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ABSTRACT 

THE EFFECTS OF DELTA-9 TETRAHYDROCANNABINOL (THC) ON GRANULOSA 
CELL VIABILITY, APOPTOSIS, AND GENE EXPRESSION 

 

Jaustin Dufour                    Advisor: 

University of Guelph 2022               Dr. Laura Favetta 

 

 This thesis investigates the effects of the psychoactive component of cannabis, delta-9 

tetrahydrocannabinol (THC) on bovine in vitro granulosa cell viability, apoptosis, and stress 

response pathway. 11βHSD1-2 convert cortisol into active and inactive forms. Upon cortisol 

activation, the glucocorticoid receptor (GR) translocates to the nucleus to regulate transcription. 

MAPK8-9 enhance GR nuclear export and terminate GR-mediated transcription. Heat shock 

protein 70 and 90 (HSP70, HSP90) are involved in both THC and cortisol pathways.  

This study hypothesized that THC counteracts cortisol’s effects by modulating 11βHSDs, 

increasing GR nuclear export and oversaturating HSPs. Cell viability and apoptosis was assessed 

in response to THC at clinically relevant doses. Gene expression was analyzed in response to THC 

and cortisol treatments during culture. The experimental data revealed a potential ability for THC 

to reduce cortisol signalling in GCs. No effect of THC on cell viability and apoptosis was revealed. 
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CHAPTER 1: LITERATURE REVIEW 

1.1 Introduction 

Couples suffering from infertility commonly turn to in vitro fertilization (IVF) or 

intracytoplasmic sperm injection to achieve a successful pregnancy. In the United States and 

Canada, successful IVF outcomes have consistently risen since 1995; however, these outcomes 

have concerningly decreased since 2010 (Gleicher et al., 2019). This has been attributed by some 

to the commoditization of the IVF process, which has resulted in increased costs and poorer patient 

satisfaction (Gleicher et al., 2019). Feelings of frustration, guilt, and depression are commonly 

reported by women in response to infertility (Csemiczky et al., 2000). These feelings may be 

exacerbated by the increasing industrialization of IVF treatments in recent years. Anxiety levels 

have previously been found to not only be higher in women undergoing IVF treatment but to be 

highest in those prior to unsuccessful outcomes (Csemiczky et al., 2000). Cortisol is elevated in 

response to stress and has been associated with negative effects on the female reproductive system, 

oocyte quality and developmental potential, IVF outcomes, and may contribute to reproductive 

diseases such as endometriosis (Reis et al., 2020). While direct exposure of the oocyte to cortisol 

has not been shown to affect its maturation, the negative effects of cortisol on the oocyte may be 

through its indirect action through granulosa cells (GCs) (González et al., 2010).  

GCs reside within the ovary and share an intercellular metabolic relationship with the 

oocyte required for its development (Sugiura et al., 2005). Elevated levels of cortisol, comparable 

to levels during in vivo pathological stress, can have a negative impact on GCs and affect this 

intercellular relationship with the oocyte, impairing its development (Macfarlane et al., 2000; 

Mahdy, 2018; Prasad et al., 2016; Yuan et al., 2016). Stress in mammals can cause GC dysfunction 

and impair follicular maturation, resulting in a fewer number of oocytes obtained during ovum 
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pick-up and cause menstrual cycle disturbances through the hypothalamic-pituitary-adrenal (HPA) 

axis (Çizmeci et al., 2022; Xi et al., 2022). The effect of cortisol on GCs, and thereby the oocyte, 

are mediated through the effector of cortisol signalling, the glucocorticoid receptor (GR) (Yuan et 

al., 2016). However, the causal link between pathological stress and reduced fertility and poor IVF 

outcomes remains heavily debated (Brůčková et al., 2008; Ebbesen et al., 2009). Perhaps 

unsurprisingly, the rate of cannabis use in women of reproductive age has increased since 2009, 

with infertility patients using the substance at a similar rate to the general population (Jordan et 

al., 2020; Metz & Stickrath, 2019). 

Since its discovery in 1964, Δ9-tetrahydrocannabinol (THC) has garnered much attention 

in the psychological control of stress (Maccarrone et al., 2015). While this psychoactive 

component of cannabis is commonly prescribed to reduce stress, it is also known to increase 

plasma cortisol levels (Ranganathan et al., 2008). Moreover, THC is associated with negative 

reproductive outcomes under basal conditions, similar to those found in response to elevated 

cortisol, but has yet to be investigated under conditions of elevated baseline cortisol levels caused 

by pathological stress (Maccarrone et al., 2015; Misner et al., 2021). Receptors for THC, type 1 

and 2 endocannabinoid receptors (CB1 and CB2), are present in the GCs of humans and bovine 

and their activation causes intracellular changes in direct opposition to those caused by cortisol  

(Agirregoitia et al., 2015; Cecconi et al., 2020). The bovine model is ideal for translating results 

in human GCs, offering preliminary results that will drive future research involving the direct use 

of human GCs (Campbell et al., 2003). THC treatment prior to stressful IVF procedures may 

therefore improve oocyte competence by protecting the oocyte via GCs against the changes 

observed in the HPA axis, including prolonged elevated cortisol, in response to pathological stress. 
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Proposed here are plausible mechanisms, based on prior literature, by which THC may act 

intracellularly at the level of the GC to combat the effects of pathological cortisol levels. 11β-

hydroxysteroid dehydrogenase types 1 and 2 (11b-HSD1, 11b-HSD2) are responsible for 

converting cortisol into its active and inactive forms upon its entry into GCs, respectively  

(Hamano & Kuwayama, 1993). THC has previously been associated with altered expression and 

function of hydroxysteroid enzymes in granulosa cells (Zoller, 1985). However, it is not known 

how THC may affect 11b-HSD1 and 11b-HSD2 in particular, and what impact this may have on 

the proportion of active to inactive cortisol present in GCs relative to plasma levels. Moreover, 

upon activation by cortisol, the GR is translocated from the cytoplasm to the nucleus where it acts 

on gene transcription (Ashida et al., 1997). The C-Jun N-terminal kinase (JNK) family is a stress-

activated protein kinase cascade which results in the phosphorylation of GRs, enhancing their 

nuclear export and terminating GR-mediated transcription (Itoh et al., 2002). An increase in active 

levels of JNK-1 and JNK-2 have been found in response to THC treatment in hamster GCs through 

its action on the CB1 receptor (Rueda et al., 2000). Lastly, heat shock protein 90 and 70 (HSP90 

and HSP70) are important molecular chaperone involved in both THC and cortisol signalling 

pathways (Dittmar et al., 1997; He et al., 2012; Kovacs et al., 2005; Winsauer et al., 2015). Two 

isomers of HSP90 exist, HSP90a and HSP90b, encoded by the HSP90AA1 and HSP90B1 genes, 

respectively.  

1.2 Development of the Mammalian Ovary and Folliculogenesis 

 Follicles are the basic functional unit of the ovary, consisting of the oocyte, granulosa cells, 

and theca cells (Dieleman & Bevers, 1993). The ultimate goal of oogenesis and folliculogenesis is 

the coordinated development of a competent oocyte and a network of supporting cells. Female 

fertility is determined in large part by the interactions between germ cells and the surrounding 
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somatic cells (Matzuk et al., 2002). Unlike the male testis, the female ovary does not possess 

germline stem cells capable of supporting long term oogenesis. During early embryonic 

development, primordial germ cells (PGCs) arise from the yolk sac, travel through the primitive 

gut to the dorsal mesentery, then to the gonadal ridges (Sarraj & Drummond, 2012). Following the 

development of the metanephros, which replaces the mesonephros as the fetus’ functioning kidney, 

PGCs arrive at the genital ridges. In a female fetus, these PGCs then proliferate as oogonia, later 

undergoing meiosis (Figure 1). A mere one-third of oocytes ever reach the primordial follicle 

stage to become the adult ovarian reserve, as these germ cells form cysts where most undergo 

prenatal apoptosis (Grive & Freiman, 2015; Pepling et al., 2009). Yet, several hundred thousand 

follicles exist in the fully-developed mammalian ovary, in primordial and primary stages, with 

only a small number becoming mature in a cycle, while others undergo atresia (Tilly, 1996). 

Without germline stem cells, this surviving population represents the totality of female fertility. 

By the fourth month of gestation, the formation of follicles begins (Van den Hurk et al., 2000). In 

the perinatal ovary, the granulosa cells envelop a primordial population of oocytes consisting of 

single layers of flattened cells enveloping undifferentiated oocytes (Van den Hurk et al., 2000). 

Hereafter, these granulosa cells continue to regulate important steps of oogenesis.  

 
Figure 1: Fetal gonadal development. The female gonads undergo a number of important 
developmental changes prior to establishing fertility. Starting as PGCs, then undergoing travel, 
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cell divisions, and sex differentiation. Folliculogenesis begins occurring after birth, and ovulation 
begins occurring after puberty (Sarraj & Drummond, 2012). 
 

Classification of follicles is based on the stage of maturation: resting (primordial and 

primary), growing (secondary and prenatal), selectable (antral or Graafian) and selected 

(dominant) follicles (Gougeon, 1996). Primary follicles consist of a single layer of cuboidal GCs 

surrounding a growing oocyte (Gougeon, 1996). Secondary follicles can be discerned by multiple 

layers of cuboidal GCs, the presence of the zona pellucida and an outer layer of theca cells (Takagi 

et al., 1989). The zona pellucida is a glycoprotein layer between the oocyte and surrounding GCs 

which regulates oocyte-GC interactions and prevent polyspermy during fertilization (Takagi et al., 

1989; Wassarman et al., 1999). Secondary follicles can be easily identified by the formation of the 

antrum, which consists of a fluid-filled cavity between granulosa cell layers (Koering, 1983). By 

the time the follicle has developed the antrum, three subpopulations of granulosa cells with 

distinctive roles emerge (Brůčková et al., 2008). Cumulus granulosa cells reside closer to the 

oocyte, while mural and antral granulosa cells form the surrounding follicular wall and antrum 

(Inkster & Brodie, 1991). The formation of this antral follicle requires complex bidirectional 

communication between the oocyte and the granulosa cells. This prolonged bidirectional co-

dependency promotes granulosa cell differentiation and oocyte development (Canipari, 2000). 
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Figure 2: Fetal origin of adult ovarian reserve. PGCs become primordial germ cells in the 
somatic gonad prior to mitotic division and cyst formation. Following cyst breakdown and 
apoptosis of a majority of these germ cells, pre-granulosa cells surround surviving oocytes. Prior 
to puberty, primordial follicles can progress to primary and secondary follicles. Following puberty, 
a surge of luteinizing hormone promotes the further maturation and ovulation of oocytes (Grive & 
Freiman, 2015). 

Some primordial follicles develop into primary and secondary follicles before puberty, but 

only after a surge of luteinizing hormone (LH) promotes the formation of antral follicles and 

ovulation (Figure 2) (Grive & Freiman, 2015). At the antral stage, the majority of follicles undergo 

atresia, with only a select few progressing further towards ovulation under the influence of cyclic 

gonadotropin stimulation (Mcgee & Hsueh, 2000). The follicles that progress are termed dominant 

follicles, which are larger in size, allowing them to achieve ovulation (Van den Hurk et al., 2000). 

The release of the mature oocyte occurs after the LH surge, as the remaining GCs luteinize to form 

the corpus luteum (Channing et al., 1978). The proper regulation of this process of maturation 

determines the lifelong fertility of female mammals. Estrogen and progesterone produced by the 

GCs is an integral part of this development (Kwintkiewicz & Giudice, 2009). Estrogen acts 

through estrogen receptors alpha and beta, which in turn act on nuclear response elements (Grive 
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& Freiman, 2015). Other non-classical signalling pathways also exist, mediated through 

cytoplasmic and membrane-bound receptors (Cheskis et al., 2007). 

Cumulus granulosa cells possess transzonal cytoplasmic processes, spanning the zona 

pellucida and contacting the oocyte’s membrane, forming the cumulus-oocyte-complex (Albertini 

et al., 2001). These processes, and the gap junctions which connect them with the oocyte and other 

granulosa cell membranes, allow for the passage of small molecular weight molecules, including 

ions, regulatory molecules, metabolites and amino acids, while larger molecules rely on receptor-

mediated endocytosis (Gilchrist et al., 2004; Simon et al., 1997). Many oocyte-secreted paracrine 

factors exist to properly maintain folliculogenesis, and just as many granulosa cell-derived factors 

exist to regulate oogenesis (Figure 3) (Gilchrist et al., 2004).  

 
Figure 3: Granulosa cell-oocyte bi-directional communication. Proper communication 
between the granulosa cells and the oocyte is essential for proper development and fertility. Gap 
junctions (blue arrows) and paracrine signalling (pink arrows) are responsible for the exchange of 
small molecules between the cells (Gilchrist et al., 2004). 

Exogenous environmental and lifestyle factors are known to affect reproductive success 

(de Angelis et al., 2020). Environmental factors with the ability to affect hormone signalling have 

been found to negatively influence the ovarian reserve, such as toxicants present in tobacco (Freour 

et al., 2008). Cannabis remains a relatively understudied, but extensively available substance in 
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light of recent legalization in many countries (de Angelis et al., 2020). Observational studies with 

the aim of identifying the effect of marijuana use on female fertility have remained controversial 

due to differences between individuals with regard to frequency and relative amount of marijuana 

use, as well as the simultaneous consumption of other drugs (de Angelis et al., 2020).  

1.3 The Bovine Model: A Translational Model 

Much of the knowledge of the functioning of the ovary has been obtained using GC cultures 

(Mohammed & Donadeu, 2018). GCs respond to endocrine, paracrine, and autocrine factors to 

grow, differentiate, and to luteinize (Amsterdam & Rotmensch, 1987). In vivo exposure to 

luteinizing hormone and human chorionic gonadotropin can promote this transition from a 

proliferative state to a differentiated state, known as luteinization (Brůčková et al., 2008; 

Figenschau et al., 1997). The survival, proliferation, and steroidogenesis of GCs can all be affected 

in vitro by components of the extracellular media in a specific and coordinated manner (Brůčková 

et al., 2008). To understand the effects of an agent on folliculogenesis, cultured GCs must be 

prevented from undergoing luteinization.  

 
Figure 4: Comparison between oocyte size, time to maturation, and early embryo 
development between murine, porcine, bovine and humans. Mean size of oocytes at maturation 
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are presented in proportion (mice ~80 μm). Average time periods of maturation and embryo 
development after onset of fertilization are illustrated by block arrows: oocyte maturation in hours 
(green arrows), transition from zygote to two-cells stage in hours (light purple arrows), transition 
of two-cells to blastocyst stage in days (purple arrows), and time to hatched blastocysts in days 
(dark purple arrows). (Modified from Santos et al., 2014)  

 Amongst available animal models, bovine ovarian development and GC parameters closely 

resemble that of humans, highlighting the value of the bovine GC culture system as a translational 

model for understanding the toxicology of compounds in human GCs (Mohammed & Donadeu, 

2018). Moreover, these similarities paired with those between the oocytes of these two species 

provides a valuable basis for future research into the same toxicological effects in bovine oocytes 

and cumulus-oocyte-complexes (Lazzari et al., 2008). These similarities include time to oocyte 

maturation, cell size, as well as embryo development timing (Figure 4) (Santos et al., 2014). These 

future directions include investigating similar responses in human GCs obtained from IVF patients, 

as well as the possibility of non-invasive in vivo manipulation of bovine ovaries (Brązert et al., 

2019; Ginther et al., 2001). Paired with the relative availability of bovine GCs, these qualities 

make the bovine model particularly prudent and convenient for investigating ovarian toxicology 

(Adams et al., 2008). 

1.4 The Endocannabinoid System 

 The endocannabinoid system involves a set of receptors, their respective ligands, as well 

as enzymes throughout most of the body (Cecconi et al., 2020). The main unsaturated fatty-acid 

ligands of the ECS include arachidonic acid, N-arachidonoylethanolamide, anandamide (AEA) 

and 2-arachidonylglycerol (2-AG); which act on endocannabinoid receptors types 1 and 2 (CB1 

and CB2) (Table 1) (Walker et al., 2019). Additional endogenous compounds have been 

discovered to possess the potential to influence the ECS, including N-oleoylethanolamine (OEA) 

and N-palmitoylethanolamine (PEA), either by activating the same receptors or repressing the 
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enzymes responsible for the receptors’ degradation (Di Blasio et al., 2013; Ho et al., 2008; Schuel 

et al., 2002). These endocannabinoids are synthesized from phospholipids as needed, and are not 

stored for later use (Habayeb et al., 2002). 

 AEA was the first endogenous cannabinoid receptor ligand to be discovered. Its 

biosynthesis occurs through two pathways. Firstly, when the precursor, N-arachidonoyl 

phosphatidylethanolamine (NAPE) is cleaved to AEA and phosphatic acid by NAPE-hydrolysing 

phospholipase D (NAPE-PLD) (H. Wang et al., 2006). Secondly, formation from free arachidonic 

acid and ethanolamine through the reverse action of the degrading enzyme anandamide 

amidohydrolase/fatty acid amide hydrolase (Sugiura et al., 2005; Walker et al., 2019). Fatty acid 

amine hydrolase is responsible for AEA’s degradation, freeing ethanolamine and arachidonic acid. 

2-AG was the second endogenous cannabinoid receptor ligand discovered. Phospholipase C and 

diacylglycerol lipase transmembrane proteins, when degraded, contribute to 2-AG biosynthesis 

(Cecconi et al., 2020; Sugiura et al., 2005). Monoacylglycerol lipase is then responsible for 2-

AG’s degradation (Cecconi et al., 2020). Research is still underway to elucidate the putative 

mechanisms which regulate the production, release, and degradation of these endocannabinoids 

(Taylor et al., 2007; Walker et al., 2019). 

 AEA and 2-AG act primarily on the CB1 and CB2 receptors, which are transmembrane G-

protein coupled receptors present in the central nervous system, as well as across many peripheral 

tissues (Karasu et al., 2011). CB1 and CB2 activation are followed by the activation of many 

signalling pathways including the activation of MAP kinases and reduced intracellular cAMP 

concentrations (Diaz-Laviada & Ruiz-Llorente, 2005). AEA has a high affinity for the CB1 

receptor, and a low affinity for the CB2 receptor; while 2-AG has a high affinity for both receptor 
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types (Reggio, 2010). Rapid endocytic internalization occurs upon ligand binding to the CB1 

receptor. 

At the level of the ovary, the entire ECS has been found to be active, with ECS receptors 

found in granulosa cells of primordial, primary, secondary, and tertiary follicles (Di Blasio et al., 

2013). However, the AEA-producing enzyme NAPE-PLD is found only in the granulosa cells of 

follicles at various stages, suggesting that AEA is mainly produced in granulosa cells and not 

oocytes (El-Talatini, Taylor, Elson, et al., 2009). Moreover, AEA follicular fluid concentration is 

positively associated with follicle size and oocyte competency (El-Talatini, Taylor, Elson, et al., 

2009; Schuel et al., 2002). Components of cannabis, such as THC, have been found to interfere 

with the normal ovulatory cycle; primarily by their actions at the hypothalamus, but also the 

pituitary and the ovary (Di Blasio et al., 2013). THC in particular has been found to inhibit 

folliculogenesis, increasing the risk of infertility due to anovulation, and reducing IVF success 

(Adashi et al., 1983; Klonoff-Cohen et al., 2006; Mueller et al., 1990). Nonetheless, some 

researchers believe that compounds acting on the ECS, such as THC, may prove beneficial as 

alternative therapies for various pathological conditions (Di Blasio et al., 2013).   
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Table 1: Endocannabinoid system components involved in female reproduction (modified from 
Cecconi et al., 2020). 

 

The ECS is conserved across a wide range of species, from invertebrates such as nematodes 

to mammals such as humans (Meccariello et al., 2014). The discovery of this system came after 

the isolation of THC from Cannabis sativa in the 1960s, first resulting in its role in the nervous 

system becoming elucidated (Joshi & Onaivi, 2019). Soon thereafter, the presence of the ECS was 

found to extent across immunological and peripheral tissues of the body, including the 

reproductive system (El-Talatini, Taylor, Elson, et al., 2009; Joshi & Onaivi, 2019). The ECS has 

been found to be present extensively throughout the reproductive system, including: the follicular 
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fluid, granulosa cells, cumulus cells, oocyte, uterus, embryo and placenta (Kuzma-Hunt & Truong, 

2021). 

The ECS is extensively distributed throughout the female reproductive system during 

processes ranging from oocyte maturation to embryonic development (López-Cardona et al., 2016, 

2017). In particular, CB1 and CB2 receptors are present in GCs of primordial to tertiary follicles 

and are responsible for mediating important events, such as meiotic resumption, associated with 

oocyte competence (Figure 5) (Cecconi et al., 2020; El-Talatini, Taylor, Elson, et al., 2009). Other 

components of the ECS have been associated with the regulation of cellular energy and apoptosis 

in oocytes and embryos, as well as proper spindle formation during meiotic arrest (Bénard et al., 

2012; Cecconi et al., 2019; Misner et al., 2021; Walker et al., 2021). 

 
Figure 5: Distribution of the endocannabinoid system (ECS) in the mammalian ovary. The 
follicle is made up of the oocyte, granulosa cells (GCs), and theca cells (TC) after the secondary 
stage. The expression of ECS components in these cells changes throughout folliculogenesis, and 
can differ slightly between humans, rodents, and other mammals. 

 Components of the ECS are present to different extents in ovarian follicles depending on 

the stage of maturation. In the GCs of primordial and tertiary follicles, as well as the corpus luteum, 
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CB2 is present at higher levels than CB1 (El-Talatini, Taylor, Elson, et al., 2009). AEA levels in 

plasma fluctuate in accordance with sex steroid and gonadotropin levels during the menstrual cycle 

(Meccariello et al., 2014). During the follicular phase AEA concentration levels are high, while 

progesterone levels are low (Maccarrone et al., 2001). After ovulation, a drop in AEA levels occurs 

along with a progesterone-induced increase in FAAH expression (Bari et al., 2011). AEA levels 

are correlated with ovarian follicle and maturation (El-Talatini, Taylor, & Konje, 2009). Despite 

results suggesting a deleterious role of exogenous cannabinoids such as THC on fertility, the ECS 

components and receptors are crucial for reproductive success (Meccariello et al., 2014). 

Moreover, conflicting evidence implicates THC as being associated with improvements in murine 

oocyte maturation (Totorikaguena et al., 2019). 

THC’s actions on the central nervous system are primarily mediated through the CB1 

receptor, while peripheral tissue effects are primarily mediated by CB2, with some tissues 

expressing both receptor isotypes (Matsuda et al., 1990; Munro et al., 1993; Zygmunt et al., 2000). 

While evidence has shown THC to increase plasma cortisol levels in humans in a dose-dependent 

manner, other studies in humans and mice suggest that THC’s effect on plasma cortisol levels is 

dependent on acute versus chronic intake; as acute THC exposure increases cortisol levels, chronic 

exposure opposes the activation of the stress response system (Cuttler et al., 2017; King et al., 

2011; Mayer et al., 2014; Ranganathan et al., 2008).  

1.5 Cannabis 

 The complex reproductive events outlined in this review thus far are under escalating 

assault in the modern age due to socioeconomic factors influencing postponed motherhood, 

obesity, and recreational drug abuse. With the recent legalization of cannabis across much of the 

developed world, marijuana is the most common recreational drug used amongst women of 
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reproductive age (Ewing et al., 2020). However, a clear understanding amongst women of 

reproductive age of the risk of marijuana use before and during pregnancy is lacking (Ko et al., 

2015). The first recorded medicinal use of cannabis was found to be dated almost 5000 years ago, 

in ancient Chinese texts, to treat pain, constipation, and malaria (Friedman & Sirven, 2017). Other 

than its recreational, medicinal, and religious purposes, C. sativa was also used as a source of oil, 

food, and fibres for centuries (Piluzza et al., 2013). In fact, C. sativa was one of the very first plants 

humans cultivated due to its wide range of uses (Fort, 2012). To this day, C. sativa is largely 

cultivated in Central Asia (Russo et al., 2008). Until somewhat recently, cannabis was provided 

by pharmacies across the United States and Canada prior to its criminalization in the 1970s (Amin 

& Ali, 2019). This criminalization lasted until the last few years, slowing its medicinal use and 

research into its effects, beneficial or otherwise.  

The cannabis plant consists of approximately 540 compounds, over 100 of which are 

classified as phytocannabinoids (Amin & Ali, 2019). Phytocannabinoids are neutral, possessing 

lipid backbones incorporating monoteropenes and alkylresorcinol (Hill et al., 2012). ∆9-

Tetrahydrocannabinol (THC) is the main sought-after psychoactive component in cannabis, with 

Cannabis sativa and indica containing mostly THC and cannabidiol (CBD). Chemotypes of the 

cannabis plant varies, resulting in commercially available plants that contain either THC or CBD 

as the dominant cannabinoid and a variety of intermediate mixtures of the two (Bonini et al., 2018). 

With increased legalization, along with the increased concentration of THC in commercially 

available cannabis, this escalating trend in cannabis use and its potential effects on female fertility 

is expected to grow. The reasoning behind cannabis use is often to combat stress-related symptoms 

including anxiety and depression and is commonly associated with poor mental health as well as 
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polysubstance use (Ewing et al., 2020). Due to such confounders, epidemiological evidence for 

the effects of cannabis use on female fertility is unclear. 

Upon consumption, THC rapidly distributes throughout the body by the bloodstream. The 

effect of THC on peak and length of subjective high is determined not only by concentration but 

also route of absorption (Figure 6) (Grotenhermen, 2003). 3% of THC circulates in blood 

remaining in an unbound state but is primarily present in complexes with serum lipoproteins 

(Dinis-Oliveira, 2016; Kelly & Jones, 1992). The cytochrome p450 pathway of the liver 

metabolizes THC; however, this metabolism is delayed by THC’s tendency to accumulate in fat 

tissue (Ashton, 2001). Thereafter, THC is slowly released back into circulation; a process which 

extends THC’s half life of tissue elimination to 7 days (Ashton, 2001; Maykut, 1985). Therefore, 

even a single dose of THC can elicit effects long after halting its use (Ashton, 2001). With more 

chronic cannabis users however, cannabis metabolism is found to be accelerated (Ashton, 2001; 

Lemberger et al., 1971). This increased elimination is paired with faster accumulation in adipose 

tissue, accounting for user-reported tolerance to the drug (Lemberger et al., 1971). This 

exemplifies one of the main differences between THC and that of the endocannabinoids AEA and 

2-AG; endocannabinoids do not accumulate in adipose tissue and are therefore not slowly released 

into the blood over time (Walker et al., 2019). This raises concerns over the potential for THC to 

cause aberrant ECS signalling (Walker et al., 2019). 
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Figure 6: Time-course of subjective effects following 3 routes of administration of THC. A rating 
of the degree of ‘high’ was made by subjects on a 0–10 scale. 

 
THC and CBD have been found to be partial agonists or antagonists at the CB1 and CB2 

receptors (Amin & Ali, 2019). At low doses, THC has been demonstrated to be anxiolytic, whereas 

high doses can become anxiogenic (Whiting et al., 2015). CBD, on the other hand, is purely 

anxiolytic acting on the limbic and paralimbic areas (Whiting et al., 2015). THC has been 

associated with improving sleep and recovery from traumatic events, being preferred over alcohol 

or other pharmaceuticals by some war veterans (Babson et al., 2017; Betthauser et al., 2015; 

Pedersen & Sandberg, 2013). However, THC use has been found to increase plasma cortisol 

concentrations in humans, whether administered acutely or chronically (King et al., 2011; 

Kleinloog et al., 2012). This suggests that THC’s effect of blunting the stress response system is 

not achieved by altering cortisol levels, but perhaps rather by altering glucocorticoid receptor 

activity, molecular chaperone expression, or cortisol metabolizing enzyme levels. This suggests 

that the observed increase in plasma cortisol levels is a compensatory response to reduced 

activation of the stress response system in target organs (Carol et al., 2017; Cuttler et al., 2017). 
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This suppression of the stress response system by THC may, therefore, provide resilience to the 

important reproductive events sensitive to pathological cortisol concentrations associated with 

chronic stress conditions (Cuttler et al., 2017). Previous evidence has demonstrated THC’s ability 

to reduce in vivo GR mRNA expression in reproductive tissues during murine gestation, which is 

speculated to be in response to prolonged elevated plasma glucocorticoids as a result of THC 

(Cohen et al., 2012; Natale et al., 2020). Adding to the complexity of the interactions between the 

HPA axis and the ECS is the potential for THC to concurrently alter hypothalamic-pituitary-

gonadal (HPG) axis signalling (Brents, 2016). In the brain, THC has the potential to suppress 

GnRH release from the hypothalamus, thereby suppressing the anterior pituitary’s release of LH 

and FSH (Asch et al., 1981; López-Cardona et al., 2016, p.; Meccariello et al., 2014). Most notably, 

this raises concerns over THC’s ability to prevent ovulation, folliculogenesis, and oocyte 

maturation (Brents, 2016).  

Under normal physiological conditions, the ECS has been implicated in maintaining the 

homeostasis of the HPA axis; particularly the involvement of the CB1 receptor as it has been 

identified at all levels of the axis (Hillard et al., 2016; Newsom et al., 2020). Perhaps 

counterintuitively, THC may act in some cases to reduce the proper functioning of the ECS during 

the stress response, as it is a partial agonist of the CB1 receptor; therefore, producing a less 

pronounced response than other endocannabinoids (Paronis et al., 2012). Moreover, oocyte and 

embryo development is heavily directed by both the ECS and the stress response system, with 

potential overlap in signalling pathways such as extracellular signal-regulated kinase (ERK1/2), 

cyclic AMP/protein kinase A (cAMP/PKA), Protein kinase B (PKB)/AKT, and mitogen-activated 

protein kinases (MAPK) p38 (Dong et al., 2018; López-Cardona et al., 2016, 2017; Mahdy, 2018).  
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1.6 Stress Response System 

The stress system involves the dual activation of the autonomic nervous system and the  

hypothalamic-pituitary-adrenal (HPA) axis (Chrousos et al., 1998). Elevated stress can contribute 

to the inactivation of energetically-costly biological functions, such as growth and reproduction 

(Chrousos et al., 1998). Hypothalamic corticotropin releasing hormone (CRH) neuron activation 

results in the inhibition of the hypothalamic control center of the gonadal axis (Rivest & Rivier, 

1995). Hyperactivation of the HPA axis, resulting in elevated CRH in the hypothalamic 

paraventricular nucleus, produces elevated plasma cortisol levels (Liu et al., 2017). The adrenal 

cortex consists of three distinct zones, the outer glomerulosa producing aldosterone, intermediate 

zona fasciculata producing cortisol, and the zona reticularis producing adrenal androgens 

(Magiakou et al., 1997). Upon adrenocorticotropic hormone’s (ACTH) release from the anterior 

pituitary, cortisol’s release is stimulated from the intermediate zona fasciculata of the adrenal 

cortex (Magiakou et al., 1997). Cortisol is the main glucocorticoid released from the adrenal cortex 

in response to stress and its local effects on target organs is primarily modulated by the local 

amount of glucocorticoid receptors and concentration of active hormone (Joëls et al., 2012; 

Tetsuka et al., 2003). 

Upon cortisol’s entry into the GC, it acts on the glucocorticoid receptor (GR). The GR is a 

hormone-dependent transcription factor localized predominantly in the cytoplasm under basal 

physiological conditions (Itoh et al., 2002). The GR homodimerizes upon its activation by cortisol, 

followed by its import to the nucleus to bind glucocorticoid response elements by which it can 

modulate gene expression (Htun et al., 1996; Slater et al., 1994). GR-mediated transcription is 

negatively regulated by phosphorylation by c-Jun N-terminal kinase (JNK), resulting in the nuclear 

export of the GR, terminating its action on glucocorticoid response elements (Itoh et al., 2002; 
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Rogatsky et al., 1998). JNK is a member of the mitogen-activated protein kinase (MAPK) family 

(Dérijard et al., 1994). JNK and GR act in opposition to each other with respect to inflammation; 

with JNK supporting inflammation and GR suppressing it (Figure 7) (Itoh et al., 2002).  

 
Figure 7: Effect of cortisol on target cells. Cortisol passes through the plasma membrane to bind 
the intracellular GR. Levels of active intracellular cortisol concentration are controlled by 11b-
HSD1 and 11b-HSD2 enzymes. GR’s function relies on the aid of HSP70 and HSP90 (alpha and 
beta isotypes). Translocation of the GR into the nucleus to act on gene transcription can be reversed 
by the action of JNK-1 and JNK-2 enzymes, encoded by MAPK8 and MAPK9 genes, respectively. 

 Stress-induced activation of HPA axis has been associated with reproductive dysfunction 

and contribution to the pathogenesis of cystic ovarian disease (Amweg et al., 2013). The effect of 

glucocorticoids, such as cortisol, on GCs has been shown to be the down-regulation of 

prostaglandins, steroids, and luteinizing hormone receptors; all of which are integral to their 

function in supporting oogenesis (Amweg et al., 2013). The active effects of cortisol on the 

intracellular glucocorticoid receptor in GCs is regulated by the GCs’ cytosolic levels of 2 enzymes: 

11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1) and type 2 (11bHSD-2), responsible for 

the conversion of inactive cortisone to active cortisol, and active cortisol to inactive cortisone, 

respectively (Figure 8) (Krozowski et al., 1999). Both of these enzymes have been found to be 
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present in the bovine ovary (Tetsuka et al., 2003). As the ovarian follicle develops, it becomes 

increasingly important to inactivate cortisol due to its potential to inhibit oocyte maturation 

(Thurston et al., 2007). This is reflected by the predominant expression of 11b-HSD2 at all stages 

of folliculogenesis, while in the corpus luteum there is an observed switch to predominantly higher 

levels of 11b-HSD1 (Thurston et al., 2007). 

 
Figure 8: 11β (Beta)-Hydroxysteroid dehydrogenase types 1 and 2 regulation of cortisol 
activation and inactivation. The reduction of inactive cortisone by 11b-HSD1 to active cortisol 
by the addition of a hydroxyl group, or the oxidation of active cortisol to inactive cortisone by the 
removal of the hydrogen at C11 (red circles). (J.-C. Wang & Harris, 2015) 

 
 The process of oocyte maturation involves precise signalling and progression through the 

germinal vesicle, germinal vesicle breakdown, and metaphase 1 and 2 stages (Jamnongjit & 

Hammes, 2005). Much of this signalling is primarily reliant on the proper development of the 

granulosa cells of the follicle which are under the direction of many hormones, including cortisol 

(Pontes et al., 2019). Levels of GRs in the GCs has been shown to progressively increase from 

primordial to secondary stage follicles (Pontes et al., 2019). While some studies have found 

increased cortisol concentrations, increased 11b-HSD1 and decreased 11b-HSD2 expression to be 

associated with oocyte competence, there is likely an upper limit to the benefit of prolonged 

elevated cortisol exposure (Ravisankar et al., 2021). Elevated levels of cortisol during in vitro 
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maturation of oocytes has been shown to inhibit oocyte progression (Mahdy, 2018). 10 ng/mL of 

cortisol has been found to inhibit folliculogenesis, resulting in fewer preantral follicles during in 

vitro maturation (Pontes et al., 2019). Such discrepancies in findings may be due to the species 

differences of the experimental model used. Due to the similarity between bovine and human 

folliculogenesis, the results in the bovine model may be more relevant to human health (Ménézo 

& Hérubel, 2002). Research on the effect of elevated cortisol on GCs in the bovine model remains 

relatively limited (Kuzma-Hunt & Truong, 2021). 

1.7 Cannabis & Cortisol 

 11b-HSD types 1 and 2 are essential for the regulation of proper intracellular cortisol levels 

in the GCs of the ovary (Tetsuka et al., 2010). The relative levels of 11b-HSD1 and 11b-HSD2 

have been demonstrated to change throughout the stages of bovine follicular development. While 

dominant and luteal phase follicles have been found to express higher levels of 11b-HSD1, antral 

follicles have been found to express higher levels of 11b-HSD2 (Thurston et al., 2007). This 

appears to reveal a greater need for GCs to inactivate cortisol as the follicle reaches later stages of 

development, and a return to regenerating cortisol from inactive cortisone in luteal phase follicles. 

THC has been demonstrated to impact steroidogenesis in male and female reproductive tissues by 

acting on hydroxysteroid converting enzymes (Watanabe, 2007; Zoller, 1985). If THC affects local 

expression levels of 11b-HSD1 or 2, it could contribute to or prevent aberrant cortisol signalling 

affecting follicular development. Previous studies have found an inverse relationship between 11b-

HSD1 expression and successful IVF outcomes, suggesting that high cortisol levels as a result of 

11b-HSD1 activity may be detrimental for fertility (Michael et al., 1995; Tomlinson & Stewart, 

2001). 
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 Rueda and colleagues (2000) have found that THC treatments stimulate JNK1 and JNK2 

enzyme expression and activity through THC’s actions on the CB1 receptor. Increased MAPK8 

and MAPK9 gene expression, responsible for JNK1 and JNK2 enzyme production respectively, 

in response to THC treatment may be responsible for the observed increase in the protein 

expression of these enzymes (Dong et al., 2018). This action of THC on JNK enzymes may allow 

for THC to effectively inhibit cortisol signalling through the GR (Figure 9). Upon cortisol binding 

the GR, it is localised to the nucleus to act on gene transcription. Increased levels and activity of 

JNK enzymes may enhance their actions; leading to increased GR phosphorylation and 

cytoplasmic localisation (Itoh et al., 2002). Nuclear expulsion of the GR despite increasing levels 

of local cortisol concentrations may promote cellular protection from pathological cortisol 

concentrations (Pontes et al., 2019). 

 
Figure 9: Effects of THC and cortisol on target cells. THC acts primarily through the CB1 
receptor as a partial agonist. HSP90a/b and HSP70 serve as molecular chaperones in CB1 and CB2 
signalling. This signalling can act to increase the expression of mitogen-activated protein kinases 
(MAPK) 8 and 9, effectively increasing c-Jun N-terminal kinase (JNK) enzyme levels. JNK 
enhances the nuclear expulsion of the glucocorticoid receptor (GR), terminating its effects on gene 
transcription.  
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1.8 Apoptosis & HSPs 

 Cortisol at pathological concentrations has negative effects on the development of 

competent oocytes, and this may be related to increased apoptosis in granulosa cells. Follicular 

fluid levels of cortisol in the late secondary and antral follicles very closely mirror the plasma 

levels (Gougeon, 2010). Through the upregulation of the Fas receptor of the Fas-Fas L system and 

tumor necrosis factor (TNF)-α in bovine granulosa cells, this high cortisol exposure increases cell 

death and leads to disruption of meiotic resumption of oocytes (Silva et al., 2017; Yuan et al., 

2016). Such an effect of cortisol may be modulated by variable expression of the GR in response 

to cortisol levels (Čikoš et al., 2019). While low levels of cortisol are associated with proper oocyte 

development, pathological levels of cortisol in GCs, associated with changes in GR and cortisol 

metabolizing enzymes’ expression, can inhibit oocyte maturation (Gong et al., 2017; Silva et al., 

2017). 

AEA is known for its antiproliferative and proapoptotic properties, through its inhibition 

on adenylate cyclase and activation of extracellular signal-regulated kinase (ERK); resulting in 

growth arrest (De Petrocellis et al., 1998; Melck et al., 1999). AEA has been demonstrated to 

inhibit ras cascade-dependent tumour growth, as well as act as an immunosuppressant by 

inhibiting lymphocyte proliferation (Schwarz et al., 1994). Increased AEA has also been 

implicated in increased apoptosis and reduced cell viability of in vitro human GCs, thus potentially 

contributing to follicular atresia and infertility (Costa et al., 2021). Nonetheless, ECS machinery 

is present throughout the reproductive stages of the oocyte and the GCs of the follicle (Cecconi et 

al., 2020). Interestingly, despite AEA’s effects on GCs in vitro, some results suggest a positive 

correlation between AEA levels and oocyte maturation (El-Talatini, Taylor, Elson, et al., 2009). 
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HSPs can respond to cellular stress by preserving protein and DNA integrity, as well as 

preventing apoptosis (Kurashova et al., 2020). HSP70 is the most conserved molecular chaperone 

in mammals, and it is sensitive to increase in reactive oxygen species as it functions to stabilize 

misfolded proteins and maintain cell viability (Kurashova et al., 2020; Nixon et al., 2015). HSP70 

is likely to be a common downstream target of both cortisol and THC signalling, as increased 

expression of HSP70 have been detected in both human and bovine embryos in response to these 

treatments (da Costa et al., 2016; Walker et al., 2021). A 2.5 fold increase in HSP70 levels have 

been observed in response to THC treatment in human placental cell lines (Walker et al., 2019). 

GRs, upon their isolation from mammalian, arthropod, and plant cells, are ubiquitously found to 

be in complexes containing HSP90 and HSP70 (Pratt & Toft, 1997; Stancato et al., 1996). HSP90 

binding to the hormone binding domain, specifically, allows for the GR to undergo a structural 

transformation, making cortisol binding possible (Bresnick et al., 1989). This folding into a 

steroid-binding pocket is also reliant on a complex assembly of other chaperones, such as HSP70. 

Other important molecules and proteins for this hormone-binding domain include ATP/Mg2+, K+, 

p60 and p23 (Dittmar et al., 1996; Hutchison et al., 1992; Smith et al., 1992). p60 allows for the 

connection of HSP70, through an N-terminal repeat region, and HSP90, through a central 

tetratricopeptide repeat region; creating the HSP90-p60-HSP70 complex (Chen et al., 1996). Such 

a complex, when combined with K+ and ATP, is capable of converting GR into its steroid binding 

conformation (Figure 10) (Dittmar et al., 1997). Upon steroid binding, the GR-hormone complex 

is transported to the nucleus where it influences genes associated with stress and reproductive 

development (da Costa et al., 2016).  
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Figure 10: Assembly of the glucocorticoid receptor complex. HSP90 and HSP70 first form a 
complex with p60 shown in step 1, allowing its binding to the glucocorticoid receptor’s non-
steroid-binding site, and p23 which stabilizes the complex, in step 2. This results in the 
glucocorticoid receptor’s active formation, allowing for cortisol binding. (Dittmar et al., 1997) 

These same heat shock proteins involved in stress signalling are also known to be involved 

in THC signalling through the CB1 receptor (Winsauer et al., 2015). Therefore, actions of THC 

and cortisol on the cells may have the potential to deplete levels of these chaperones, either by 

their use in signalling complexes or in their use in maintaining cellular stability, promoting the 

mRNA expression of these HSPs. Alternatively, THC may promote HSP mRNA expression as a 

result of causing cellular stress, perhaps at the level of the mitochondria by promoting ROS 

production (Walker et al., 2021). This mechanism of sublethal stress may promote an adaptive 

response, including the upregulation of HSPs, and has been demonstrated in response to other 

stressors, such as hydrogen peroxide, to have potential in buffering stress tolerance in oocytes and 

ultimately improving subsequent embryo development (da Costa et al., 2016; Vandaele et al., 

2010). Moreover, ROS production is not always negative, as ROS serve a precise function in 
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oocytes and the ovary: to initiate meiotic resumption following diplotene in oocytes, and to 

stimulate ovulation in the ovary (Morado et al., 2009; Shkolnik et al., 2011). Thus, THC induced 

production of ROS, and thereby HSPs, may be beneficial in some contexts depending on timing 

and duration of exposure. This is supported by the observed importance of endocannabinoid 

system components, such as CB1, during IVM, as well as enhanced oocyte maturation, blastocyst 

yield, and oocyte quality-associated gene expression following THC treatment (López-Cardona et 

al., 2016, 2017; Totorikaguena et al., 2019). 

RATIONALE & HYPOTHESIS 

 Couples living in industrialized countries have been suffering from increasing rates of 

infertility since 1990, affecting an estimated 15% of couples globally in 2015 (Agarwal et al., 

2015; Mascarenhas et al., 2012). Amongst some of the most cited possible reasons for the 

worldwide decline in fertility is the increasing use of recreational drugs, such as alcohol, tobacco, 

and cannabis in those of reproductive age (de Angelis et al., 2020). Unhealthy habits, such as some 

recreational drug use, are amongst the main preventable risk factors leading to increased morbidity 

and mortality (Centers for Disease Control and Prevention (CDC, 2009). Moreover, these 

modifiable factors also play a role in determining fertility outcomes (Anderson et al., 2010). The 

discovery of the psychoactive component of cannabis, THC, led to the eventual identification of 

the endocannabinoid system (Cecconi et al., 2020). While there has been inconclusive evidence 

relating THC to fertility, the components of the ECS are found throughout reproductive tissues 

during oocyte maturation and  embryonic development (Chavarro, 2018; El-Talatini, Taylor, 

Elson, et al., 2009). Cannabis is used commonly amongst women of reproductive age in the US 

and Canada; with 11% of women aged 15-44 years old reporting using cannabis in 2012 (Porath-

Waller, 2009). Cannabis use in pregnant women has also been estimated to have increased by 62% 
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from 2002 to 2014 (Brown et al., 2017). Both the Society of Obstetricians and Gynaecologists and 

the American College of Obstetricians and Gynecologists have cautioned against the use of 

cannabis during pregnancy and breastfeeding. Moreover, recent results indicate THC’s disruptive 

effects on oocyte maturation as well as embryonic development (Misner et al., 2021). Research by 

Misner et al. (2021) showed that THC has the potential to negatively affect oocyte maturation and 

early embryonic development during normal physiological conditions. This has led to concerns 

regarding its use in women of reproductive age. 

Cannabis is commonly reported to be used by those aged 15-35, the age range which is 

also associated with the highest fertility in humans (National Survey on Drug Use and Health, 

2018). Moreover, cannabis is being increasingly used during pregnancy, most commonly to self-

treat hyperemesis gravidarum (Corsi et al., 2019; Westfall et al., 2006). Cannabis was legalized in 

Canada in 2018 and its use and its concentration of THC, have steadily risen since; while female 

fertility, as measured by the number of children a woman has over her reproductive lifetime, was 

reduced to an all-time low in 2019 (El Sohly et al., 2016; Government of Canada, 2020, 2021). 

While many possible factors are likely contributing to this decline, the American Society of 

Obstetricians and Gynecologists recommends abstaining from cannabis use to preserve fertility 

(2021). Such recommendations are currently based on limited and often conflicting scientific 

evidence. Care providers require more in-depth research into the effects of cannabis and its 

components on female fertility to better inform patients of its use. For example, cannabis products 

are commonly prescribed to deal with stress-related conditions such as post-traumatic stress 

disorder (Betthauser et al., 2015). Stress has also been associated with declines in fertility and 

positive IVF outcomes (Csemiczky et al., 2000; Ebbesen et al., 2009). This effect of stress on the 

reproductive tissues, as well as the blunted stress-response caused by THC, highlights the need for 
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understanding the interaction between stress and ECS signalling in cells of the female reproductive 

tract, including ovaries (Cuttler et al., 2017). 

THC’s increasing use in women of reproductive age and its increasing concentration in 

commercially available products, paired with the lack of substantial conclusive research to guide 

patients, highlight the need for more research to further understand its potential impact on fertility. 

This study uses a bovine model as a translational model for humans in the study of toxicological 

effects in the reproductive system as outlined by Santos et al. (2014). This study aims to further 

understand the link between stress signalling and ECS signalling in the granulosa cells of the ovary. 

Thus, our hypothesis is that granulosa cells exposure to clinically relevant doses of THC 

mimicking therapeutic and recreational usage will impact cell viability or apoptosis and 

reduce the stress response to cortisol by altering the expression of genes involved in the 

cellular stress signaling pathway.   
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OBJECTIVES 

The hypothesis was tested through the following three objectives: 

1. Determine and quantify the effect of THC at clinically relevant doses following in vitro 

GC culture on viability using a colorimetric cell viability (WST-8) assay and apoptosis 

using annexin-v and propidium iodide staining followed by confocal microscopy and flow 

cytometry. 

2. Quantify the levels of 11b-HSD1, 11b-HSD2, MAPK8, MAPK9, HSP70, HSP90 and GR 

mRNA in GCs following in vitro culture with clinically relevant doses of THC 

(physiological conditions). 

3. Quantify the levels of 11b-HSD1 and GR mRNA in GCs following in vitro culture with 

clinically relevant doses of THC and cortisol. 
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CHAPTER TWO: Viability, apoptosis, and gene expression of granulosa cells 
after THC exposure. 

 
2.1 Abstract 

Through the use of a bovine experimental model as a translational model for studying 

THC’s effect on GCs in humans, this study aims to better inform infertility patients with regard to 

the potential benefits and/or risks of THC use in preserving fertility during pathological stress. The 

viability and apoptosis of GCs in response to THC was monitored to determine the potential for 

THC’s use as a therapeutic. GCs were re-established from frozen and treated with THC doses 

which mimic plasma levels following therapeutic (0.032μM/ “Low [THC]”) and recreational 

(0.32μM/ “Mid [THC]” and 3.2μM/ “High THC]”) cannabis use, then moving on to cell viability 

and apoptosis analyses. Cell counting kit 8 (WST-8 / CCK8) colorimetric assay for measuring cell 

viability revealed no significant differences in response to 12 hours (acute), 24 hours, and 12 + 12 

hours (chronic) treatment timelines. Similarly, annexin-V and propidium iodide (PI) staining 

following by confocal microscopy and flow cytometry revealed no significant differences in 

viable, early apoptotic, or late apoptotic/necrotic cells. No effect on the mRNA expression of 

11βHSD2, MAPK8, MAPK9, HSP70, HSP90 was observed. Chronic THC at the high dose 

significantly decreased 11βHSD1 (n = 5, p ≤ 0.05), while chronic low THC dose increased GR 

expression (n = 3, p ≤ 0.05). Both high and low cortisol concentrations caused significant increases 

in 11βHSD1 gene expression (n = 6, p < 0.0001); when combined with high [THC], there was a 

significant decrease in expression compared to high and low cortisol treatments alone (p < 0.001, 

p < 0.05). GR expression was unaffected by cortisol treatments, and low [THC] treatment 

maintained increased GR expression in the presence of high and low cortisol treatments (n = 6, p 

< 0.01, p < 0.0001). Overall, these results provide a basis for investigating the potential for THC 

to be beneficial in GCs, as THC resulted in no changes in cell viability or apoptosis in GCs. 
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Moreover, gene expression results support the assertion that THC may confer beneficial effects on 

the local stress response in granulosa cells. 

2.2 Introduction 

Global average fertility rate has reached an all-time low in 2022, with a mere 2.5 average 

children per woman as compared to 4.5 births per woman in the 1970s (Barrera et al., 2022). 

Partially responsible for this decline is the concurrent increases in primary and secondary infertility 

rates. In vitro fertilization (IVF) and other assisted reproductive technologies (ARTs) have been 

used to address infertility, with trends of increasing success rates since 1995 as the process has 

been optimised (Gleicher et al., 2019). However, recent downturns in success rates since 2010 in 

the US and Canada has raised concerns in the industry (Gleicher et al., 2019). Some experts have 

blamed the commoditization of the industry, which has resulted in increased costs to patients 

resulting in a severe negative impact on patient satisfaction (Gleicher et al., 2017). Hostility, guilt, 

and depression are commonly reported at higher rates in women undergoing IVF prior to 

unsuccessful outcomes (Csemiczky et al., 2000). Therefore, stress management may play an 

important role in determining a successful IVF outcome. Financial burden has the potential to 

exacerbate feelings of frustration, guilt and depression commonly reported by women in response 

to infertility.  

Delta-9 tetrahydrocannabinol (THC) use during reproductive age and pregnancy has been 

increasing since its discovery in 1964, with recent legalization in Canada and some US states 

contributing to this trend (Government of Canada, 2021; Ilnitsky & Van Uum, 2019). While some 

studies have revealed negative effects of THC on oocyte competence and granulosa cell (GC) 

function under standard physiological conditions, THC’s overall effect on fertility in the 

population remains unclear (Misner et al., 2021). Infertility patients report using cannabis at a 
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similar rate to the general population, and success rates of IVF have not been found to differ 

significantly between users and non-users (Har-Gil et al., 2021). THC has previously been 

implicated in altering the expression of components of the intracellular stress response system in 

reproductive tissues (Cohen et al., 2012; Natale et al., 2020). Therefore, THC may have the 

potential to be beneficial under non-standard physiological conditions; specifically, under 

conditions of pathological stress caused by draining IVF procedures.  

The basic functional unit of the ovary is the follicle, which is responsible for supporting 

the maturation of the female gamete, the oocyte (Dieleman & Bevers, 1993). Many follicles and 

oocytes fail to reach the antral stage, undergoing atresia (Mcgee & Hsueh, 2000). Those which 

escape atresia progress further and become large dominant follicles under the influence of cyclic 

gonadotropin stimulation (Mcgee & Hsueh, 2000; Van den Hurk et al., 2000). Three 

subpopulations of GCs exist in developed follicles: cumulus, mural, and antral GCs (Brůčková et 

al., 2008). Cumulus granulosa cells reside close to the oocyte, separated by the glycoprotein layer 

termed the zona pellucida (Takagi et al., 1989). Transzonal cytoplasmic processes originating from 

GCs spans the zona pellucida to allow for oocyte-GC communication, forming what is known as 

the cumulus-oocyte-complex (COC) (Albertini et al., 2001). This relationship is supported by 

complex paracrine factors regulating folliculogenesis and oogenesis (Gilchrist et al., 2004). 

Lifestyle and environmental factors which affect COCs are known to impact reproductive 

success (de Angelis et al., 2020). The health and function of the GCs is inseparable from that of 

the oocyte (Zhang et al., 2012). Bovine GC cultures are commonly used to study the effects of 

potentially toxic compounds on the ovary (Mohammed & Donadeu, 2018). GC developmental 

parameters and basic transcriptomes are similar between bovine and humans (Hatzirodos et al., 

2014; Mohammed & Donadeu, 2018). Moreover, similarities also extend to oocyte size and time 



 
 

34 
 

to development (R. R. Santos et al., 2014). These similarities paired with the availability of bovine 

GCs highlights the value of this animal model as a translational model for humans (Adams et al., 

2008). 

Phytocannabinoids, such as THC, and endocannabinoids, such as AEA and 2-AG, 

primarily exert their effects through a pair of transmembrane G-protein coupled receptors, denoted 

as endocannabinoid receptors 1 and 2 (CB1 and CB2) (Walker et al., 2019). While some tissues 

primarily express one of the two ECS receptor subtypes over the other, the reproductive system 

has been found to express both (Cecconi et al., 2020; Matsuda et al., 1990; Munro et al., 1993). 

These receptors of the endocannabinoid system (ECS), along with other components including 

catabolic enzymes fatty acid amine hydrolase (FAAH) and monoacylglycerol lipase (MAGL) are 

present in GCs and oocytes throughout folliculogenesis and oogenesis (Cecconi et al., 2020). AEA 

has been demonstrated to act primarily through the CB1 receptor, as 2-AG acts on CB1 and CB2 

relatively equally (Reggio, 2010). THC has been demonstrated to act similarly to AEA as a partial 

agonist primarily on the CB1 receptor (Dalton et al., 2009). THC is commonly used both 

medicinally and recreationally to combat the psychological symptoms of stress, such as anxiety 

and depression, through THC’s actions on the CB1 receptors of the central nervous system (Cuttler 

et al., 2017; Matsuda et al., 1990; Munro et al., 1993; Zygmunt et al., 2000). Low doses of THC 

have been found to be anxiolytic, while high doses have the potential to exert anxiogenic effects 

(Whiting et al., 2015). 

 The ECS has been demonstrated to maintain the homeostasis of the hypothalamic-pituitary-

adrenal (HPA) axis (Hillard et al., 2016; Newsom et al., 2020). This HPA axis is a stress-activated 

pathway, which, when overstimulated, can result in the inhibition of energetically-expensive 

functions such as reproduction (Chrousos et al., 1998). Activation of the HPA axis ultimately 
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results in increased cortisol, the main stress hormone of the human body, in the blood (J. Liu et 

al., 2015). Cortisol acts locally on the intracellular glucocorticoid receptor (GR) (Joëls et al., 2012). 

The effect of cortisol can be modulated by a number of mechanisms, including altered 

concentration of local GRs and active cortisol (Tetsuka et al., 2010). Upon cortisol’s entry into the 

cell, it is subject to inactivation and reactivation by the enzymes 11b-hydroxysteroid 

dehydrogenase type 2 (11b-HSD2) and type 1 (11b-HSD1), respectively (Krozowski et al., 1999). 

Upon cortisol’s activation of the GR, the receptor homodimerizes and is translocated into the 

nucleus where it regulates gene transcription upon binding to glucocorticoid response elements 

(Itoh et al., 2002; Rogatsky et al., 1998). This nuclear translocation can be reversed by the action 

of a mitogen activated protein kinase (MAPK) known as c-Jun N-terminal kinase (JNK) (Dérijard 

et al., 1994; Itoh et al., 2002). The function of the GR is reliant upon molecular chaperones, known 

as heat shock proteins (HSPs) (Kurashova et al., 2020). HSPs are responsible for preserving 

apoptosis by preserving DNA and protein integrity (Kurashova et al., 2020). THC and cortisol 

treatments have been demonstrated to affect HSP70 expression levels in human and bovine 

embryos (N. N. da Costa et al., 2016; Walker et al., 2021). Moreover, HSP70 and HSP90 have 

been demonstrated to be involved as molecular chaperones for GR and CB1 signalling (Pratt & 

Toft, 1997; Stancato et al., 1996; Winsauer et al., 2015). Due to their widespread involvement, 

HSPs may have the potential to be overused due to increased receptor signalling or increased 

cellular stress as a result of cortisol and THC signalling.  

 All in all, we hypothesize that, due to the mechanisms outlined previously, granulosa cell 

exposure to clinically relevant doses of THC (mimicking recreational and therapeutic uses) will 

affect cell viability and apoptosis in addition to reducing the stress response to cortisol by altering 

the expression of genes implicated in the cellular stress response pathway. Provided THC does not 
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negatively affect cell viability, or increase apoptosis in granulosa cells, its subsequent effects on 

stress-related gene expression in the presence or absence of cortisol could serve to support THC’s 

use as a therapeutic agent for infertility patients undergoing IVF treatment. As cortisol-regulated 

granulosa cell stress is an important factor for determining oocyte development, and subsequently 

successful IVF procedures, a potential treatment for pathological stress could help improve IVF 

outcomes. Moreover, these results will provide more evidence-based recommendations regarding 

THC use for women suffering undergoing infertility treatments. 
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2.3 Materials and Methods 

Experimental Design 
  
 

 
 

Figure 11: Outline of experimental design for objectives 1 and 2. 

 
In Vitro Granulosa Cell Culture and Freezing 

 Bovine (Bos taurus) ovaries were collected from a local abattoir (Cargill Meat Solutions 

Distribution; Guelph, ON, Canada) at a temperature between 34 – 36 °C immediately after 

slaughter. After washing with sterile saline solution, granulosa cells were cultured using methods 

previously established in our lab (Sabry et al., 2021). Briefly, cumulus cells were mechanically 

stripped from COCs using a micropipette. Cumulus cells were transferred into 1× Dulbecco’s 

Modified Eagle Medium (DMEM) (Gibco) solution containing glutamine (2 mM) (Sigma Aldrich) 

and penicillin/streptomycin (1%). The granulosa cells were then resuspended in DMEM 
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supplemented with 20% fetal bovine serum (FBS) (10% total serum - Gibco, 12483020). Cells 

were plated on a T75 flask (Corning, C430641U) and cultured (38.5 °C in 5% CO2) until full 

confluency, with media replacement every 48 hours. After reaching full confluency confirmed by 

visual inspection, the flask was washed, trypsinized (Sigma Aldrich, T4799), washed with 

PBS/PVA, snap frozen in liquid nitrogen, and stored at - 80 oC.  

Cell count and WST-8 Cell Viability Assay 

 Cells were counted using the Bio-Rad TC10 Automated Cell Counter with disposable 

counting slides. The Trypan exclusion assay was used to measure cell counts; equal parts of cell 

suspension were combined with trypan blue (Gibco). Cells were mixed, pipetted on both sides of 

an automated cell slide counter, and counted within 5 min due to the toxicity of trypan blue. All 

counts were performed on each biological replicate in duplicate, then averaged. A WST-8 assay 

was employed to assess viability. Granulosa cells were plated onto 96-well plates at a density of 

5000 cells/well in DMEM + 10 % FBS and allowed to adhere for 12 hours. Cells were then serum 

restricted for 12 hours using DMEM supplemented with 0.1 % FBS. Cells were then treated under 

different media conditions: DMEM + 0.1% FBS (Control), 3.2μM vehicle solution in DMEM + 

0.1% FBS (1:1:18 ethanol: Tween: saline) (Vehicle), 3.2μM THC solution in DMEM + 0.1% FBS 

(High [THC]/recreational dose), 0.32μM THC solution in DMEM + 0.1% FBS (Mid 

[THC]/recreational dose), 0.032μM THC solution in DMEM + 0.1% FBS (Low [THC]/therapeutic 

dose). Cells were either frozen for later gene expression quantification or proceeded to viability 

and apoptosis analyses following three different treatment regimens: 12 hours, 24 hours, and 12 

hours + 12 hours (two treatments 12 hours apart). 200 μL of viability reagent, WST-8 (Abcam) 

was added to 2 mL of DMEM + 0.1% FBS, which was used as granulosa cells treatment for 4 

hours. Absorbance was then measured at an optical density of 460 nm by a Universal Microplate 
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Reader EL800 (Bio-Tek Instruments, Inc.). Wells containing media, but no cells were included as 

a blank in order to correct absorbances against background readings of base levels. All readings 

were performed on at least three biological replicates in technical triplicates. 

Apoptosis Analysis by Confocal Microscopy and Flow Cytometry 

Annexin V binding and PI uptake is one of the most commonly used assays to measure 

apoptosis and necrosis (Crowley et al., 2016). In addition to the five groups previously mentioned, 

which were used for apoptosis analysis by annexin-v and propidium iodide (PI) staining followed 

by confocal microscopy and flow cytometry, four more control groups were included: no stain 

control (no PI or annexin-v), no annexin-v control (PI only), no PI control (annexin-v only) and a 

positive control using 1,1,1-trichloro-2,2-bis[4-chlorophenyl]ethane (DDT); an insecticide known 

to cause GCs death (Tiemann, 2008). 1.5 hours prior to analysis, 2mM of DDT was added to 2 mL 

of DMEM + 0.1% FBS. Spent media was collected, and the groups were washed with DMEM 

solution. Cells in the spent media were then centrifuged at 5’000xg for 5 minutes at 6oC, later 

having their supernatants removed. All groups were then detached using Accutase (Sigma Aldrich, 

A6964) for 10 minutes, equal amounts of DMEM + 10% FBS was then added. Cells were collected 

with their respective spent media, resuspended, and were again centrifuged at 5’000xg for 5 

minutes at 6oC. Supernatant was removed and cell pellets were resuspended in 250uL binding 

buffer + 10% FBS. After incubating at room temperature for two minutes, 10uL of annexin-v was 

added to the appropriate groups and incubated again in the dark for 30 minutes. 5uL of PI was 

added to the appropriate groups and incubated again for 10 minutes. Cells were divided between 

confocal microscopy and flow cytometry analysis.  

Before confocal microscopy, cells were suspended in 50uL of fixative (3:1 acetic 

acid:methanol) and 50uL of PBS (with Hoescht). Two 50uL drops of the cell solution was placed 
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onto a slide and dried on a heat rack. Slides were prepared with 5μL of Vectashield with DAPI 

(MJS BioLynx Inc., Brockville, Canada; VECTH1200). Vaseline drops were positioned on each 

corner of the coverslip to prevent flattening of the GCs by the coverslip. GCs were imaged with 

an Olympus FV120 confocal microscope at 40x magnification. This was done at laser wavelengths 

of 405 nm for Hoechst (Sigma Aldrich; B2883) (blue), 488 nm for fluorescein isothiocyanate 

(FITC) conjugated Alexa-Fluor 488 (Invitrogen, Thermo Fisher Scientific; A28175) (green), and 

670 m for Propidium Iodide (Sigma Aldrich; P4170) (red). Cells previously resuspended in 

binding buffer + 10% FBS and stained using annexin-v and propidium iodide were filtered using 

40uM strainers into fluorescence-activated cell sorting tubes. These cells then moved onto analysis 

using BD Accuri C6 Flow Cytometer. Using a 488nm laser line for excitation, at least 30’000 

events were collected gating out residual debris. A dot plot was used for detecting size (forward 

scatter; FSC) and granularity (side scatter; SSC) using linear scale. Another dot plot was used to 

detect FITC (520 nm) and PI (620 nm) using log scale. 
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Cortisol and THC Treatment in Cell Culture 

 

Figure 12: Brief layout of experiments involved in objective 3.  

 Granulosa cells were isolated and counted after collecting ovaries from the local abattoirs 

as previously described. Treatments prior to snap-freezing for qPCR analysis were modified to 

include GCs treated for the long-term timepoint with the following groups: DMEM + 0.1% FBS 

(Control), ethanol vehicle solution in DMEM + 0.1% FBS (1:1:18 ethanol: Tween: saline) 

(Vehicle), 3.2μM THC solution in DMEM + 0.1% FBS (High [THC]/recreational dose), 0.032μM 

THC solution in DMEM + 0.1% FBS (Low [THC]/therapeutic dose), methanol vehicle (methanol 

in DMEM + 0.1% FBS), 10ng/μL cortisol in methanol solution and DMEM + 0.1% FBS (Low 
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[Cortisol]), 20ng/μL cortisol in methanol solution and DMEM + 0.1% FBS (High [Cortisol]). 

These cells were frozen for later gene expression quantification. 

RNA Extraction 

 RNA was extracted from frozen granulosa cells using RNeasy Micro kits (QIAGEN; 

Toronto, ON, Canada). 350μL of Buffer RLT Plus was added, then vortexed and samples were 

transferred to qDNA eliminator spin columns, where the Buffer RLT solution allowed genomic 

DNA to bind to the column. The spin columns were then placed in a 2mL collection tube and 

centrifuged at 10,000xg for 30 seconds. The genomic DNA bound to the spin column was disposed 

of. 350μL of 70% ethanol was then added to the flow-through in the 2mL collection tube. The 

samples were thoroughly mixed before being transferred to RNeasy MinElute spin columns placed 

within another 2mL collection tube. Columns were centrifuged at 10,000xg for 15 seconds. The 

70% ethanol allows for the RNA to bind to these spin columns. The subsequent flow-through was 

disposed of, and the column filter containing bound RNA moved onto the next step. 700μL of 

Buffer RW1 was added to the spin column, which was then placed in another 2mL collection tube 

and centrifuged at 10,000xg for 15 seconds. Flow-through was discarded and 500μL of Buffer 

RPE was added to the column and centrifuged at 10,000xg for 15 seconds. This buffer acts to 

remove salt traces from the column and washes the column-bound RNA. The flow-through was 

again disposed of, and 500μL of 80% ethanol was added to the spin column to wash the membrane, 

centrifuged at 10,000xg for 2 minutes. The spin column was again placed into a new 2mL 

collection tube and centrifuged with the lid open at 13,000xg for 5 minutes to dry the membrane. 

The column was lastly placed in a 1.5mL collection tube, and 17μL of RNase-free water was added 

directly to the center of the spin column membrane, followed by centrifugation at 13,000xg for 1 

minute to elute the RNA. 
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Nanodrop Spectrophotometry and Reverse Transcription 

 RNA was quantified using a Nanodrop 2000c (Thermo Fisher Scientific). For each sample, 

250ng of RNA was reverse-transcribed into cDNA using QuantaBio qScript cDNA SuperMix 

(VWR, Mississauga, Canada; 95048) in a T100 Thermal Cycler (Bio-Rad, Mississauga, Canada) 

following this protocol: 5 minutes at 25°C, 30 minutes at 42°C, 5 minutes at 85°C and finally a 

return to 4°C. cDNA samples were later collected and stored at -20°C. 

Reference Gene Selection 

 Appropriate reference genes (table 2) were selected in our lab previously by Misner et al., 

(2021) using reference gene software, geNorm and qPCR following MIQE guidelines. This 

software identified the most stable housekeeping genes, not affected by the treatments, to utilize 

as an appropriate reference value. 

Table 2: Reference gene primer sequences used in qPCR. 

Gene 
Reference 
Name 

Gene Full Name 
Product 
Size 
(bp) 

GenBank 
Accession # 

Primer Sequence Forward & Reverse (5’-
3’) 

Efficiency 
(%) 

Source 

YWHAZ 

Tyrosine 3- 
monooxygenase 
/ tryptophan 5- 
monooxygenase 
activation 
protein zeta 

120 NM_174813.2 
F: GCARCCCACAGACTATTTCC 
R: GCAAAGACAATGACAGACCA 

101.5 
(Sharma, 
2016) 

GAPDH 
Glyceraldehyde 
3-phosphate 
dehydrogenase 

153 
NM_001034034. 
2 

F: TTCCTGGTACGACAATGAATTT G 
R: GGAGATGGGGCAGGACTC 

100.7 
(Ferris et 
al., 2015) 

Quantitative Polymerase Chain Reaction (qPCR) 

 qPCR was used to determine mRNA expression of 7 genes (HSP70, HSP90, MAPK8, 

MAPK9, 11βHSD1, 11βHSD2, GR) using a CFX96 Touch Real-Time PCR Detection System 

(BioRad). mRNA amplification was achieved using SsoFast EvaGreen Supermix (Biorad, 

1725201) as described previously (Saleh et al., 2021). Primer pairs used for qPCR analysis are 

provided in table 3. Standard curves were used to determine primer efficiencies (table 3). Relative 
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changes in mRNA expression were calculated using an efficiency-corrected method (ΔΔCt) with 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and tyrosine 3-monooxygenase / 

tryptophan 5-monooxygenase activation protein zeta (YWHAZ) as reference targets. Control 

group GCs RNA was used as a calibrator to account for inter-run variability. At least three 

biological replicates in technical triplicates were quantified for each primer.  
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Table 3: Target gene primer sequences used in qPCR. 

Gene Symbol 
Gene Full 
Name 

GenBank/Unigene 
Accession # 

Primer Sequence Forward & Reverse (5’-
3’) 

Efficie
ncy 
(%) 

Source 

HSP70 
Heat shock 
protein 70 

U09861 
F: TACGTGGCCTTCACCGATAC 
R: GTCGTTGATGACGCGGAAAG 

104.7 
(Kim et 
al., 2020) 

HSP90AA1 
Heat shock 
protein class 
alpha 

Bt.61915 
F: GTATGGACAATGACTCCAATCAAGT 
R: CCGTTTGTTGTAAGGTGTGTATGTA 

98.9 
(Assidi et 
al., 2008) 

HSP90B1 
Heat shock 
protein class 
beta 

Bt.8686 
F: TGGCAGAGACCATCGAAAG 
R: GGTAACTTCCCCTTCAGCAG 

91.7 
(Assidi et 
al., 2008) 

MAPK8 

Mitogen-
activated 
protein kinase 
8 

NM_001192974.2 
F: ACTTTTCCCAGCTGACTCGG 
R: GGTATCTTTGGTGGTGGAGC 

95.8 
See 
appendix 

MAPK9 

Mitogen-
activated 
protein kinase 
9 

NM_001046369.1 
F: GCTACAAAGAGAACGCAAGTC 
R: GTGGCGTTGCTGCTTACTG 

98.1 
See 
appendix 

11βHSD1 

11β-
Hydroxystero
id 
dehydrogenas
e 1 

AF548027 
F: AAGCAGACCAACGGGAGCATT 
R: GGAGAAGAACCCATCCAGAGCA 

102.7 
(Tetsuka 
et al., 
2010) 

11βHSD2 

11β-
Hydroxystero
id 
dehydrogenas
e 2 

AF074706 
F: CGAGCACTTGAATGGGCAGTT 
R: CCTGGGTAATAGCGGCGGAGT 

101.8 
(Tetsuka 
et al., 
2010) 

GR 
Glucocorticoi
d receptor 

AY238475 
F: GGGTATGACAGCTCGGTTCCA 
R: CCTTTGCCCATTTCACTGCTG 

100.0 
(Tetsuka 
et al., 
2010) 

 

Statistical Analysis 

GraphPad Prism 8 and SPSS statistics software were used to analyze the statistical 

difference amongst the treatment groups. Each data set was tested for normality using 

Kolmogorov-Smirnov, Shapiro Wilk, Anderson-Darling, and D'Agostino-Pearson omnibus tests, 

as well as residual plots and QQplots. Normally distributed data sets were analyzed using a One-

way Analysis of Variance (ANOVA) and not normally distributed data sets were analyzed using 

the Kruskal-Wallis test. Differences at a two-tailed p-value<0.05 were considered statistically 
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significant. Data sets with a statistically significant p-value were then subjected to Tukey’s post-

hoc test in order to compare differences between each treatment group. Data shown represent the 

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

2.4 Results  

Granulosa Cells Viability and Apoptosis 

 Granulosa cells were collected after 4 hours of WST-8 treatment and absorbance was 

measured at an optical density of 460 nm using a Universal Microplate Reader EL800 (Bio-Tek 

Instruments, Inc.). Soluble WST-8 tetrazolium salts are converted to an orange formazan product 

proportional to the number of viable cells by cellular dehydrogenase activity, measured by the 

absorbance increase at 460 nm (Figure 13). Figure 14 depicts the viability of control, vehicle and 

the three THC treatments doses: low, mid and high [THC]. Two main treatments regimens were 

investigated: short-term (12 hour), long-term (12 + 12 hours). Each treatment routine was tested 

using three biological replicates. Viability was also measured in another group for 24 hours 

following treatment. No significant differences were found in cell viability between all treatment 

groups for all treatment regimens measured.  

 

Figure 13: Schematic representation of the reaction for the detection of dehydrogenase activity 
using colorimetric WST-8 assay. 
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Figure 14: Granulosa cells viability and proliferation observed by tetrazolium salt (WST-8) 
assay. Results presented as mean ± standard deviation. Granulosa cells were treated during culture 
with therapeutic THC doses (low [THC], 0.032μM), recreational THC doses (mid [THC], 0.32μM; 
high [THC], 3.2μM), vehicle (1:1:18 ethanol:Tween:saline) or control media for A) 12 hours, B) 
24 hours, and C) 12 hours + 12 hours. Cells were plated in 96-well plates at a density 5000 
cells/well. 3 biological replicates were analyzed in technical triplicates. No significant changes 
were detected. 
 
 Apoptosis in GCs was investigated qualitatively using confocal microscopy. Stains 

detected are as follows: 405nm for Hoechst (blue), 485nm for Annexin-V (green), and 620nm for 

Propidium Iodide (PI) (red). Hoechst stains the nuclei of cell and acted as a control as well as an 

aid for locating cells. All five treatment groups were utilized for this study, control, vehicle, low 
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[THC] (0.032μM), mid [THC] (0.32μM) and high [THC] (3.2μM) as well as a positive control 

group treated with 1,1,1-trichloro-2,2-bis[4-chlorophenyl]ethane (DDT). As there were no 

significant differences found for the WST-8 cell viability assay, only the long-term THC treatment 

timeline was tested for apoptosis. Annexin-V stains phosphatidylserine of the plasma membrane 

on cells undergoing early apoptosis all the way to late necrosis. Alexa-fluor 488 conjugated 

annexin-v staining can be visually compare between control, vehicle, DDT, and the three THC 

treatment groups in figure 15. Compared to control and vehicle, the three THC treatments appear 

to have no effect on Alexa-fluor 488 conjugated annexin-v staining. The propidium iodide (PI) 

intercalating fluoresces as it binds DNA but can not pass through the cell membrane of viable or 

early apoptotic cells. However, late apoptotic and necrotic cell membrane holes allow for the 

passage of PI to the nucleus to bind DNA. Visual comparison of the three THC treatment groups 

to the control and vehicle groups reveals no apparent differences in PI staining. 

 Flow cytometry can be used to quantitatively compare the stains previously described for 

confocal microscopy. Annexin-V-/PI- cell staining connotes viable cells, which have not entered 

early apoptosis. Annexin-V+/PI- cells are indicative of early apoptosis, as Alexa-fluor 488 

conjugated annexin-v fluoresces green as it contacts phosphatidylserine on early apoptotic cell 

membranes. Additionally, Annexin-V+/PI- cells lack PI staining as early apoptotic cells maintain 

the integrity of their cell membranes, restricting PI access to DNA. Finally, Annexin-V+/PI+ cells 

are indicative of late apoptotic and necrotic cells, as the integrity of the cell membrane is 

compromised exposing phosphatidylserine and DNA for annexin-v and propidium iodide binding, 

respectively. The proportions of Annexin-V-/PI-, Annexin-V+/PI-, and Annexin-V+/PI+ can be 

compared to provide a full picture of apoptosis in the cells of the treatment groups included in this 

study. Figure 16A, B and C depicts the proportion of viable (Annexin-V-/PI-), early apoptotic 
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(Annexin-V+/PI-), and late apoptotic/necrotic cells (Annexin-V+/PI+) as quantified using flow 

cytometry. The percentage of viable, early apoptotic, and late apoptotic/necrotic cells did not differ 

significantly between our control, vehicle, high [THC], mid [THC], and low [THC] groups as 

contrasted by our positive control (DDT).  

 
Figure 15: Qualitative confocal microscopy comparing annexin-v and propidium iodide 
staining. Granulosa cells were imaged with an Olympus FV120 confocal microscope at 40x 
objective in air. This was performed at 405nm for Hoechst (blue), 485nm for Annexin-V (green), 
and 620nm for Propidium Iodide (PI) (red). 1,1,1-trichloro-2,2-bis[4-chlorophenyl]ethane (DDT). 
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Short-Term and Long-Term THC exposure effect on granulosa cell mRNA expression 
 
 The levels of the heat shock proteins, HSP90AA1 (HSP90 isotype alpha) and HSP90B1 

(HSP90 isotype beta) mRNAs were measured using qPCR on GCs after exposure to THC. Frozen 

GCs had their mRNA extracted, quantified, and diluted to a standard of 250ng for each group to 

Figure 16: Granulosa cells apoptosis observed by Annexin-V and Propidium Iodide staining and 
flow cytometry. A) Percentage of viable cells (lacking annexin-V and propidium iodide staining). B) 
Percentage of early apoptotic cells (annexin-V staining and no propidium iodide staining). C) 
Percentage of late apoptotic cells (cells with annexin-V and propidium iodide staining). D) Results 
presented as mean ± standard deviation. Granulosa cells were treated during culture with therapeutic 
THC doses (low [THC], 0.032μM), recreational THC doses (mid [THC], 0.32μM; high [THC], 
3.2μM), vehicle (1:1:18 ethanol:Tween:saline) or control media for 12 hours + 12 hours. Cells were 
cultured in 6-well plates at a density 50000 cells/well. 3 biological replicates were analyzed in 
technical triplicates. Apoptosis was not found to change in response to THC or vehicle treatment 
compared to control. 
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be reverse transcribed to cDNA. 6 biological replicates were performed for short-term (12 hour) 

and long-term (12 +12 hour) treatments for each gene in technical triplicates. Figure 17A and C 

show that mRNA expression of HSP90AA1 did not differ significantly across all treatment groups 

for short-term and long-term treatments (p=0.69, p=0.63). HSP90B1 also displayed no significant 

differences in expression across all treatment groups  (figure 17B, D) (p=0.34, p=0.95). As shown 

in figure 18, no differences were found between all treatment groups for either timeline in HSP70 

mRNA expression (p=0.30, p=0.31). 
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 Figure 17: HSP90AA1 and HSP90B1 mRNA expression in GCs. A) Normalized 
expression of HSP90AA1 mRNA (to reference genes YWHAZ and GAPDH) of 250ng of 
RNA from GCs treated with THC for 12 hours. B) Normalized expression of HSP90B1 
mRNA of 250ng of RNA from GCs treated with THC for 12 hours. C) Normalized 
expression of HSP90AA1 mRNA of 250ng of RNA from GCs treated with THC for 12 
hours + 12 hours. D) Normalized expression of HSP90B1 mRNA of 250ng of RNA from 
GCs treated with THC for 12 hours + 12 hours. GCs were treated during cell culture with 
therapeutic THC doses (low [THC], 0.032μM), recreational THC doses (mid [THC], 
0.32μM; high [THC], 3.2μM), vehicle (1:1:18 ethanol:Tween: saline) or control media. 6 
biological replicates were conducted. Bars represent the mean ± SEM. 
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The levels of MAPK8 and MAPK9 mRNA were also measured in GCs exposed to THC 

by the two treatment regimens (figure 19). Short-term and long-term treatments revealed no 

significant differences in expression of MAPK8 (p=0.47, p=0.78) and MAPK9 (p=0.67, p=0.82) 

between all treatment groups. 6 biological replicates were performed for short-term (12 hour) and 

long-term (12 +12 hour) treatments for each gene in technical triplicates. 

Figure 18: HSP9070 mRNA expression in GCs. A) Normalized expression of HSP70 mRNA 
(to reference genes YWHAZ and GAPDH) of 250ng of RNA from GCs treated with THC for 12 
hours. B) Normalized expression of HSP70 mRNA of 250ng of RNA from GCs treated with 
THC for 12 hours + 12 hours. GCs were treated during cell culture with therapeutic THC doses 
(low [THC], 0.032μM), recreational THC doses (mid [THC], 0.32μM; high [THC], 3.2μM), 
vehicle (1:1:18 ethanol:Tween: saline) or control media. 4 biological replicates were conducted. 
Bars represent the mean ± SEM. 
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Figure 19: MAPK8 and MAPK9 mRNA expression in GCs. A) Normalized expression of 
MAPK8 mRNA (to reference genes YWHAZ and GAPDH) of 250ng of RNA from GCs treated 
with THC for 12 hours. B) Normalized expression of MAPK9 mRNA of 250ng of RNA from GCs 
treated with THC for 12 hours. C) Normalized expression of MAPK8 mRNA of 250ng of RNA 
from GCs treated with THC for 12 hours + 12 hours. D) Normalized expression of MAPK9 mRNA 
of 250ng of RNA from GCs treated with THC for 12 hours + 12 hours. GCs were treated during 
cell culture with therapeutic THC doses (low [THC], 0.032μM), recreational THC doses (mid 
[THC], 0.32μM; high [THC], 3.2μM), vehicle (1:1:18 ethanol:Tween: saline) or control media. 6 
biological replicates were conducted. Bars represent the mean ± SEM. 
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 For 11b-HSD2 enzyme mRNA expression, short and long-term treatments revealed no 

significant differences across all treatment groups (p=0.76, p=0.79) (Figure 20B, D). 11b-HSD1 

mRNA expression was also not found to be significantly different across all treatment groups for 

the short-term timeline (Figure 20A) (p=0.84). However, 11b-HSD1 mRNA expression was found 

to be significantly lower in response to long-term high [THC] compared to vehicle (Figured 20C) 

(p ≤ 0.05). 5 biological replicates were performed for short-term (12 hour) and long-term (12 +12 

hour) treatments for each gene in technical triplicates. 
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Figure 20: 11B-HSD1 and 11B-HSD2 mRNA expression in GCs. A) Normalized expression of 
11B-HSD1 mRNA (to reference genes YWHAZ and GAPDH) of 250ng of RNA from GCs treated 
with THC for 12 hours. B) Normalized expression of 11B-HSD2 mRNA of 250ng of RNA from 
GCs treated with THC for 12 hours. C) Normalized expression of 11B-HSD1 mRNA of 250ng of 
RNA from GCs treated with THC for 12 hours + 12 hours. D) Normalized expression of 11B-
HSD2 mRNA of 250ng of RNA from GCs treated with THC for 12 hours + 12 hours. GCs were 
treated during cell culture with therapeutic THC doses (low [THC], 0.032μM), recreational THC 
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doses (mid [THC], 0.32μM; high [THC], 3.2μM), vehicle (1:1:18 ethanol:Tween: saline) or 
control media. 5 biological replicates were conducted. Bars represent the mean ± SEM. 
 
 For GR mRNA expression, long-term low [THC] was found to be significantly higher 

compared to vehicle (p ≤ 0.05) (Figure 21). 3 biological replicates were performed for short-term 

(12 hour) and long-term (12 +12 hour) treatments for each gene in technical triplicate. All qPCR 

results were normalized to the reference genes, GAPDH and YWHAZ. No template controls 

(NTCs) and negative controls were used in every replicate to confirm the validity of the results, 

and to check for sample or reaction contamination. Across all genes investigated, no significant 

differences were found between control and vehicle groups.  

 

 
Figure 21: Glucocorticoid Receptor mRNA expression in GCs. Normalized expression of GR 
mRNA of 250ng of RNA from GCs treated with THC for 12 hours + 12 hours. GCs were treated 
during cell culture with therapeutic THC doses (low [THC], 0.032μM), recreational THC doses 
(mid [THC], 0.32μM; high [THC], 3.2μM), vehicle (1:1:18 ethanol:Tween: saline) or control 
media. 3 biological replicates were conducted. Bars represent the mean ± SEM. 

Long-Term THC and Cortisol exposure effect on granulosa cell mRNA expression 



 
 

58 
 

The two transcripts, 11b-HSD1 and GR, previously shown to be affected by long-term 

THC treatment were selected for further investigation involving cortisol treatments alone and in 

conjunction with THC. New treatment groups are as follows: methanol vehicle (methanol in 

DMEM + 0.1% FBS), 10ng/μL cortisol in methanol solution and DMEM + 0.1% FBS (Low 

[Cortisol]), and 20ng/μL cortisol in methanol solution and DMEM + 0.1% FBS (High [Cortisol]) 

as outlined in Figure 12. 11b-HSD1 previously demonstrated significant decrease in response to 

high [THC] treatment compared to ethanol vehicle was still present (p < 0.05) (Figure 22). Low 

and high [cortisol] was associated with increased 11b-HSD1 mRNA expression compared to the 

methanol vehicle group (p < 0.0001). However, this increase in expression was found to be 

significantly decreased in cells with combined high and low [cortisol] and high [THC] treatments 

(p < 0.001, p < 0.05). GR mRNA expression was again found to be significantly higher in the low 

[THC] treatment group compared to the ethanol vehicle group (p < 0.001) (Figure 23). Cortisol 

was not found to significantly affect GR mRNA expression compared to methanol vehicle, at either 

high or low [cortisol] treatments (p > 0.9999). The observed significant increase in GR mRNA 

expression in response to low [THC] remained in the presence of combined low [THC] and low 

and high [cortisol] treatments, with these groups significantly higher than their low and high 

[cortisol] alone counterparts (p < 0.01, p < 0.0001). 
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Figure 22: 11B-HSD1 mRNA expression in GCs. Normalized expression of 11B-HSD1 mRNA 
of 250ng of RNA from GCs treated with THC and Cortisol for 12 hours + 12 hours. GCs were 
treated during cell culture with the recreational High [THC] (3.2μM), ethanol vehicle (1:1:18 
ethanol:Tween: saline), methanol vehicle, Low [Cortisol] (10ng/mL), High [Cortisol] (20ng/mL), 
Low [Cortisol] + High [THC], High [Cortisol] + High [THC], or control media. 6 biological 
replicates were conducted. Bars represent mean ± SEM. 
* p < 0.05 
** p < 0.001 
*** p < 0.0001 
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Figure 23: GR mRNA expression in GCs. Normalized expression of 11B-HSD1 mRNA of 
250ng of RNA from GCs treated with THC and Cortisol for 12 hours + 12 hours. GCs were treated 
during cell culture with the recreational High [THC] (3.2μM), ethanol vehicle (1:1:18 
ethanol:Tween: saline), methanol vehicle, Low [Cortisol] (10ng/mL), High [Cortisol] (20ng/mL), 
Low [Cortisol] + High [THC], High [Cortisol] + High [THC], or control media. 6 biological 
replicates were conducted. Bars represent mean ± SEM. 
* P < 0.01 
** P < 0.001 
*** P < 0.0001 
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DISCUSSION  

The purpose of this study is to explore potential effects of THC on cortisol signalling, cell 

viability, and apoptosis in granulosa cells (GCs). In the body, ECS and stress signalling pathways 

appear to possess significant potential for overlapping effects (Maccarrone et al., 2015). ECS 

components are present in integral cells of the reproductive tissues throughout oocyte maturation 

(Cecconi et al., 2020; El-Talatini, Taylor, Elson, et al., 2009). Due to the presence of the ECS, 

THC possesses the potential to affect many important functions in reproductive tissues, including 

in GCs. THC has previously been identified as a potential detriment for preserving fertility when 

observing the in vitro effects of THC exposure on oocyte competence and embryo quality (Misner 

et al., 2021). Nonetheless, the effects of THC on reproductive tissues, especially under non-

standard physiological conditions, remain unclear (Maccarrone et al., 2015). By treating GCs with 

THC under standard physiological conditions, and during induced in vitro pathological stress 

conditions, we can begin to elucidate THC’s  role in modulating cellular stress.  

We chose to elucidate the effects of THC at three main doses: low [THC] (0.032μM), mid 

[THC] (0.32μM), and high [THC] (3.2μM). Due to the lack of research investigating follicular 

fluid THC levels following exposure, our doses relied on measurements taken in plasma. Our low 

[THC] comes from the therapeutic drug known as Dronabinol (Marinol ©), used as an anti-emetic 

and an appetite stimulant (FDA, 2004). This dose roughly corresponds to peak plasma levels of 

0.025μM (±0.015) at 1.5 hours when prescribing recommended dosing of 10mg (FDA, 2004). As 

a result of differences due to route of absorption and relative chronicity of use, choosing relevant 

recreational doses is more difficult. A 10x dosage range was used to cover this wide range of 

potential doses, represented by our mid [THC] and high [THC] doses. These doses correspond to 

the ones previously used investigating the effects of THC on sperm motility (Whan et al., 2006). 
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Before investigating THC’s potential for modulating the cellular stress response, THC’s effects on 

GC viability and apoptosis were investigated. GCs were exposed to concentrations of THC 

corresponding to therapeutic and recreational uses. The effects of THC on the viability and 

apoptosis of GCs were important to establish due to the potential for increased apoptosis and 

reduced viability to overshadow latter results involving the stress response system in GCs.  

In viable cells, nicotinamide adenine dinucleotide (NAD+/NADH) and its phosphatized 

counterpart (NADP+/ NADPH) are involved as cofactors during mitochondrial functions, cellular 

metabolism, oxidative stress, and cell death (Dunigan et al., 1995). During cellular metabolism, 

these cofactors of dehydrogenase enzymes act as acceptors of reducing equivalents during 

dehydration of oxidizable substrates (Chamchoy et al., 2019). Such processes of reduction can be 

coupled to the generation of coloured substances within the visible spectrum, a colorimetric assay 

(Chamchoy et al., 2019; Dunigan et al., 1995). Yellow water-soluble tetrazolium salts (WST-8) 

are readily reduced by NADPH to an orange formazan product monitored by the absorbance 

increase at 460nm (Ishiyama et al., 1997). This absorbance is directly proportional to the number 

of living cells in culture (Hamasaki et al., 1996). 

Apoptosis, or programmed cell death, is characterized by the activation of caspases, a 

family of proteins responsible for the cleavage of cell structural proteins and a loss of phospholipid 

asymmetry in the plasma membrane (Koopman et al., 1994; Riccardi & Nicoletti, 2006). In normal 

cells, this asymmetry is characterized by the presence of phosphatidylserine on the inner leaflet of 

the lipid bilayer, while sphingomyelin and phosphatidylcholine remain on the external leaflet 

(Crowley et al., 2016; Rieger et al., 2011). As phosphatidylserine is exposed to the external leaflet 

of the lipid bilayer during early apoptosis, late apoptosis/necrosis will lead to permeations to the 

plasma membrane; resulting in exposure of cellular contents, including phosphatidylserine, to the 
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extracellular environment (Crowley et al., 2016; Koopman et al., 1994). These changes during 

early and late apoptosis were quantified using Annexin-V, specific to phosphatidylserine, and 

propidium iodide, specific to DNA upon its exposure to the extracellular environment (Crowley et 

al., 2016; Riccardi & Nicoletti, 2006). Overall, our results indicate no changes on cell viability or 

early/late apoptosis in response to any THC concentration used. This demonstrates that effects of 

THC on GCs are not detrimental enough to cause serious aberrant changes to GCs, and that their 

function in maintaining oocyte maturation may not be compromised. This provides the foundation 

for investigating the potential effects, beneficial or not, of THC on the intracellular stress response 

system in GCs. 

In GCs, the concentration of cortisol is determined systemically by the activation of the 

HPA axis, resulting in increased plasma cortisol levels, and locally by the expression and activity 

of 11b-HSD1 and 11b-HSD2 (Hamano & Kuwayama, 1993). The level of intracellular cortisol 

and cortisone, and thus the activation of the glucocorticoid receptor, is dependent on these 

converting enzymes throughout oocyte maturation, as well as embryonic development (Gomez-

Sanchez et al., 2009). Short-term THC exposures proved insufficient to induce any changes in the 

mRNA expression of these enzymes. And while long-term exposure was not associated with 

alterations in 11b-HSD2 levels, 11b-HSD1 was found to be significantly reduced in our high 

[THC] group compared to the vehicle. 11b-HSD1 primarily acts as an 11-oxoreductase forming 

active cortisol from inactive cortisone (Mericq et al., 2009). A decrease in mRNA expression of 

11b-HSD1 in response to high [THC] treatment may be interpreted as a proof of THC’s ability to 

potentially reduce cortisol signalling by reducing the amount of active cortisol produced by this 

enzyme. This is more compelling paired with our later results demonstrating an increase in 
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expression of 11b-HSD1 in response to cortisol, which appear to be attenuated by combined 

cortisol and THC treatment. 

No significant changes were found overall for HSP70 and HSP90 mRNA expression. HSPs 

act to preserve DNA integrity and prevent apoptosis in response to cellular stress and reactive 

oxygen species (ROS) production (Kurashova et al., 2020; Walker et al., 2021). Our results conflict 

with findings from Walker et al. (2021), where HSP70 expression was increased in response to 

THC treatment in human extravillous trophoblast cells. This may be due the lower concentrations 

and timelines of THC treatments investigated in this study, compared to Walker at al. (2021) as 

they used 10μM and 20μM concentrations for 48 hours. Additionally, species differences between 

bovine and humans, and cell differences between GC and extravillous trophoblast cells may 

contribute to such differences in results. Physiologically relevant doses of THC used in our study 

appear to have no effect on HSP70 expression levels in GCs. Despite HSP70 and HSP90’s 

involvement in THC signalling through the CB1 receptor, treatment with THC appears to not affect 

the expression of either of these HSPs. This demonstrates that THC at physiologically relevant 

doses may not act as a sublethal stressor in GCs through the production of ROS, as previously 

thought (Morado et al., 2009; Shkolnik et al., 2011; Walker et al., 2021).  

c-Jun N-terminal kinase (JNK) is a mitogen activated protein kinase (MAPK) which is 

responsible for enhancing GR nuclear export by phosphorylation (Itoh et al., 2002; Rogatsky et 

al., 1998). No significant changes were found in MAPK8 and MAPK9 mRNA expression. JNK-1 

and JNK-2 are encoded by MAPK8 and MAPK9 genes respectively; and while no significant 

differences were found overall for the gene expression for these enzymes in response to THC, a 

previous study by Rueda and colleagues (2000) has demonstrated THC’s ability to increase the 

activation of these enzymes by western blotting in hamster GCs. Future studies investigating 
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THC’s effects on stress signalling may build on our results by further investigating the activation 

of JNK-1 and JNK-2 in bovine and human GCs, as this activation may provide a basis for THC’s 

ability to dampen GR-mediated transcriptional regulation, even in the absence of changes in gene 

expression.  

Increased GR mRNA expression was found exclusively in response to low [THC] 

treatment (representing therapeutic use 0.032μM), in the absence and presence of low and high 

[cortisol] treatments (representing normal 10ng/mL and pathological 20ng/mL cortisol 

concentrations, respectively). While cortisol has been previously demonstrated to increase GR 

gene expression in response to short-term elevated cortisol exposure, long-term exposures have 

shown the opposite effect on expression, lending to cortisol resistance in response to prolonged 

treatment (Gross et al., 2011). Therefore, high [cortisol (20ng/mL) may have the potential to 

increase GR expression compared to low [cortisol] (10ng/mL); however, only long-term 

treatments were investigated at this stage of the current study. Interestingly, in vivo and in vitro 

decreases in GR mRNA expression have been previously found in murine trophoblast and 

hippocampal neuronal cells in response to long-term THC treatments (Eldridge et al., 1991; Natale 

et al., 2020). This decrease in GR expression is hypothesized to be in response to prolonged 

elevated cortisol produced by THC’s effects on the HPA axis, by THC’s direct actions upon 

binding GR, or both (Natale et al., 2020). Our results support the assertion that THC’s inhibition 

of GR expression is mediated through its actions on the HPA axis, as THC’s direct local action on 

GC GR mRNA expression appears to be positive at the low [THC] dose. Perhaps this is in response 

to THC’s potential to inhibit GR receptor directly, lending to increased GR mRNA expression as 

a compensatory mechanism. However, such an effect appears to disappear in our mid and high 

[THC] doses.   
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11b-HSD1 mRNA expression was found to be lowered exclusively by high [THC] dose 

alone (representing high recreational use, 3.2 μM), as mentioned previously. Conversely, both low 

and high [cortisol] treatments significantly increased 11b-HSD1 expression. Glucocorticoids have 

been demonstrated to increase 11b-HSD1 mRNA expression in human amnionic fibroblast cells, 

an effect which disappears upon GR blocking by dexamethasone treatment (Li et al., 2006; Sun & 

Myatt, 2003). During normal follicular maturation, 11b-HSD2 typically dominates to keep active 

cortisol levels low; whereas ovulation stimulated by the LH surge is characterized by predominant 

11b-HSD1 expression (Whirledge & Cidlowski, 2010). Interestingly, the observed increase in 11b-

HSD1 was significantly attenuated by combining low and high cortisol treatments with high [THC] 

treatment. The mechanism by which THC affects this decrease in 11b-HSD1 mRNA expression 

remains to be elucidated. However, this could lend to THC’s ability to effectively dampen cortisol 

signalling locally in GCs by lowering the concentration of active intracellular cortisol. Future 

studies should aim to confirm this decrease in 11b-HSD1 at the protein level, as well as the effect 

this may have on local active cortisol concentration; confirming that this observed decrease in 11b-

HSD1 expression is reflected at the protein level. 

In summary, the data presented here supports the hypothesis that THC has the potential to 

benefit GCs by counteracting the effects of elevated cortisol under conditions of prolonged 

pathological stress. THC at clinically relevant doses in cultured GCs resulted in no changes to 

overall cell viability or apoptosis; therefore, it does not appear to be a detrimental factor for 

follicular health such as other recreational drugs (Konstantinidou et al., 2020). High [THC] was 

also shown to decrease 11b-HSD1 mRNA expression, as well as attenuate the increase in its 

expression in response to low and high [cortisol]. THC’s ability to reduce this enzyme’s mRNA 

expression may allow for it to be a beneficial therapeutic agent during pathological stress by 
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causing a reduction in the local concentration of cortisol. Moreover, the increase in GR mRNA 

expression in response to low [THC] alone, as well as with low and high [cortisol] treatments, 

could be a compensatory change in response to THC’s potential for GR inhibition as described by 

Natale and colleagues (2020). Ultimately, the ECS present in GCs, and throughout most of the 

body, may be a valuable therapeutic target for treating the local effects of pathological cortisol 

concentrations. Future investigations into the potential therapeutic use for THC in human GCs 

should aim to quantify the protein expression of 11b-HSD1 and GR, as well as confirm local 

changes in cortisol concentration, in response to THC treatment during induced in vitro 

pathological stress conditions.  
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APPENDIX 

Primer Design and Sequencing 
 
 MAPK8 and MAPK9 (accession numbers: NC_037355.1 and NC_037334.1, respectively) 

genes from Bos taurus were entered into NCBI Primer-BLAST and optimal primer parameters 

were selected based on qualities outline by Udvardi et al., (2008). Designed primers were evaluated 

identically to those obtained from prior literature, including verification of primer efficiency. 

qPCR products for these designed primers were sent for sequencing to validate their specificity. 

Amplified qPCR products were purified using PureLink PCR Purification Kit (K3100-01). Four 

volumes of binding buffer were added to one volume of amplified qPCR sample, followed by 

sample loading onto a Purelink spin column and centrifugation at 10,000xg for one minute. After 

washing using the kit’s wash buffer, another centrifugation at 14,000xg for three minutes was 

performed. The column was then inserted into an elution tube, where the purified qPCR product 

was eluted in DNase-RNase free water and stored at 20°C before being sent for sequencing. Primer 

target products were sequenced by the University of Guelph, Laboratory Services. Resultant DNA 

sequences outlined in table 4 were subsequently confirmed as MAPK8 and MAPK9 gene 

fragments by NCBI Primer-BLAST. 
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Table 4: List of designed and sequenced primers for qPCR analysis 

Genes Primer 
Direction 

Sequence Product Percent 
Identity 

 
 
MAPK8 
 
 
 
 
 
MAPK8 

 
 
forward 
 
 
 
 
 
reverse 

 
 
ACTTTTCCCAGCTGACTCGG 
 
 
 
 
 
GGTATCTTTGGTGGTGGAGC 
 

 
 
NNNNNAANNNNNCAGGCAGGGNN 
TTGTTATCCAGAATGCTGGTAATCG 
ACGCATCTAAAAGGATTTCTGTAGA 
CGAAGCTCTCCAGCACCCGTATATC 
AATGTCTGGTATGACCCTTCTGAAGC 
AGAAGCTCCACCACCAAAGATACCN 
 
NNNNNNNNNNNNNNNNNNTTGNTA 
TACGGGTGCTGGAGAGCTTCGTCTA 
CAGAAATCCTTTTAGATGCGTCGAT 
TACCAGCATTCTGGATAACAAATCC 
CTTGCCTGACTGGCTTTAAGTTTGTT 
GTGTTCCGAGTCAGCTGGGAAANNN 
NN 
 

 
 
 

97.81% 
 
 
 
 
 
99.22% 

 
 
MAPK9 
 
 
 
 
 
 
 
 
 
 
 
MAPK9 

 
 
forward 
 
 
 
 
 
 
 
 
 
 
 
reverse 

 
 
GCTACAAAGAGAACGCAAGTC 
 
 
 
 
 
 
 
 
 
 
 
GTGGCGTTGCTGCTTACTG 

 
 
NNNNNNNNNNNNCNNNNGTTAGTG 
ATAGATCCCGACAAGCGAATCTCTG 
TAGATGAAGCTTTGCGTCACCCTTAT 
ATCACTGTTTGGTATGACCCTGCTGA 
AGCAGAAGCGCCACCACCCCAAATT 
TATGATGCCCAGTTGGAAGAGAGAG 
AACATGCAATTGAAGAATGGAAAGA 
GCTAATTTACAAAGAAGTAATGGATT 
GGGAAGAAAGAAGCAAGAATGGTGT 
TGTGAAAGATCAACCTTCAGATGCAG 
CAGTAAGCAGCAACGCNAANNNNNCA 
 
 
 
 
NNNNNNNNNNNNNNNACCATTCTTG 
CTTCTTTCTTCCCAATCCATTACTTCT 
TTGTAAATTAGCTCTTTCCATTCTTCA 
ATTGCATGTTCTCTCTCTTCCAACTGG 
GCATCATAAATTTGGGGTGGTGGCGC 
TTCTGCTTCAGCAGGGTCATACCAAAC 
AGTGATATAAGGGTGACGCAAAGCTT 
CATCTACAGAGATTCGCTTGTCGGGAT 
CTATCACTAACATTTTTGATAATAAGT 
CTCTGGCTTGACTTGCGTTCNCTTTGTA 
GCANNNANN 

 
 
 
 

100.0% 
 
 
 
 
 
 
 
 
 
 
 
99.61% 

 
 

 


