly reduces the expression of GDF-9 and BMP-15 (X. Wang 

et al., 2018). Moreover, BMP-15 has been shown to be a regulator of AMHRII expression, 

as Poole et al., (2016) observed a significant increase in AMHRII expression in GCs 

treated with rhBMP-15. Therefore, since oocyte-derived BMP-15 may not be present in 

the GCs in this study, we can speculate that the lack of BMP-15 may be one reason for 

no changes in AMHRII expression.  
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Based on the data presented in experiments 1 (BPA and BPS treatment) and 2 

(BPA, BPS, and AMH treatment), it is clear that BPA has a modulatory role in the AMH 

signaling system. However, it is unclear whether these changes in SMADs expression 

are mediated directly through the AMHRII or via different mechanisms. For this reason, 

we performed an AMHRII knockdown using LNA-GapmeRs in GCs before repeating the 

same experimental procedure described in experiment 2. Currently, the most well know 

strategies for gene knockdown are through the use of RNA interference (RNAi) or 

antisense oligonucleotides (ASOs). RNAi uses the multi-protein RNAi-induced silencing 

complex (RISC) to suppress mRNAs (Bilanges & Stokoe, 2005). While ASOs follow the 

‘GapmeR’ pattern, as a central DNA-based ‘gap’ is surrounded by chemically modified 

RNA-based flanking regions that confer target specify and binding (Roberts et al., 2020), 

GapmeRs utilize endogenous RNase H1 enzyme to degrade target mRNA (Bilanges & 

Stokoe, 2005). A key distinction between the two methods is the fact that RNAi-mediated 

mRNA degradation has been previously shown to occur in the cytoplasm while RNase-H 

mediated knockdown is most abundant in the nucleus because the RNase-H1 enzyme is 

thought to participate in DNA replication and repair (Vickers & Crooke, 2015). Whether it 

be RNAi or ASOs, the critical step in achieving gene silencing is the optimal delivery of 

the molecules into the cells. Thus, our first concern was to determine the optimal method 

of transfection via gymnosis (unassisted uptake) or with the use of a transfection reagent. 

There is controversy in the literature regarding the optimal transfection reagent that 

maximizes the delivery, while having little to no cytotoxic effects. In the current study un-

assisted GapmeR uptake was highly inefficient (data not shown), therefore the use of a 

transfection reagent was necessary. In a study looking at various commercially available 



 

73 

transfections reagents, lipofectamine was shown to have the highest transfection 

efficiency, but also the highest cytotoxicity (Wang et al., 2018). Therefore, we opted to 

use the HiPerFect transfection reagent instead, which has been reported to have less 

cytotoxic effects, although this was not confirmed in this study as parameters associated 

with cytotoxicity were not measured. Next, we determined the optimal concentration and 

time of GapmeR uptake and subsequent gene knockdown. Our results indicate that the 

delivery of the GapmeRs into GCs is relatively consistent from 8 hours onwards as shown 

in Figure 13. Quantification of AMHRII mRNA expression following transfection of GCs 

with 200nM GapmeR shows a significant reduction in the expression of the AMH receptor 

(Figure 14C), to a 70% of knockdown achieved. The regulation of AMHRII has been 

shown to be affected by long noncoding RNA-AMHRII (lncRNA-AMHRII) (Kimura et al., 

2017). A study in primary granulosa cells has shown that the knockdown of lncRNA-

AMHRII lead to decreased AMHRII mRNA levels (Kimura et al., 2017). lncRNA-AMHRII 

has been shown to increase AMHRII promoter activity, thus we can speculate that it is 

possible to achieve a more robust knockdown of the AMHRII by collectively knocking 

down lncRNA-AMHRII (Kimura et al., 2017).  

The effects of BPA on the AMH signaling pathway are apparent in our experiments, 

however, BPS treatment revealed no significant changes in AMHRII or SMADs 

expression. This contradicts previous findings where BPS treatment in COCs resulted in 

significantly increased expression of AMHRII mRNA (Saleh et al., 2021). The 

inconsistency between these findings can be explained be several differences in the 

experimental design such as cell type, exposure duration, and culture conditions. Firstly, 

Saleh et al., (2021) observed changes in response to BPS treatment in COCs where 
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oocyte-derived factors are present, and the oocyte is constantly exchanging information 

and materials with the surrounding granulosa cells. Moreover, we treated GCs for 1-, 12- 

, and 24 hours, however, the key difference is the conditions under which GCs were 

cultured compared to COCs. Prior to treatment, Saleh et al., (2021) matured COCs in 

serum in vitro maturation media (S-IVM) containing hormones such as LH, FSH and 

estradiol compared to the DMEM, not supplemented with hormones, used here to culture 

GCs. Although difference in experimental design may explain these inconsistent results, 

it is also likely that BPS may have effects that are entirely independent of the AMH 

signaling pathway. Thus, treating AMHRII knockdown GCs with BPA, BPS, and AMH may 

provide a better understanding of the mechanism used by both BPA and BPS. 

Interestingly, qPCR analysis following 12-hour treatment of AMHRII knocked-down GCs 

with BPS revealed significantly increased AMHRII expression (Figure 15A). Furthermore, 

SMAD1 (p<0.08) and SMAD5 (p<0.1) mRNA also appeared to increase following BPS 

treatment, however these changes were not statistically significant. Surprisingly, BPA had 

no significant effects on AMHRII or SMADs expression in the knocked-down GCs.  

As previously mentioned, the GapmeRs used to knock down AMHRII resulted in a 

significant decrease in AMHRII expression, thus, innately the cells would respond by 

increasing transcription of AMHRII. Although, the results of this study indicate that the 

compensatory response to upregulate AMHRII is exacerbated by exposure to BPS to a 

much greater extent resulting in a significant upregulation of AMHRII mRNA compared to 

any other treatment group. Hence, in support of our hypothesis, it appears that BPS in 

addition to BPA, has a modulatory role in the AMH signaling pathway. In the literature, 

lncRNA-AMHRII transcribed upstream from AMHRII has been identified to induce 
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AMHRII promoter activity in granulosa cells (Tu et al., 2020). In addition, BPS has been 

reported to dysregulate lncRNA at low and high doses thus, we can speculate that BPS 

treatment in AMHRII knockdown cells increases AMHRII expression through the 

upregulation of this lncRNA (Verbanck et al., 2017). The same effect was not observed 

in non-AMHRII knockdown cells possibly because AMHRII was expressed thus, 

transcriptional regulation of the promoter by lncRNA-AMHRII was limited. Despite these 

findings, the exact mechanism utilized by BPS remains unclear and further investigation 

is necessary. The data presented in this study also provide greater insight into the 

mechanism by which BPA elicits its effects on the AMH system. Since no changes in 

AMHRII or SMADs expression were observed following BPA treatment in receptor 

knockdown GCs, BPA may not directly affect AMH signaling via AMHRII but through a 

different TGF-β pathway involved in mediating cellular functions through the SMADs, like 

BMPs. One of the limitations of this study was the absence of bi-directional 

communication between the oocyte and granulosa cells. Hence, future studies should 

aim to uncover the roles of BPA and BPS on the AMH signaling pathway in the oocyte 

and COCs as well as explore other pathways that directly interact with the AMH system. 

To summarize, EDCs such as BPA and BPS have been linked to adverse effects 

on early development. Clear associations exist between BPA exposure and reduced 

oocyte competence and embryo development. Due to this, researchers have identified a 

variety of mechanisms by which these compounds exert their effects. Notably, bisphenols 

have been shown to impact several hormone pathways in the body critical for successful 

reproduction. AMH, a known member of the TGF-β family has several crucial functions 

during early reproduction including cell differentiation, migration, and apoptosis. To our 
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knowledge, this is the first study to further investigate the effects of BPA and BPS on the 

mediators of the AMH pathway broadening our ability to better characterize the endocrine 

disrupting nature of these compounds. Based on our observations, BPS did not exhibit 

the same effects as BPA in normal GCs, however, in knocked-down cells, BPS exposure 

did have significant effects on AMHRII expression at the mRNA level and therefore both 

BPA and BPS may play a role in the disruption of AMH signaling through separate 

mechanisms. Altogether, our results offer further insight into the ability of bisphenols to 

impair AMH signaling affecting granulosa cell function and oocyte development.   
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2.6 Summary and Future Directions 

The mechanisms by which BPA and BPS affect various reproductive processes are 

documented abundantly in the literature. They are known to mediate their endocrine 

effects through the dysregulation of several hormonal pathways in different experimental 

models. The research presented in this study is the first of its kind supporting the theory 

that BPA and BPS modulate the AMH signaling pathway in bovine granulosa cells. AMH 

is a member of the TGF-β superfamily that is expressed in early development from the 

recruitment of primordial follicles until the selection of a dominant follicle for ovulation, 

thus it is known to be an important regulator of oocyte growth and granulosa cell 

proliferation. From the data presented here it is clear that mainly BPA, dysregulates AMH 

signaling, mediated through receptor-regulated SMAD1/5 and common-SMAD4. In 

AMHRII knocked-down GCs, BPS exposure modulated AMH signaling directly by 

increasing AMHRII expression. In partial support of our hypothesis, the findings of this 

study indicate that both BPA and BPS affect AMH signaling. Concerning BPA, we 

hypothesized modulation of the AMH pathway through alterations in AMHRII and SMADs, 

however, no changes in AMHRII or SMADs expression in AMH receptor knockdown cells 

indicate that BPA may elicit its effects via different mechanisms.  

Thus, this study establishes the groundwork upon which future experiments should 

be based to elucidate the mechanisms utilized by bisphenols affecting reproduction. 

Future directions for this research should be geared towards TGF-β pathways that 

interact directly with the AMH system as well as those that operate independently. 

Particularly of note, the SMADs signaling pathway has been shown to operate 

downstream of several members of the TGF-β family including, TGF-β itself, activin, and 
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most notable BMPs. Therefore, investigating the interaction between bisphenols and the 

various transcription factors involved in overall TGF-β signaling may provide further 

evidence to support the findings of this study as well as elucidate an alternative 

mechanism of action of bisphenols. It is well established in the literature that bi-directional 

communication between the oocyte and granulosa cells is fundamental for the process of 

folliculogenesis and oogenesis. Thus, future studies should aim to explore the interactions 

between the AMH system and bisphenols in multiple experimental models such as 

oocytes and COCs, where this bi-directional communication is present. Further 

investigation into the effects of EDCs on various downstream mediators of TGF-β 

signaling as well as the interactions among these signaling pathways contribute to 

enhancing our understanding of the mechanisms used by EDCs affecting female fertility. 
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APPENDICES 

Appendix I. Gel recipe and reagents used for western blotting. 

Table 2: 12% Gel Recipe (BioRad) 

Component Volume 

MQ Water 3.3 mL 

30% Acrylamide 4 mL 

1.5M Tris 2.5 mL 

10% SDS 100 µL 

10% Ammonium persulfate 100 µL 

TEMED 4 µL 

 

Table 3: 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 4: Towbins Buffer (Transfer Buffer) 

Component Volume 

Tris 3.02 g 

Glycine 14 g 

Methanol 200 mL 

MQ water 800 mL 

 

Table 5: 10X TBST 

Component Volume 

Tris 24.2 g 

NaCl 80 g 

HCl pH to 7.6 

MQ water 1 L 

Tween-20 1 mL 

 

Table 6: TRIS for Gels 

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 
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Table 7: Reducing Buffer 

Component Volume 

20% SDS 1 mL 

Glycerol 1 mL 

1M Tris HCl 0.5 mL 

Bromophenol Blue 10 mg 

MQ water 9 mL 
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Appendix II. Stability of four candidate reference genes in bovine granulosa cells 
treated with BPA, BPS, and AMH. GeNorm analysis was performed on qbase+ software 
of four candidate reference genes β-Actin, GAPDH, YWHAZ, and PPIA. Reference genes 
were selected based on the lowest geNorm M below the recommended cut-off value of 
0.5. For this study, GAPDH and YWHAZ were selected as the two most stable reference 
genes. 

 

Appendix III. Stability of four candidate reference genes in AMHRII knockdown 
bovine granulosa cells treated with BPA, BPS, and AMH. GeNorm analysis was 
performed on qbase+ software of four candidate reference genes PPIA, GAPDH, 
YWHAZ, and B2M. Reference genes were selected based on the lowest geNorm M below 
the recommended cut-off value of 0.5. For this study, GAPDH and YWHAZ were selected 
as the two most stable reference genes. 

 


