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LAY ABSTRACT 

       Non-occupational exposure to various environmental pollutants can contribute to the 

development of type 2 diabetes. The primary objective of this project was to explore a specific 

class of environmental pollutants commonly found in oil extraction sites. This thesis explores 

whether exposure to these pollutants can impair important functions in the beta cells, the cells in 

one’s pancreas which secrete insulin in the body and regulate blood glucose levels, and whether 

these pollutants can increase one’s risk of developing type 2 diabetes. The results of this thesis 

demonstrated that these pollutants may generate various types of cellular stress in the beta cell. 

Induction of cellular stress may impair the ability of beta cells to function normally. It is 

impaired beta cell function that leads to type 2 diabetes development. Therefore, the findings 

from this thesis may help further strengthen the association between environmental pollutant 

exposure and type 2 diabetes risk.  
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ABSTRACT 

             Type 2 diabetes (T2D) is characterized by impaired beta cell function. The generation of 

various types of cellular stresses, including oxidative stress and ER stress, and the induction of 

cellular senescence can contribute to beta cell dysfunction. Recent studies have demonstrated 

associations between petrochemical exposure and beta cell dysfunction, particularly through 

induction of cellular stress. One class of compounds, commonly found in crude oil, are sulphur-

containing heterocyclic aromatic compounds (S-HACs). S-HACs have been previously 

demonstrated to induce cellular stress in mammalian cells. This thesis aims to determine if S-

HACs can induce cellular stress in beta cells and, consequently, impair beta cell function, 

particularly insulin production.   

       Rat pancreatic beta cells, INS-1Es, were treated with two commonly occurring S-HACs, 

BNT(2,3D) and DBT, at doses which reflect non-occupational exposure levels. Upon treatment, 

various functional assays and qPCR experiments were performed for examining glucose uptake, 

ROS production, cellular senescence, ER stress and intracellular insulin production. It was 

observed that both BNT(2,3D) and DBT significantly increased glucose uptake and ROS 

production in the beta cells and upregulated the mRNA expression of various ER stress markers. 

In addition, BNT(2,3D) also induced cellular senescence, likely through a p53-independent 

pathway. This suggests that S-HACs may induce oxidative stress and ER stress in exposed beta 

cells, and some S-HACs may cause irreversible cell cycle arrest in response to these cellular 

stresses. However, intracellular insulin content in the INS-1Es was not altered by exposure to 

either S-HAC, suggesting that S-HACs may not impair insulin production.  Nevertheless, the 

significant accumulation of ROS in S-HAC-exposed beta cells and the subsequent induction of 

cellular senescence by some S-HACs may alter other important beta cell functions, including 
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mitochondrial function and insulin secretion, which could lead to the development of T2D; 

suggesting the potential for S-HACs to be novel beta cell toxicants.  
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CHAPTER 1 – INTRODUCTION 

 

1.1 TYPE 2 DIABETES MELLITUS 

 

1.1.1 Prevalence  

       One of the most common metabolic diseases worldwide is diabetes mellitus which affects 

approximately 463 million people globally; with prevalence rates expected to increase by over 

50% in the next 25 years (IDF 2019). Approximately 9% of the Canadian population currently 

has diabetes, however this is expected to rise to 12% within the next few years (Houlden 2018). 

Diabetes is classified into type 1, type 2, and gestational diabetes mellitus (Public Health Agency 

of Canada 2019). The most prevalent form of diabetes mellitus is type 2 diabetes mellitus (T2D), 

which makes up 90% of all cases in Canada (Public Health Agency of Canada 2019). In Canada, 

T2D is more prevalent in males, older adults and in certain populations including the Indigenous 

People of Canada (Houlden 2018; Public Health Agency of Canada 2019). 

       T2D is a leading contributor to premature mortality worldwide, alongside hypertension and 

tobacco use (Houlden, 2018). In 2008 and 2009, 1 in 10 deaths in Canada were due to 

complications from T2D, illustrating a strong association between diabetes and premature death 

(Houlden 2018).  

1.1.2    Pathophysiology of T2D       

       T2D is characterized by impaired insulin secretion, systemic insulin resistance and impaired 

glucose tolerance (Cersosimo et al. 2018). In T2D, pancreatic insulin synthesis/production is not 

completely absent and therefore T2D patients generally do not require insulin therapy (Seino et 

al. 2010). Hence, T2D is often referred to as insulin-independent diabetes mellitus (Hameed et 

al. 2015). Various diagnostic tests exist for diagnosing prediabetes and T2D including 
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measurement of fasting plasma glucose in individuals who have fasted for at least 8 hours, 

measurement of glycated hemoglobin (A1C), and measurement of 2-hour plasma glucose levels 

(2h-PG) through an oral glucose tolerance test using 75g of glucose (Punthakee et al. 2018). 

Individuals diagnosed with prediabetes have a 2h-PG within the 7.8 mmol/L – 11.0 mmol/L 

range, fasting plasma glucose level within the 6.1 mmol/L – 6.9 mmol/L range, or an A1C level 

within the 6% - 6.4% range (Punthakee et al. 2018). Prediabetes, which is reversible, 

significantly increases an individual’s risk of developing T2D, which is almost impossible to 

reverse (Punthakee et al. 2018). Individuals are diagnosed with T2D if they have a 2h-PG ≥ 11.1 

mmol/L, a fasting plasma glucose level ≥ 7.0 mmol/L or an A1C ≥  6.5%; indicating impaired 

glucose tolerance (Punthakee et al. 2018).   

       Over 90% of T2D patients are overweight or obese (Punthakee et al. 2018). T2D is 

sometimes referred to as adult-onset diabetes, as it is generally diagnosed in individuals over the 

age of 25. However, as obesity rates amongst children and adolescents continue to rise, the 

incidence rate of T2D amongst these populations has also been increasing (Punthakee et al. 

2018). Obese individuals produce higher quantities of proinflammatory proteins, nonesterified 

fatty acids and various hormones which contribute to the development of insulin resistance (Al-

Goblan et al. 2014). Insulin resistance is a condition where there is insufficient insulin-mediated 

glucose uptake by insulin-sensitive tissues and an inability of insulin to suppress hepatic glucose 

production (Leahy 2005). While most obese and overweight individuals are insulin resistant, not 

all of them develop T2D (Al-Goblan et al. 2014). This is because the pancreatic islets of the non-

diabetic, insulin-resistant individuals secrete sufficient insulin into the bloodstream to 

compensate for the reduced insulin sensitivity in target tissues (Al-Goblan et al. 2014). This 
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ensures adequate uptake of glucose by these tissues for ATP production and glycogen synthesis 

(Al-Goblan et al. 2014).  

       The transition from normal to impaired glucose tolerance occurs due to impaired insulin 

secretion in which the beta cells in the pancreas are unable to secrete sufficient quantities of 

insulin into the bloodstream to compensate for insulin resistance (Al-Goblan et al. 2014; Leahy 

2005). Impaired insulin secretion by pancreatic beta cells characterizes beta cell dysfunction, 

which occurs in both prediabetes and T2D (Leahy 2005; Punthakee et al. 2018).  

1.1.3     Functions of the Pancreatic Beta Cell 

       Pancreatic beta cells are insulin-secreting cells found in the Islets of Langerhans in the 

endocrine region of the pancreas (Skelin et al. 2010). The nutrient molecule glucose is a key 

regulator of various cellular processes in the beta cell including insulin synthesis and secretion 

(Skelin et al. 2010). A rise in blood glucose levels induces transcription of the insulin gene and, 

subsequently, production of the insulin precursor preproinsulin which is comprised of an A 

chain, B chain, C peptide and N-terminal signal peptide (Skelin et al. 2010).  Attachment of the 

preproinsulin inside the endoplasmic reticulum cleaves the signal peptide off the molecule, 

converting preproinsulin into proinsulin (Skelin et al. 2010). Proinsulin is sent to the Golgi 

apparatus and packed into vesicles (Skelin et al. 2010). Within each vesicle proinsulin matures 

into insulin, through cleaving of the C peptide, and is stored in the beta cell until glucose-

stimulated secretion (Skelin et al. 2010).  

        In healthy individuals, a rise in blood glucose concentrations leads to the cellular uptake of 

glucose into beta cells through the GLUT2 transporter proteins embedded in the cellular 

membrane, as shown in Appendix 1 (Skelin et al. 2010). Upon entering the beta cell, glucose is 
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phosphorylated by glucokinase and undergoes glycolysis to generate pyruvate (Fridlyand & 

Philipson 2011). Pyruvate enters the tricarboxylic acid cycle and generates the reducing 

equivalents NADH and FADH2 (Fridlyand & Philipson 2011). These coenzymes donate 

electrons to the electron transport chain located in the inner mitochondrial membrane (Fridlyand 

& Philipson 2011). This generates an electrochemical gradient that drives the production of ATP 

(Fridlyand & Philipson 2011).  Increased ATP:ADP concentrations in the cytosol cause ATP-

sensitive K+ (KATP) channels in the cell’s plasma membrane to close and plasma membrane 

depolarization to occur (Fridlyand & Philipson 2011). This triggers the opening of voltage gated 

calcium channels, resulting in a Ca2+ influx (Fridlyand & Philipson 2011). Increased Ca2+ 

concentrations in the cytosol stimulates the release of vesicle-stored insulin out of the cell and 

into the bloodstream (Skelin et al. 2010).  

       Insulin secretion occurs in a pulsatile manner and consists of two phases (Leahy 2005). The 

first phase of insulin secretion is short and occurs immediately upon high caloric intake. The 

second phase is much longer and proceeds until blood glucose levels return to normoglycemic 

conditions (Leahy 2005). While the secretion of insulin by beta cells is stimulated by 

hyperglycemia, the secretion of glucagon into the bloodstream by pancreatic alpha cells, also 

located in the Islets of Langerhans, is inhibited (Cersosimo et al. 2018). Glucagon functions to 

increase blood glucose levels during fasting states (Cersosimo et al. 2018). Hyperglycemia 

significantly increases the ratio of plasma insulin to plasma glucagon concentrations and this 

suppresses gluconeogenic and glycogenolytic processes in the liver (Cersosimo et al. 2018). The 

elevated levels of insulin also trigger glucose uptake by the liver and, upon entering the 

peripheral veins, triggers glucose uptake by peripheral insulin-dependent tissues, including 
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muscle and adipose tissue (Cersosimo et al. 2018). Glucose uptake into these target tissues 

stimulates glycogen synthesis, thereby promoting glucose homeostasis (Cersosimo et al. 2018). 

1.2     PATHWAYS TO IMPAIRED BETA CELL FUNCTION 

       Beta cell dysfunction is a key characteristic of T2D (Hasnain et al. 2016). While there are a 

number of pathways which have been shown to contribute to beta cell dysfunction the generation 

of cellular stress, including oxidative stress and endoplasmic reticulum stress, have consistently 

been shown to lead to impaired beta cell function (Hasnain et al. 2016).    

1.2.1    Oxidative Stress and Cellular Senescence 

       Oxidative phosphorylation in the mitochondria, which occurs as a result of glycolysis, 

generates ATP through the conversion of oxygen to water via the electron transport chain (Kasai 

et al. 2020). Some of these oxygen molecules, however, can escape the electron transport chain 

and be reduced to the reactive superoxide anion radical O2
- (see Appendix 2) (Kasai et al. 2020). 

An increase in superoxide concentrations within the mitochondria triggers the mitochondrial 

superoxide dismutase (SOD2) to convert the superoxide anions to O2 and H2O2 (Kasai et al. 

2020). The H2O2 may then be converted to H2O by glutathione peroxidase (GPX) or to H2O and 

O2 by catalase (Kasai et al. 2020). However, H2O2 may also be reduced to the extremely reactive 

hydroxyl radical by free iron, which can be released into the mitochondrial environment through 

inactivation of iron-rich enzymes by the superoxide anions (Kasai et al. 2020). The production of 

reactive oxygen species (ROS) in the mitochondria such as O2
- and hydroxyl radicals leads to the 

activation of NRF2 (Kasai et al. 2020). Activated NRF2 translocates to the nucleus where it 

induces the transcriptional activation of genes encoding various antioxidant enzymes including 

SOD2, CATALASE and GPX (Kasai et al. 2020). 
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       With persistent hyperglycemia, excess glucose uptake and metabolism by beta cells may 

lead to the accumulation of ROS (Drews et al. 2010). Pancreatic beta cells, in comparison to 

other cell types in the body, have low expression of antioxidant enzymes including superoxide 

dismutase (Drews et al. 2010). Poor antioxidant defence mechanisms combined with excess 

generation of ROS can lead to oxidative damage of DNA in beta cells (Drews et al. 2010). 

       Cellular repair mechanisms are activated in response to oxidative DNA damage (Barnes 

2015). For example, DNA damage activates the tumour suppressor pathway comprised of the 

proteins P53 and P21 (see Appendix 3) (Barnes 2015). Activation of the transcription factor P53 

upregulates the expression of the P21 gene (Barnes 2015). P21 protein binds to and inhibits 

cyclin dependent kinases which normally function to phosphorylate and inactivate 

retinoblastoma (Rb) proteins, the major regulator of the G1/S checkpoint in the cell cycle 

(Rincheval et al. 2002). The active, dephosphorylated Rb proteins irreversibly arrest the cell 

cycle at the G1 phase (Rincheval et al. 2002). This permanent non-proliferative state is known as 

cell senescence (Barnes 2015).  

1.2.2 Characteristic Features of Senescent Cells       

       Senescent cells have been observed to express high levels of BCL2, an anti-apoptotic protein 

that can also inhibit cell proliferation (Rincheval et al. 2002). Alongside inducing cell 

senescence, activation of P53 can also induce apoptosis through upregulating the expression of 

proapoptotic proteins such as BAX (Rincheval et al. 2002). It has been suggested that the ratio of 

BCL2:BAX proteins expressed in cells may determine whether a cell enters an apoptotic state or 

a senescent state, upon activation of P53 (Rincheval et al. 2002). Interestingly, upregulation in 

BCL2 expression has been shown to promote P53-dependent senescence, through transforming 

cells in an apoptotic state to a senescent state at the G2 phase of the cell cycle (Rincheval et al. 
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2002). This suggests a potential role of anti-apoptotic proteins in promoting cell senescence 

(Rincheval et al. 2002). 

       A key feature of senescent cells that distinguish them from proliferating cells is an increased 

expression of the senescence-associated beta galactosidase enzyme (SA-β GAL), encoded by the 

GLB1 gene (Lee et al. 2006). Neither the functional role of SA-β GAL in cell senescence nor the 

mechanistic pathway through which this enzyme is expressed are currently known (Lee et al. 

2006). However, it has been suggested that increased SA-β GAL activity in senescent cells may 

be occurring due to increased lysosomal β-galactosidase activity (Lee et al. 2006). Lysosomal   

β-galactosidase, also encoded by the GLB1 gene, is solely found in the lysosomes of mammalian 

cells (van der Spoel et al. 2000). Lysosomal β-galactosidase hydrolyzes β-galactosides from 

glycoproteins and keratan sulfate (van der Spoel et al. 2000); lysosome content has been 

observed to be significantly higher in senescent cells (Lee et al. 2006).  

       Cell cycle arrest prevents the accumulation of damaged beta cells, but at the same time 

accelerates the aging of these cells (Barnes 2015). The senescent beta cells, despite being non-

proliferative, are metabolically active (Barnes 2015). They begin to secrete inflammatory 

chemokines and cytokines such as IL6, IL1β and CCL2 (MCP1) (Barnes 2015), as well as 

profibrotic proteins such as PAI1 (SERPINE1) (Khan et al. 2017). This inflammatory response 

occurs due to NFkB activation subsequent to P21 activation and is known as a senescence-

associated secretory phenotype (SASP) (Barnes 2015). SASP amplifies the degree of senescence 

within the cell and induces senescence in neighbouring cells which will in turn lead to premature 

aging of pancreatic islets which is linked to T2D (Barnes 2015).  
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1.2.3 Cellular Senescence and Impaired Beta Cell Function      

       Increased production of SASP markers, such as IL1β and IL6, has been observed in 

pancreatic islets of T2D patients (Larsen et al. 2007) and that increased production of IL1β in 

beta cells reduces the maturation of proinsulin to insulin in the beta cells (Larsen et al. 2007). 

Furthermore, increased IL1β  production and secretion in pancreatic islets upregulates FAS 

expression (Choi et al. 2009); the FAS receptor is known to regulate cell apoptosis. In addition, 

recent studies have shown that this cell surface receptor can also regulate the insulin exocytosis 

machinery (Choi et al. 2009; Schumann et al. 2007). There are a number of proteins involved in 

insulin vesicle exocytosis, the most crucial of which are SNARE proteins (Xiong et al. 2017).  

SNARE proteins assemble into a complex that aids in fusing the insulin secretory vesicles with 

the cell’s plasma membrane in order to subsequently release the vesicle contents (i.e. insulin) 

into the bloodstream (Xiong et al. 2017).  Absence of FAS gene significantly improves insulin 

exocytosis, in part due to increased expression of SNARE proteins, such as VAMP2  and 

syntaxin-1A, and increased expression of munc18a which regulates the assembly of the SNARE 

proteins (Choi et al. 2009). Therefore, upregulation in FAS expression, as a result of increased 

IL1β production, may impair insulin exocytosis and raise fasting plasma glucose concentrations 

(Choi et al. 2009; Larsen et al. 2007).  

       Plasma concentrations of the SASP marker IL6 are also increased systemically in T2D 

individuals (Akbari & Hassan-Zadeh 2018). Increased systemic production of the IL6 protein has 

been shown to induce insulin resistance in certain insulin-sensitive tissues, such as adipose tissue 

and the liver, by reducing the phosphorylation of insulin receptor substrates (Akbari & Hassan-

Zadeh 2018). As previously mentioned, insulin resistance is regarded as the first condition 

observed in the pathogenesis of T2D that can lead to beta cell dysfunction. Interestingly, 
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prolonged exposure of human pancreatic islets to IL6 significantly reduces glucose-stimulated 

insulin secretion (Ellingsgaard et al. 2008). Thus, persistent production of IL6 by pancreatic beta 

cells, and systemic production of this cytokine by other tissues, may contribute to the 

development of T2D by inducing insulin resistance and impairing beta cell function. 

1.2.4 ER Stress and the Unfolded Protein Response 

      Alongside increased mitochondrial ROS production, impaired protein homeostasis in the 

endoplasmic reticulum can also contribute to T2D development (Eizirik et al. 2007). The 

endoplasmic reticulum (ER) is central to the synthesis, folding and posttranslational modification 

of proteins, including insulin (Pluquet et al. 2014). During hyperglycemic conditions, increased 

uptake of glucose increases the demand for beta cells to synthesize and secrete more insulin 

(Burgos-Moron et al. 2019). Increased insulin synthesis increases the presence of unfolded 

proteins in the ER (Burgos-Moron et al. 2019). Accumulation and aggregation of these unfolded 

proteins generates ER stress (Eizirik et al. 2007). Therefore, exposure to hyperglycemic 

conditions makes beta cells highly prone to ER stress (Burgos-Moron et al. 2019).  

       Furthermore, protein folding involves the formation of disulphide bonds which stabilize the 

folded proteins (Pluquet et al. 2014). The ERO1 enzyme builds these disulphide bonds with the 

use of oxygen (Pluquet et al. 2014). However, disulfide bond formation can generate ROS, 

particularly H2O2 which can diffuse freely across various compartments within the cell (Pluquet 

et al. 2014). The generation of ROS through disulphide bond formation in the ER, as well as 

through mitochondrial oxidative phosphorylation, can also trigger accumulation of unfolded 

proteins in the ER and thereby sustain, rather than attenuate, ER stress conditions (Burgos-

Moron et al. 2019).  
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       Various mechanisms within the ER exist to detect and eliminate unfolded proteins (Pluquet 

et al. 2014). The primary mechanism induced by ER stress is the unfolded protein response 

(UPR) (Pluquet et al. 2014). UPR is initiated by the dissociation of ER chaperone GRP78 from 

the transmembrane proteins IRE1, PERK and ATF6 such that GRP78 can bind to unfolded 

proteins (Bhandary et al. 2013). GRP78 dissociation leads to the activation of the three 

transmembrane proteins, inducing signalling pathways which slow the rate of protein synthesis 

and upregulate the expression of genes encoding important protein folding chaperones, including 

GRP78, and genes associated with the removal and degradation of misfolded proteins (Pluquet et 

al. 2014). UPR can also activate proinflammatory proteins such as TXNIP, and proapoptotic 

proteins such as CHOP (Pluquet et al. 2014). A detailed illustration of these pathways is 

presented in Appendix 4.  

1.2.5    RAGE - Linking ER Stress with Senescence   

       During hyperglycemic conditions, glucose can modify proteins to generate advanced 

glycation end products (AGE) (Piperi et al. 2012). The production and accumulation of AGE can 

damage the structure of proteins and impair their function (Piperi et al. 2012). AGE can exert 

their effects on the cell by binding to the AGE-specific receptor (RAGE) embedded within the 

cell membrane (Piperi et al. 2012). Binding to RAGE activates various signalling pathways 

including pathways which induce ROS production (Piperi et al. 2012). It has been observed that 

exposing beta cells to AGEs not only increases mitochondrial ROS production, but as well it can 

increase glucose uptake into the beta cell, reduce ATP production and impair insulin secretion 

(Coughlan et al. 2011). Various studies have also demonstrated that AGE exposure can directly 

induce ER stress in mammalian cells (Piperi et al. 2012). Induction of ER stress, and the 
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subsequent UPR, by AGE can activate p21 signalling and induce cellular senescence (Liu et al. 

2014).  

1.2.6   The Unfolded Protein Response and Impaired Beta Cell Function 

       In its attempt to reduce the accumulation of unfolded proteins and alleviate ER stress, the 

unfolded protein response may further impair beta cell health and induce beta cell dysfunction 

(Kim et al. 2012). For example, activation of the PERK pathway, through disassociation of 

GRP78 from PERK, induces phosphorylation of the initiation factor eIF2α (Back et al. 2009).  

This consequently attenuates the synthesis of proinsulin (Back et al. 2009). GRP78 also 

dissociates from and activates IRE1 which induces splicing of XBP1 mRNA leading to increased 

expression of the XBP1 protein, a transcription factor which increases protein folding and 

promotes degradation of misfolded proteins (Kim et al. 2012). Overexpression of XBP1 protein 

can downregulate mRNA expression of MAFA and PDX1, important regulators of insulin gene 

expression, and induce insulin mRNA degradation, thereby leading to reduced insulin mRNA 

expression (Kim et al. 2012). Alongside this, prolonged activation of the ATF6 pathway can also 

decrease MAFA and PDX1 gene expression and impair the ability of these transcription factors to 

induce insulin transcription (Kim et al. 2012). Interestingly, activation of ATF6 also increases 

the expression of the nuclear receptor small heterodimer partner (Kim et al. 2012). The small 

heterodimer partner protein has been shown to downregulate the biosynthesis and secretion of 

insulin, likely by suppressing the activity of BETA2, a transcription factor which normally 

upregulates insulin gene expression (Kim et al. 2012). Therefore, activation of UPR, due to ER 

stress, can downregulate insulin gene expression and impair insulin biosynthesis leading to 

reduced glucose-stimulated insulin secretion and beta cell dysfunction (Kim et al. 2012; Eizirik 

et al. 2007).  
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1.3       FACTORS ASSOCIATED WITH T2D DEVELOPMENT 

1.3.1    Lifestyle and Genetic Factors 

       Various factors are associated with the development of T2D (Wu et al. 2014). Commonly 

known factors are lifestyle factors which include consuming a diet rich in fat and sugar and low 

in fibre and being physically inactive (Wu et al. 2014). Habits such as high alcohol consumption 

and frequent use of nicotine-containing products have also been associated with T2D 

development (Wu et al. 2014). Alongside lifestyle choices, genetics may also be a contributing 

factor, with the incidence rate of diabetes being higher amongst first degree relatives of T2D 

individuals when compared to the incidence rate of diabetes in the general population (Wu et al. 

2014).         

1.3.2    Environmental Factors  

       In recent decades, a growing body of evidence has demonstrated that exposure to 

environmental pollutants may also contribute to the development of T2D (Fabricio et al. 2016). 

For example, dioxin (2,3,7,8 – tetrachlorodibenzo-p-dioxin; TCDD) which was used in previous 

decades as an herbicide, has been shown to decrease the rate of glucose uptake and increase the 

production of proinflammatory cytokines in beta cells which contribute to reduced insulin 

secretion (Fabricio et al. 2016). Furthermore, chronic exposure to TCDD can also exhaust beta 

cells and impair their ability to produce insulin by persistently inducing calcium influx into the 

cell and increasing the secretion of insulin from the cell (Fabricio et al. 2016). TCDD is 

classified as a persistent organic pollutant due to its ability to bioaccumulate in host organisms 

and the environment (Hectors et al. 2011). It is one of the most toxic persistent organic pollutants 

currently known (Fabricio et al. 2016).  
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       Another class of persistent organic pollutants are heterocyclic aromatic compounds (HACs) 

(Net al. 2015). These are organic compounds containing multiple conjugated rings into which 

may be embedded oxygen, nitrogen, or sulphur atoms (Li et al. 2014). Many studies have 

demonstrated a positive association between exposure to HAC-rich substances and diabetes. For 

example, it has been demonstrated that exposure to cigarette smoke, which is rich in HACs, can 

induce oxidative stress and ER stress in beta cells (Coggins et al. 2011; Tong et al. 2020). 

Furthermore, the generation of cellular stress was associated with reduced insulin gene 

expression and impaired insulin secretion in the beta cells exposed to cigarette smoke (Tong et 

al. 2020). Beta cell proliferation was also impaired by cigarette smoke exposure, likely due to 

reduced protein expression of the cell cycle regulator CYCLIN D2 (Tong et al. 2020). Therefore, 

exposure to cigarette smoke affects various pathways and components of beta cell health and 

function, and HACs may be a prime contributor to these effects.  

1.4        HETEROCYCLIC AROMATIC COMPOUNDS (HACs) 

1.4.1     HACs in Bitumen and Crude Oil  

       Certain HACs such as dibenzofuran and dibenzothiophene are commonly found in crude oil 

(Asif & Wenger 2019). Crude oil is a refined product of bitumen, a dark highly viscous liquid 

extracted from bitumen-rich sands, known as oil sands (Yoon et al. 2009). Alberta contains one 

of the largest oil sands deposits in the world; estimated to generate close to 1.8 trillion barrels of 

bitumen (Li et al. 2014). The oil sands are situated in the Peace River, Cold Lake and Athabasca 

regions in Alberta (Li et al. 2014). The chemical composition of the bitumen can vary between 

oil sand regions and this can affect the quality of the extracted bitumen and its refined crude oil 

products (Yoon et al. 2009). On a molecular scale, bitumen is comprised primarily of aromatic 
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compounds, while on an elemental scale, the aromatic compounds in bitumen are comprised 

primarily of carbon and hydrogen atoms with traces of nitrogen, oxygen and sulphur (Yoon et al. 

2009). Interestingly, the concentration of sulphur in bitumen extracted from the Athabasca region 

is substantially higher than that of bitumen extracts from other oil sands regions (Yoon et al. 

2009).  

1.4.2      Routes of Exposure  

       HACs may enter the body through ingestion, inhalation, or dermal exposure (Lin et al. 

2016). Individuals in both occupational and non-occupational settings can be exposed to HACs 

through inhalation of emissions and fumes generated from the combustion of gasoline, diesel and 

coal (Abdel-Shafy & Mansour 2016). Furthermore, individuals can also be exposed to HACs 

through dermal contact and ingestion (Eisentraeger et al. 2008). This may be due to the presence 

of HACs in soils, sediments and freshwater sources, such as groundwater, that may have become 

contaminated as a result of accidental chemical spills or seepage from oil refineries and other 

industrial sites (Eisentraeger et al. 2008). HACs have also been found in certain grilled and 

cooked meats, as well as in fish collected from water bodies previously contaminated by oil 

spills (IARC 2013).  

1.4.3     Crude Oil and T2D    

       Diesel exhaust is a combustion product of diesel fuel, which is a refined product of crude oil 

(Williams et al. 1986). Exposure of the rat beta cell lines INS-1 and RIN-m5F to diesel exhaust 

particulates, significantly increased ROS production and P53 protein expression, and induced 

DNA damage (Du et al. 2019). Furthermore, diesel exhaust exposure significantly reduced 

intracellular ATP production and insulin secretion rates in the treated beta cells (Du et al. 2019). 
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In healthy beta cells, increased cytosolic ATP concentrations drive insulin secretion (Du et al. 

2019). Therefore, constituents in diesel exhaust are capable of increasing ROS production and 

inducing oxidative DNA damage in pancreatic beta cells, leading to reduced ATP synthesis and, 

consequently, impaired insulin exocytosis (Du et al. 2019).  

       In a similar study, it was observed that exposure to diesel exhaust particles significantly 

upregulated mRNA and protein expression of RAGE in human and rat alveolar epithelial cells 

(Reynolds et al. 2011). It was also observed that diesel exhaust particulates activated NFkB and 

induced the secretion of the inflammatory proteins MCP1 and IL8 (Reynolds et al. 2011). 

Induction of an inflammatory response by diesel exhaust particulates suggests that constituents 

of the diesel exhaust mixture may be RAGE ligands, which can activate RAGE and induce an 

inflammatory response similar to the SASP expressed in senescent cells (Reynolds et al. 2011). 

As previously discussed, activation of RAGE can induce cellular senescence through generating 

ER stress (Liu et al. 2014). Therefore, diesel exhaust constituents may generate ER stress and 

oxidative stress in pancreatic beta cells. The generation of cellular stress may impair beta cell 

function and induce cellular senescence.  

1.5        SULPHUR-CONTAINING HETEROCYCLIC AROMATIC COMPOUNDS 

             (S-HACs)          

1.5.1      S-HACs and Its Properties 

       Crude oil products, like diesel fuel, as well as bitumen itself contain high quantities of 

sulphur-containing HACs (S-HACs) which are HACs with a thiophene ring embedded within the 

compound (Jacob et al. 1986; Yang et al. 2016). The thiophene ring may be embedded either 

centrally or peripherally within the HAC (Jacob et al. 1991). S-HACs are metabolized by either 

one of two ways based on the location of the thiophene ring (Jacob et al. 1991). S-HACs with a 
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central thiophene ring are metabolized by sulphur-oxidation to generate sulfones and sulfoxides, 

while S-HACs with a peripherally located thiophene ring undergo oxidation at the benzene rings 

to generate compounds such as phenols (Jacob et al. 1991).   

       Two important S-HACs commonly found in crude oil and in bitumen are dibenzothiophene 

and benzo[b]naphtho-thiophene isomers (Yang et al. 2016). Despite the presence of these 

compounds in crude oil mixtures and in the environment, very little is known about the 

toxicological properties of these compounds (Jacob et al. 1991). Much of the toxicological 

research conducted on polycyclic aromatic compounds (PACs), the major class of aromatic 

compounds to which S-HACs and HACs belong to, has focused on polycyclic aromatic 

hydrocarbons which are also found in crude oil (Jacob et al. 1991). Existing studies on S-HACs 

examine the compound’s carcinogenic potential (IARC Monographs 2013); however, the effects 

of S-HAC exposure on metabolic function remain poorly understood.  

1.5.2    S-HAC Exposure and Induction of Cellular Stress  

       Interestingly, a 2017 study has shown that the naturally occurring S-HAC dibenzothiophene 

(DBT) may be a potent toxicant through examining the effects of DBT exposure on human 

neuroblastoma cells (Sarma et al. 2017). Several important observations were made. First, DBT 

significantly increased ROS levels in the neuroblastoma cells and significantly lowered the cell’s 

mitochondrial membrane potential (Sarma et al. 2017). Mitochondrial membrane potential, 

generated during oxidative phosphorylation, is an important indicator of mitochondrial function 

(Zorova et al. 2018). Second, DBT significantly upregulated the expression of mitochondrial 

pro-apoptotic proteins as well as oxidative stress-responsive proteins (Sarma et al. 2017). Lastly, 

DBT significantly increased the concentration of the oxidative damage marker, hydroperoxidase 

(Sarma et al. 2017). This study therefore suggests that DBT can increase ROS levels in 
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mammalian cells. Furthermore, it demonstrates the ability of DBT to impair mitochondrial 

membrane potential to such an extent that it can induce oxidative damage in the cell and 

potentially cause cell death (Sarma et al. 2017). Since beta cells are highly prone to oxidative 

stress (Drews et al. 2010), DBT may potentially induce oxidative stress in the beta cells by 

increasing the production of mitochondrial ROS. Beta cells are also prone to ER stress (Burgos-

Moron et al. 2019), and the accumulation of ROS by DBT may also generate ER stress.  

       Due to the ability of S-HAC rich products in inducing cellular stress in mammalian cells, it 

is therefore plausible that exposure to S-HACs may also induce oxidative stress and ER stress in 

pancreatic beta cells. This, in turn, may impair normal beta cell function, specifically insulin 

production and secretion.  

1.6        HYPOTHESIS 

       This project will test the hypothesis that S-HACs negatively impact pancreatic beta cell 

health and function. We will specifically focus on benzo[b]naphtho[2,3d] thiophene 

(BNT(2,3D)) and dibenzothiophene (DBT) which are two naturally occurring S-HACs found in 

petroleum and bitumen (Mossner & Wise 1999). The goals of this study are to determine 

whether these S-HACs can induce oxidative stress and ER stress in beta cells and whether this, 

in turn, induces cellular senescence to cause premature beta cell aging. Additionally, and most 

importantly, we want to investigate whether insulin production is impaired by the cellular stress 

that may be induced by S-HAC exposure.  
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CHAPTER 2 – METHODS 

2.1.      OBJECTIVES 

       There are five main objectives in this project. The first objective is to determine whether 

exposure to BNT(2,3D) and DBT alters glucose uptake into the treated beta cells. The second 

objective is to determine whether these S-HACs induce oxidative stress, specifically ROS 

accumulation and impaired antioxidant activity. The third objective is to determine whether the 

S-HACs induce ER stress. The fourth objective is to determine whether the S-HACs cause cell 

cycle arrest and induce cell senescence. Lastly, and most importantly, the fifth objective is to 

determine whether BNT(2,3D) and DBT alter insulin production in the beta cell.  

2.2.      CELL MODEL AND CELL CULTURE MAINTENTANCE 

       To examine the potential effects of S-HACs on pancreatic beta cells, the rat insulinoma  

INS-1E cell line was chosen as the model system. INS-1E cells are clonal cells of their parent 

insulin-secreting cell line INS1 (Merglen et al. 2004). INS-1E cells are highly proliferative 

(Skelin et al. 2010) and, compared to their parent cell line, can be efficiently cultured up to 100 

passages (Merglen et al. 2004). INS-1E cells express both GLUT2 protein, for glucose uptake, 

and glucokinase protein, for glucose metabolism (Skelin et al. 2010). Therefore, this cell line is 

responsive to glucose in a physiologically relevant range and generates a high quantity of insulin 

(Skelin et al. 2010).  

       INS-1E rat insulinoma cells, generously provided by Dr. Claes Wollheim (Geneva, 

Switzerland), were cultured in RPMI 1640 media supplemented with 10mM HEPES and 2mM 

L-glutamine (Corning, Virginia, USA) as well as 50μM 2-mercaptoethanol, 10% heat-inactivated 

fetal bovine serum (Hyclone, Utah, USA), 1mM sodium pyruvate (GIBCO, Burlington, Ontario), 
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1% penicillin and streptomycin (GIBCO, Burlington, Ontario) at 37°C and 5% CO2 

environment. Upon reaching 80% confluency, cells are passaged by first washing with 

Dulbecco’s phosphate-buffered saline (DPBS) (Corning, Virginia, USA) and afterwards 

applying 1X trypsin with NaCl and EDTA onto the cells and incubating for 5 minutes at 37°C. 

Cells within passages 50-80 were used for all treatments and experiments.   

2.3.      TREATMENT COMPOUNDS  

       The S-HACs benzo[b]naphtho[2,3d]thiophene (BNT(2,3D)) (European Commission JRC, 

Geel, Belgium) and dibenzothiophene (DBT) (Toronto Research Chemicals, North York, Ontario) 

were chosen as the treatment compounds of interest; see Appendix 5. Stock solutions of 

BNT(2,3D) and DBT were prepared with DMSO as the vehicle solvent. The treatment doses 

used in the proceeding experiments ranged from 1pM to 10μM, depending on the outcome 

measure examined. Controls were treated with vehicle solvent DMSO at the highest 

concentration used for the S-HAC treatments for each outcome measure.   

2.4.      CYTOTOXICITY OF COMPOUNDS  

       To determine a suitable dose range that is not cytotoxic to the INS-1E cells, an MTS assay 

(Promega, Wisconsin, USA) was performed. INS-1E cells were seeded in a 96-well plate at 

seeding density of 200,000 cells/mL. Cells were cultured in media and treated with BNT(2,3D) 

and DBT at doses ranging from 1nM to 10μM, with a sample size of n=5 in duplicate. Treated 

cells were incubated for 48 hours at 37°C, after which MTS reagent (Promega, Wisconsin, USA) 

was applied and plate was incubated for 2 hours at 37°C. Afterwards, absorbance was read at 

490nM in the Synergy H4 Hybrid microplate reader (BioTek Instruments, Vermont, USA).  
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      With the obtained absorbance values the % cell viability was calculated for each sample of 

each treatment group by calculating the ratio of the number of live cells to the number of dead 

cells. Treatment doses not considered to be cytotoxic to the cell model have % cell viability 

values which are above 80% of the viability in vehicle-treated cells. This is the standard cell 

viability threshold in toxicology studies (López-García et al. 2014). The results from the MTS 

assay indicated that all doses below 10μM for both BNT(2,3D) and DBT were not cytotoxic to 

the INS-1E cells (see Figures 1 and 2 in Chapter 3).  

2.5        DOSE SELECTION 

       Although the non-occupational exposure levels for BNT(2,3D) and DBT are currently 

unknown, valuable environmental tissue data obtained midway through the project has aided in 

determining a concentration range that may be found in wildlife living in proximity to oil sands 

industrial activity in Northern Alberta. This tissue data was not available at the start of the 

project, and thus treatment doses used in the first set of experiments were based solely on the 

results obtained from the MTS assays.  

       Tissue concentrations of BNT(2,3D) and DBT in liver samples of otters retrieved from 

northern Alberta were generously provided by Dr. Philippe Thomas (Environment and Climate 

Change Canada). The average concentration of DBT in the otter samples was 163pM (range 

20pM to 1.2 nM), while for BNT(2,3D) only a single measurement (39pM) was available. 

Therefore, the concentration range determined for DBT was also used for BNT(2,3D). Based on 

these data I chose to use the range of 10pM to 10nM for the S-HAC treatments in the functional 

assays described in this thesis.  
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2.6.       QUANTITATIVE PCR  

2.6.1      Experimental Protocol 

       Upon reaching 60% confluency INS-1E cells were treated with 1nM and 1μM BNT(2,3D) 

and DBT (N=5 independent experiments). Cells were treated for 48 hours after which the cells 

were harvested and RNA extracted using Trizol (ThermoFisher Scientific, Burlington, Ontario). 

Aliquots of media were also collected from each sample plate and stored at -80°C. RNA quality 

and quantity were assessed using the NanoDrop™ One microvolume spectrophotometer 

(Thermo Scientific, Burlington, Ontario). Contaminated RNA and/or samples with 

concentrations less than 500ng/μL were excluded from the study. Afterwards, RNA samples 

were standardized to 500ng/μL.  

       cDNA synthesis was performed on the RNA samples using the High Capacity cDNA 

Reverse Transcription Kit (ThermoFisher Scientific, Burlington, Ontario) following the kit 

protocol. Samples were run in the iCycler Thermal Cycler (Bio-Rad Laboratories, California, 

USA) with the following settings: 25°C for 10 minutes, 37°C for 2 hours and 85°C for 5 

minutes. The generated cDNA product was stored at -20°C.   

       cDNA was diluted 1:40 in nuclease-free water. mRNA expression was measured by 

performing quantitative polymerase chain reactions (qPCR) using PerfeCTa SYBR Green 

fastmix (Quanta Biosciences, Massachusetts, USA). cDNA was plated in 384-well plate with 

sample size of n=5 per treatment group and control group, with triplicates per “n” sample. Gapdh 

and 18s were used as housekeeping genes for both groups of treatments. Plates also contained 

NTC wells (in triplicate) as negative controls. PCR plates were then run in the CFX384 Touch™ 

Real-Time PCR Detection System (Bio-Rad Laboratories, California, USA) using one cycle of 
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polymerase activation (10 minutes at 95°C), 40 cycles of denaturation (15 seconds at 95°C) and 

40 cycles of annealing/elongation (1 minute at 60°C).  

       In this project, qPCR experiments were run for the primary purpose of screening various 

target genes associated with glucose uptake, oxidative stress, ER stress, cell senescence and 

insulin production using the cDNA samples of INS-1E cells treated with 1nM and 1μM doses of 

BNT(2,3D) and DBT. Significant findings obtained from the screening process were used to 

determine key pathways altered by BNT(2,3D) and DBT which were then further examined 

using functional assays. For a detailed list of all examined target genes and their primer 

sequences, see Appendix 6.  

2.6.2      Statistical Analysis 

       The CT values obtained for each treatment group and control group of each target gene were 

normalized to the geomean of the CT values obtained for the housekeeping genes Gapdh and 

18s. Fold change in gene expression was calculated for each sample of each target gene using the 

double delta Ct method (Livak & Schmittgen 2001). Outliers in the data were then detected and 

excluded using Grubbs test software (GraphPad, www.graphpad.com/quickcalcs/grubbs1). To 

detect statistically significant differences between treatment groups and control for each 

examined target gene, one-way ANOVA test is performed in SigmaPlot 11.0 software (Mahbobi 

& Tiemann 2015).  

       Prior to running one-way ANOVA, normality and equal variance tests are run for the data 

(Mahbobi & Tiemann 2015). Sample data that fails either test, is then run through the non-

parametric Kruskal-Wallis test one-way ANOVA on ranks to detect statistically significant 

differences specifically between treatment groups and control (Mahbobi & Tiemann 2015). 

http://www.graphpad.com/quickcalcs/grubbs1
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Sample data that passes both the normality and equal variance tests, are then run through the 

parametric one-way ANOVA test (Mahbobi & Tiemann 2015). If a p-value below 0.05 was 

generated from the one-way ANOVA, post-hoc analysis, specifically the Holm-Sidak test, was 

performed in SigmaPlot 11.0 to identify the treatments group(s) which demonstrated statistically 

significant differences from the control group for each target gene (Silva-Veiga et al. 2018).    

2.7.     GLUCOSE UPTAKE  

2.7.1    Experimental Protocol 

A cell-based glucose uptake assay (Cayman Chemical, Michigan, USA) was run to measure 

the degree of glucose uptake in beta cells. INS-1E cells were seeded in black, clear bottom 96-

well plates at a seeding density of 150,000 cells/ml for 24 hours. Afterwards, INS-1E cells were 

treated in duplicate for 44 hours with glucose-containing media containing 1pM, 10pM, 100pM, 

1nM, 10nM, 100nM and 1μM doses (N=5 independent experiments). After 44 hours, treated 

media was removed and replaced with glucose-free RPMI 1640 media supplemented with 2mM 

L-glutamine (Corning, Virginia, USA) as well as 50uM 2-mercaptoethanol, 10% heat-inactivated 

fetal bovine serum (Hyclone, Utah, USA), 1mM sodium pyruvate (GIBCO, Burlington, Ontario), 

1% penicillin and streptomycin (GIBCO, Burlington, Ontario) that contains BNT(2,3D) and 

DBT at the same doses for 2 hours. After 2 hours, the fluorescently tagged glucose analog 2-

NBDG was added to each well to a final concentration of 100μg/mL. After a 2-hour incubation 

with 2-NBDG, fluorescence was read at excitation/emission of 485/535 nm respectively in the 

Synergy H4 Hybrid microplate reader (BioTek Instruments, Vermont, USA). 
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2.7.2    Statistical Analysis 

       Outliers in the data were then detected and excluded using online Grubbs test software 

(GraphPad, www.graphpad.com/quickcalcs/grubbs1). Normality and equal variance tests were 

run for the data (Mahbobi & Tiemann 2015).  Data passed both tests and one-way ANOVA test 

was performed in SigmaPlot 11.0 software to detect statistically significant differences between 

treatment groups and control group (Mahbobi & Tiemann 2015). If a p-value below 0.05 was 

generated from the one-way ANOVA, post-hoc analysis, specifically the Holm-Sidak test, was 

performed in SigmaPlot 11.0 to identify the treatments group(s) which demonstrated statistically 

significant differences from the control group  (Silva-Veiga et al. 2018).     

2.8.     INTRACELLULAR ROS  

2.8.1   Experimental Protocol 

To determine if S-HACs can induce ROS accumulation, intracellular ROS concentrations 

were measured in the beta cells treated with the selected S-HACs. INS-1E cells were seeded in a 

96-well plate at seeding density of 175,000 cells/mL for 24 hours after which the fluorescent 

intracellular ROS assay with DCFH-DA (Cell Biolabs, California, USA) was run according to 

the manufacturer’s instructions. Upon incubation of INS-1E cells for 1 hour with DCFH-DA, 

cells were washed and afterwards treated with BNT(2,3D) and DBT at 1nM and 1μM doses in 

duplicate (N=5 independent experiments) for 1 hour. After 1 hour, fluorescence was read at 

excitation/emission of 480/530 nm respectively in the Synergy H4 Hybrid microplate reader 

(BioTek Instruments, Vermont, USA). 

 

 

https://www.graphpad.com/quickcalcs/grubbs1/
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2.8.2   Statistical Analysis 

       Outliers in all data sets were detected and excluded using online Grubbs test software 

(GraphPad, www.graphpad.com/quickcalcs/grubbs1). Equal variance and normality tests were 

performed, however data failed normality test.  Consequently, the non-parametric ANOVA on 

ranks test was performed on SigmaPlot 11.0 to detect statistically significant differences between 

treatment groups and control group for each treatment compound. Afterwards, post-hoc analysis, 

specifically the pairwise multiple comparisons Tukey test, was performed in SigmaPlot 11.0 

(Brown 2005). The treatments group(s) which demonstrated statistically significant differences 

from the control group were identified.  

2.9.     CELL SENESCENCE 

2.9.1     Experimental Protocol  

To determine if S-HACs can induce cell senescence in beta cells, a senescence histochemical 

staining assay (Sigma, St. Louis, Missouri, USA) was run. INS-1E cells were cultured in 6-well 

plates and then treated for 48 hours with 10pM, 100pM, 1nM and 10nM doses of BNT(2,3D) 

and DBT (N=3 independent experiments). Following a 48-hour incubation, cells were fixed and 

stained with X-gal solution and incubated overnight at 37°C. The degree of cellular senescence 

in treated plates was determined by manual cell counting and calculating the percentage of 

senescent cells (i.e. β-gal positive cells) in each well relative to the total number of cells using 

the AE2000 inverted microscope (Motic, Kowloon Bay, Hong Kong). 

2.9.2     Statistical Analysis 

       Outliers in the data were then detected and excluded using online Grubbs test software 

(GraphPad, www.graphpad.com/quickcalcs/grubbs1). Normality and equal variance tests were 

https://www.graphpad.com/quickcalcs/grubbs1/
https://www.graphpad.com/quickcalcs/grubbs1/
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run for the data (Mahbobi & Tiemann 2015).  Data passed both tests and one-way ANOVA test 

was performed in SigmaPlot 11.0 software to detect statistically significant differences between 

treatment groups and control group (Mahbobi & Tiemann 2015). If a p-value below 0.05 was 

generated from the one-way ANOVA, post-hoc analysis, specifically the Holm-Sidak test, was 

performed in SigmaPlot 11.0 to identify the treatments group(s) which demonstrated statistically 

significant differences from the control group  (Silva-Veiga et al. 2018).     

2.10.     INTRACELLULAR INSULIN PRODUCTION 

2.10.1    Experimental Protocol 

       To determine the effects of BNT(2,3D) and DBT on insulin production, an ultrasensitive rat 

insulin ELISA (Crystal Chem, Illinois, USA) was run using protein extracted from INS-1E cells 

treated with BNT(2,3D) and DBT.  

       INS-1E cells were cultured in 10cm dishes and upon reaching 60% confluency were treated 

for 48 hours with BNT(2,3D) and DBT at 1pM, 10pM, 100pM, 1nM, 10nM and 1μM doses 

(N=5 independent experiments). After 48 hours of treatment, the treated cells were harvested 

with RIPA lysis buffer containing 1% of Triton X-100, 0.1% of sodium dodecyl sulfate, 150mM 

of NaCl, 50mM of Tris-HCl (at a pH of 8.0), 0.5% of sodium deoxycholate and complete mini 

EDTA-free protease inhibitor cocktail tablets (Roche, Laval, Quebec). The lysate was then 

sonicated for 15-20 seconds and centrifuged at 13,000 rpm for 15 minutes at 4°C. The 

supernatant was collected and stored in aliquots at -80°C.  

      Quantification of total insulin content in sample vial was determined by normalizing insulin 

content to total protein content. Thus, total protein in each sample was quantified using Pierce 

BCA protein assay kit (ThermoFisher Scientific, Burlington, Ontario) following manufacturer’s 
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instructions. Albumin standards were prepared using RIPA buffer as the diluent. The standard 

curve and absorbance values obtained for each sample from BCA assay were used to interpolate 

total protein content using 4 parameter-logistic regression (4PL), for greater accuracy. Total 

protein content in all samples (μg/mL) were in the higher end of the standard curve. Thus, 

samples were diluted 500-fold (1:500), with DPBS as the diluent, prior to plating samples in 

insulin ELISA.  

      The ultrasensitive rat insulin ELISA (Crystal Chem, Illinois, USA) was conducted 

according to the manufacturer’s instructions using the diluted (1:500) protein samples. 

Absorbance was read at 450nm and 630nm in the Synergy H4 Hybrid microplate reader (BioTek 

Instruments, Vermont, USA). Prior to further analysis, absorbance values at 630nm were 

subtracted from absorbance values at 450nm. Insulin content was then interpolated using 4PL. 

Insulin content (in ng/mL) and total protein content (in μg/mL) were then multiplied by total 

volume in sample vial (in mL) to determine total mass of insulin (in ng) and total mass of protein 

(in μg). Total insulin per sample was then normalized to total protein per sample (unit of ng/μg).  

2.10.2    Statistical Analysis 

       Outliers in the data were then detected and excluded using online Grubbs test software 

(GraphPad, www.graphpad.com/quickcalcs/grubbs1). Normality and equal variance tests were 

run for the data (Mahbobi & Tiemann 2015).  Data passed both tests and one-way ANOVA test 

was performed in SigmaPlot 11.0 software to detect statistically significant differences between 

treatment groups and control group (Mahbobi & Tiemann 2015). If a p-value below 0.05 was 

generated from the one-way ANOVA, post-hoc analysis, specifically the Holm-Sidak test, was 

performed in SigmaPlot 11.0 to identify the treatments group(s) which demonstrated statistically 

significant differences from the control group (Silva-Veiga et al. 2018).     

https://www.graphpad.com/quickcalcs/grubbs1/
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CHAPTER 3 – RESULTS  

3.1 Cytotoxicity of Compounds 

BNT(2,3D) and DBT at doses up to 10μM did not cause cytotoxicity in INS-1E cells after 48 

hours of treatment (Figures 1 and 2).  

3.2 Glucose Uptake 

The mRNA expression of Glut2, encoding the glucose transporter GLUT2, was measured in 

INS-1E cells treated with BNT(2,3D) and DBT for 48 hours. Steady-state mRNA expression of 

Glut2 was significantly upregulated by both BNT(2,3D) and DBT at all doses examined (Figure 

3). Subsequently, a glucose uptake assay was run in which uptake of the fluorescently tagged 

glucose analog 2-NBDG was measured in INS-1E cells treated with BNT(2,3D) and DBT for 48 

hours. In the glucose uptake assay, BNT(2,3D) significantly increased the uptake of 2-NBDG at 

1pM in the INS-1E cells, while DBT significantly increased 2-NBDG uptake at the 1pM, 1nM, 

100nM and 1μM doses (Figure 4). In addition, the mRNA expression of the glycolytic gene Gck 

was measured in INS-1E cells treated with BNT(2,3D) and DBT for 48 hours. BNT(2,3D) 

upregulated mRNA expression of Gck at 1nM, however mRNA expression of Gck was not 

altered by DBT at either dose (Figure 5). Statistically significant differences detected between 

treatment groups and control generated a p-value less than 0.05.  

3.3 ROS Production 

The mRNA expression of antioxidant-associated genes Nrf2, Sod2, Catalase and Gpx were 

measured in INS-1E cells treated with BNT(2,3D) and DBT for 48 hours. Both BNT(2,3D) and 

DBT significantly upregulated the mRNA expression of Nrf2, Sod2 and Catalase in the INS-1E 

cells (Figure 6). Nrf2 expression was significantly upregulated by BNT(2,3D) at 1μM and by 
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DBT at both doses examined (Figure 6A). Sod2 expression was significantly upregulated by both 

S-HACs at all examined doses in a dose-dependent manner (Figure 6B). Catalase expression 

was significantly upregulated by BNT(2,3D) at 1nM and by DBT at both doses examined 

(Figure 6C). The mRNA expression of Gpx was not altered by either S-HAC. Subsequently, a 

fluorescent ROS assay was run to measure intracellular ROS levels in INS-1E cells treated with 

BNT(2,3D) and DBT for 1 hour. Both S-HACs significantly increased ROS production in INS-

1Es at the 1nM dose; no effect was observed at the 1μM dose (Figure 7). In addition, mRNA 

expression of the oxidative damage-responsive gene p53 was also measured, however neither S-

HAC altered its expression (Figure 8). Statistically significant differences detected between 

treatment groups and control generated a p-value less than 0.05. 

3.4    Cell Senescence  

The mRNA expression of the senescence-inducing gene p21, SA-β Gal encoding gene Glb1 and 

anti-apoptotic gene Bcl2 were measured in INS-1E cells treated with BNT(2,3D) and DBT for 48 

hours. p21 expression was significantly upregulated by BNT(2,3D) at the 1μM dose but was not 

altered by DBT at either dose (Figure 9). However, there was a significant upregulation of the 

other senescence markers Glb1 and Bcl2 by both BNT(2,3D) and DBT at all doses examined 

(Figure 10). Subsequently, a senescence histochemical staining assay was run to measure the 

degree of cellular senescence in INS-1E cells treated with BNT(2,3D) and DBT for 48 hours. 

BNT(2,3D), but not DBT, significantly induced cellular senescence in INS-1E cells at the 10pM, 

100pM and 1nM doses (Figure 11). All statistically significant differences detected between 

treatment groups and control generated a p-value less than 0.05. 
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3.5    Senescence-Associated Secretory Phenotype  

Following the observed increase in cellular senescence in INS-1E sample populations, mRNA 

expression of the pro-inflammatory SASP markers Nlrp3, Il1b, Serpine1, Mcp1 and Il6 were 

measured in INS-1E cells treated with BNT(2,3D) and DBT for 48 hours. Expression of Nlrp3, 

which regulates IL1β protein activity (Barnes 2015), was significantly upregulated by DBT at 

1nM, however, Il1b expression was not upregulated by either S-HAC (Figure 12A and 12B). 

Serpine1 expression was significantly upregulated by BNT(2,3D) at all examined doses and by 

DBT at 1nM (Figure 12C). Mcp1 expression was significantly upregulated by DBT at 1nM, but 

was not altered by BNT(2,3D) at either dose (Figure 12D). Lastly, Il6 expression was 

significantly upregulated by DBT at 1nM, but was not upregulated by BNT(2,3D) at either dose 

(Figure 12E). Statistically significant differences detected between treatment groups and control 

generated a p-value less than 0.05. 

3.6    ER Stress 

The mRNA expression of ER stress markers Atf6, Grp78, Txnip and Chop were measured in 

INS-1E cells treated with BNT(2,3D) and DBT for 48 hours. Atf6 expression was significantly 

upregulated by BNT(2,3D) at 1μM and by DBT at 1nM (Figure 13A). Grp78 expression was 

significantly upregulated by DBT at 1nM but was not altered by BNT(2,3D) at either dose 

(Figure 13B). Txnip and Chop expression were significantly upregulated by BNT(2,3D) at 1μM, 

but were unaltered by DBT (Figure 13C and Figure 13D). Statistically significant differences 

detected between treatment groups and control generated a p-value less than 0.05. 
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3.7    Insulin Production  

The mRNA expression of Pdx1, Mafa, Isl1 and Ins2, markers associated with insulin production,  

were measured in INS-1E cells treated with BNT(2,3D) and DBT for 48 hours. Pdx1 expression 

was significantly upregulated by BNT(2,3D) at 1μM, but was unaltered by DBT at either dose 

(Figure 14A). The mRNA expression of Mafa was not altered by either S-HAC (Figure 14B). 

Isl1 expression was significantly upregulated by BNT(2,3D) at 1nM and by DBT at all examined 

doses (Figure 14C). Ins2 expression was significantly upregulated by BNT(2,3D) at 1μM but 

was unaltered by DBT at either dose (Figure 14D). Subsequently, an insulin ELISA was run to 

measure insulin content in INS-1E cells treated with BNT(2,3D) and DBT for 48 hours. DBT 

significantly increased insulin production at the 10nM dose in INS-1E cells, however no changes 

to intracellular insulin content were observed in INS-1E cells treated with BNT(2,3D) at any of 

the examined doses (Figure 15). All statistically significant differences detected between 

treatment groups and control generated a p-value less than 0.05. 

3.8    Insulin Secretion  

The mRNA expression of Kcnj11, which encodes for a component in the KATP channel and is 

associated with insulin secretion, was measured in INS-1E cells treated with BNT(2,3D) and 

DBT for 48 hours. Kcnj11 expression was significantly upregulated by BNT(2,3D) at 1μM dose 

(p<0.05) but was unaltered by DBT at either dose (Figure 16).  
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Figure 1. Percent cell viability of INS-1E cells treated with BNT(2,3D) at 1nM, 10nM, 100nM, 1μM 

and 10μM doses for 48 hours (n=5). 80% cell viability threshold line shown as straight dashed line. 

 

Figure 2. Percent cell viability of INS-1E cells treated with DBT at 1nM, 10nM, 100nM, 1μM and 

10μM doses for 48 hours (n=5). 80% cell viability threshold line shown as straight dashed line. 
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Figure 3. mRNA expression of glucose transporter gene Glut2 in INS-1E cells treated with 

BNT(2,3D) and DBT at 1nM and 1μM doses for 48 hours (n=5). Data presented as mean ± SEM. 

Bars with an asterisk are statistically different from their respective control group (p < 0.05).  

 
Figure 4. Fluorescence readings for glucose uptake in INS-1E cells treated with BNT(2,3D) and 

DBT at 1pM, 10pM, 100pM, 1nM, 10nM, 100nM and 1μM doses for 48 hours (n=5). Data presented 

as mean ± SEM. Bars with an asterisk are statistically different from their respective control group  

(p < 0.05). 
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Figure 5. mRNA expression of glycolytic gene Gck in INS-1E cells treated with BNT(2,3D) and 

DBT at 1nM and 1μM doses for 48 hours (n=5). Data presented as mean ± SEM. Bars with an 

asterisk are statistically different from their respective control group (p<0.05).  
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Figure 6. mRNA expression of Nrf2 (A), Sod2 (B), Catalase (C) and Gpx (D); target genes 

associated with antioxidant expression in INS-1E cells treated with BNT(2,3D) and DBT at 1nM and 

1μM doses for 48 hours. Data presented as mean ± SEM. Bars with an asterisk are statistically 

different from their respective control group.  
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Figure 7. Fluorescence readings for ROS measurement in INS-1E cells treated with BNT(2,3D) and 

DBT at at 1nM and 1μM doses for 1 hour (n=5). Data presented as mean ± SEM. Bars with an 

asterisk are statistically different from their respective control group (p < 0.05). 

                   

Figure 8. mRNA expression of p53 in INS-1E cells treated with BNT(2,3D) and DBT at 1nM and 

1μM doses for 48 hours (n=5). Data presented as mean ± SEM. Bars with an asterisk are statistically 

different from their respective control group (p < 0.05). 
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Figure 9. mRNA expression of p21 in INS-1E cells treated with BNT(2,3D) and DBT at 1nM and 

1μM doses for 48 hours (n=5). Data presented as mean ± SEM. Bars with an asterisk are statistically 

different from their respective control group (p < 0.05). 

 

 

Figure 10. mRNA expression of Glb1 (A) and Bcl2 (B), target genes associated with cell senescence 

in INS-1E cells treated with BNT(2,3D) and DBT at 1nM and 1μM doses for 48 hours (n=5). Data 

presented as mean ± SEM. Bars with an asterisk are statistically different from their respective 

control group (p < 0.05). 
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Figure 11. Percentage of senescent INS-1E cells in sample plates treated with BNT(2,3D) and DBT 

at 10pM, 100pM, 1nM and 10nM doses for 48 hours (n=3). Data presented as mean ± SEM. Bars 

with an asterisk are statistically different from their respective control group (p < 0.05). 
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Figure 12. mRNA expression of Nlrp3 (A), Il1b (B), Serpine1 (C), Mcp1 (D) and Il6 (E); target 

genes associated with SASP in INS-1E cells treated with BNT(2,3D) and DBT at 1nM and 1μM 

doses for 48 hours (n=5). Data presented as mean ± SEM. Bars with an asterisk are statistically 

different from their respective control group (p < 0.05). 
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Figure 13. mRNA expression of Atf6 (A), Grp78 (B), Txnip (C) and Chop (D); target genes 

associated with ER stress in INS-1E cells treated with BNT(2,3D) and DBT at 1nM and 1μM doses 

for 48 hours (n=5). Data presented as mean ± SEM. Bars with an asterisk are statistically different 

from their respective control group (p < 0.05). 
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Figure 14. mRNA expression of Pdx1 (A), Mafa (B), Isl1 (C) and Ins2 (D); target genes associated 

with insulin production and secretion in INS-1E cells treated with BNT(2,3D) and DBT at 1nM and 

1μM doses for 48 hours (n=5). Data presented as mean ± SEM. Bars with an asterisk are statistically 

different from their respective control group (p < 0.05). 
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Figure 15. Ratio of total insulin content to total protein in INS-1E cells treated with BNT(2,3D) and 

DBT at 1pM, 10pM, 100pM, 1nM, 10nM and 1μM doses for 48 hours (n=5). Data presented as mean 

± SEM. Bars with an asterisk are statistically different from their respective control group (p < 0.05). 

    
 

 
Figure 16. mRNA expression of Kcnj11 in INS-1E cells treated with BNT(2,3D) and DBT at 1nM 

and 1μM doses for 48 hours (n=5). Data presented as mean ± SEM. Bars with an asterisk are 

statistically different from their respective control group (p < 0.05). 
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CHAPTER 4 – DISCUSSION  

       The results generated in this thesis have identified a number of potential pathways through 

which S-HACs may affect pancreatic beta cell health and function. First, S-HAC exposure 

increases intracellular ROS production in beta cells. S-HAC exposure may also be associated 

with increased glucose uptake and metabolism in the beta cells. S-HAC exposure may also 

induce ER stress in the beta cells, likely through ROS accumulation. ROS buildup may also 

induce cell senescence, potentially through a P53-independent pathway. The senescent beta cells 

remain metabolically active and continue to produce relatively the same quantity of insulin as 

non-senescent beta cells; however, the rate at which the insulin is secreted from the senescent 

cells may differ.   

4.1        S-HACs and Glucose Uptake 

      Glucose uptake was increased in beta cells treated with BNT(2,3D) and DBT at 

concentrations within the range that has been reported in wildlife samples. Upregulation in 

mRNA expression of Gck by BNT(2,3D) was also observed, suggesting increased metabolism of 

the consumed glucose. Increased glucose uptake is one of the primary inducers of various 

cellular stresses in the beta cell including ROS accumulation and ER stress (Hasnain et al. 2016).  

Interestingly, increased glucose uptake, increased ROS production and increased mRNA 

expression of ER stress markers was observed in the beta cells exposed to 1nM of DBT. This 

suggests the plausibility that non-occupational exposures of these S-HACs, particularly DBT, 

that could have an impact on glucose uptake, that in turn may induce cellular stress in the 

exposed beta cell.  
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       However, it is unclear the molecular mechanism(s) through which BNT(2,3D) and DBT may 

contribute to increasing glucose uptake in exposed beta cells. One potential mechanism may be 

through interacting with insulin receptors in the beta cell membrane by functioning as an insulin 

receptor ligand.  PACs, the broader class of aromatic compounds to which S-HACs belong to, 

have been shown to be associated with regulating the expression of a major downstream target of 

the insulin receptor in the beta cell, insulin receptor substrate 2 (Kim et al. 2016). The potential 

for PACs to interact with insulin receptors on beta cells suggests that S-HACs may also possess 

this same binding capacity.  

        Furthermore, insulin receptors have been demonstrated to play a role in regulating glucose 

uptake by regulating the mRNA expression of Glut2 (Wang et al. 2018). The mRNA expression 

of Glut2, which encodes the glucose receptor present in beta cells, was significantly upregulated 

by both BNT(2,3D) and DBT at all examined doses. This suggests therefore that both S-HACs 

may be interacting with insulin receptors on the beta cell membrane to alter Glut2 expression and 

upregulate glucose uptake.  

4.2        S-HACs Increase ROS Production  

       Both BNT(2,3D) and DBT significantly increase the production of ROS in exposed beta 

cells. ROS accumulation upregulates the mRNA expression of the ROS-responsive transcription 

factor Nrf2 and consequently upregulates the mRNA expression of important antioxidant genes 

Sod2 and Catalase. Neither S-HAC altered the mRNA expression of Gpx. In mammalian cells, 

the GPX enzyme has a higher affinity for the ROS H2O2 than the CATALASE enzyme (Baud et 

al. 2004). Thus, CATALASE is required at a much higher concentration to elicit detoxifying 

effects of the same magnitude as GPX (Baud et al. 2004). However, it is important to note that 
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while mRNA expression of a target gene is a strong indicator of protein expression, increased 

mRNA expression does not always equate to increased protein expression (Edfors et al. 2016).  

Therefore, although mRNA expression of antioxidant genes was upregulated, it is unknown 

whether protein expression of these antioxidants was also upregulated. Furthermore, pancreatic 

islets produce smaller quantities of the NRF2 targets SOD2, GPX, and CATALASE than most 

tissues in the body, demonstrating the weak antioxidant capacity of pancreatic beta cells (Miki et 

al. 2018). Therefore, S-HACs may be generating ROS in the mitochondria at a rate too high to be 

compensated by an increase in antioxidant expression by the beta cell, thereby leading to ROS 

accumulation (Miki et al. 2018).  

       ROS accumulation, in response to S-HAC exposure, was also observed in a study examining 

DBT-treated human neuroblastoma cells (Sarma et al. 2017). This study has also shown that in 

addition to increasing ROS production, DBT also lowered the mitochondrial membrane potential 

of the DBT-treated neuroblastoma cells (Sarma et al. 2017). Mitochondrial membrane potential 

is an important indicator of mitochondrial function (Zorova et al. 2018). It is suggested that the 

accumulation of ROS by DBT may impair mitochondrial function in the exposed cells (Sarma et 

al. 2017). Furthermore, DBT exposure also induced oxidative stress in the neuroblastoma cells 

and upregulated the expression of oxidative stress-responsive proteins (Sarma et al. 2017). 

Therefore, it is plausible that the accumulation of ROS in beta cells exposed to DBT and 

BNT(2,3D) may lead to the development of oxidative stress and the impairment of important 

cellular functions in these beta cells, including mitochondrial activity.  
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4.3        S-HACs May Induce ER Stress  

       S-HACs upregulated the gene expression of Atf6, Grp78, Txnip and Chop, components of 

the unfolded protein response, suggesting that these S-HACs may induce ER stress in the beta 

cells. The ER stress may be induced due to increased glucose uptake and increased ROS 

production in the S-HAC exposed beta cells. Increased glucose uptake and metabolism has been 

shown to increase insulin biosynthesis and the accumulation of misfolded and unfolded proteins, 

leading to ER stress (Burgos-Moron et al. 2019; Eizirik et al. 2007). However, insulin content in 

beta cells exposed to the S-HACs was not significantly different from the control group, even at 

doses where glucose uptake was increased in the exposed beta cells. Furthermore, the doses at 

which mRNA expression of the ER stress markers were upregulated in the beta cells exposed to 

BNT(2,3D) did not reflect the doses at which glucose uptake was increased. Similarly, DBT 

overall did not display a relationship between increased glucose uptake and increased mRNA 

expression of ER stress markers. Therefore, the observed increase in mRNA expression of ER 

stress markers by the selected S-HACs may be not be due to increased glucose uptake. 

       Alternatively, increased ER stress may be due to the accumulation of intracellular ROS, 

particularly H2O2. H2O2 has been shown to activate the 3 main pathways of the UPR through 

phosphorylation or proteolytic cleavage of the ER stress sensor proteins: IRE1, PERK and ATF6 

(Pallepati & Averill-Bates 2011). H2O2 has also been shown to upregulate the expression of the 

ER chaperone GRP78 (Pallepati & Averill-Bates 2011). Both Grp78 and Atf6 were upregulated 

in INS-1E cells exposed to DBT at 1nM dose; the same dose which caused a significant 

upregulation of ROS production. However, neither Chop nor Txnip were upregulated following 

exposure to 1nM of DBT. Increased expression of GRP78 and ATF6 by DBT can increase 

protein folding in the beta cell (Ye et al. 2018). Increased protein folding generates large 
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quantities of H2O2 which diffuses freely across many compartments in the cell, including the 

mitochondria and ER (Pluquet et al. 2014). This creates a vicious cycle that sustains ER stress 

conditions and further increases intracellular ROS concentrations (Burgos-Moron et al. 2019).  

       ER stress may be induced in beta cells by BNT(2,3D) through a pathway that may differ 

from that proposed for DBT. The mRNA expression of Atf6, Txnip and Chop were upregulated in 

beta cells exposed to BNT(2,3D) at the 1μM dose. However, BNT(2,3D) increased ROS 

production at 1nM, with no changes in ROS production observed at 1μM when compared to the 

controls. Therefore, neither ROS accumulation nor increased glucose uptake appear to contribute 

to the induction of ER stress in beta cells exposed to BNT(2,3D), however the pathway through 

which BNT(2,3D) may induce ER stress in beta cells has yet to be elucidated.   

4.4        Some S-HACs Induce Cell Senescence 

       BNT(2,3D), but not DBT, upregulated mRNA expression of p21 and significantly induced 

cellular senescence in the treated beta cells; however, mRNA expression of p53 was not 

upregulated by either S-HAC suggesting a P53-independent pathway mediating the observed 

increase in senescence. Interestingly, a growing body of research is showing that P21 activation 

can occur independent of P53 activation, as demonstrated using P53-knockout mice (Megyesi et 

al. 1996). Various P53-independent pathways have been proposed. For example, TGFβ receptors 

I and II are expressed in adult beta cells, and activation of these receptors induces a signaling 

pathway which has been shown to affect beta cell proliferation and beta cell function (Jiang et al. 

2018). TGFβ can induce cell senescence that is P53-independent and is associated with increased 

intracellular ROS production (Senturk et al. 2010). Interestingly, BNT(2,3D) at the 1nM dose 

significantly increased ROS production and induced cell senescence in the exposed beta cells.  
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Thus, it is possible that S-HACs may be inducing cell senescence in the beta cells through 

activation of the TGFβ pathway, which also induces ROS accumulation.  

       Alongside this, a 2011 study conducted by Prieur and colleagues has shown that cellular 

senescence can be induced without the generation of DNA damage nor the activation of P53 

(Prieur et al. 2011). Senescence was induced by downregulating the activity of p300 histone 

acetyltransferase (P300 HAT) enzymes which resulted in cell cycle arrest at the G2/M phases 

(Prieur et al. 2011). P300 HAT enzymes are important in regulating cell growth and cell survival 

in the body, including in pancreatic beta cells, and exposure to diesel exhaust particles can 

regulate its activity (Prieur et al. 2011; Cao et al. 2007). Therefore, S-HACs may be capable of 

altering P300 HAT enzyme activity to consequently induce cellular senescence in exposed beta 

cells.  

        Beta cells exposed to 1nM of BNT(2,3D) expressed higher levels of the genes encoding the 

antiapoptotic protein BCL2 and the senescence associated enzyme GLB1, two key features of 

senescent cells. Furthermore, histochemical staining for beta-galactosidase expression in INS-1E 

cells showed increased expression of this protein in beta cells exposed to 1nM of BNT(2,3D) 

compared to controls, which is consistent with the results from the qPCR analysis.  

       Upon induction of cellular senescence in the beta cells, upregulation in mRNA expression of 

the SASP inflammatory marker Serpine1 is observed in beta cells exposed to 1nM of 

BNT(2,3D). This suggests that the senescent beta cells have remained metabolically active and 

maybe inducing an inflammatory response to aid in rapidly spreading cellular senescence across 

beta cells. Therefore, BNT(2,3D) may be capable of inducing and rapidly spreading senescence 

in pancreatic tissues at doses that reflect non-occupational exposure levels.  
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       The induction of cellular senescence in pancreatic beta cells can yield detrimental outcomes 

in the pancreatic islet and in the body as a whole. For example, the pro-inflammatory state of 

senescent beta cells can contribute to the induction of systemic insulin resistance (Akbari & 

Hassan-Zadeh 2018). The increased production of inflammatory proteins in the senescent beta 

cells can also impair the function of insulin exocytosis machinery, thereby impairing insulin 

secretion (Choi et al. 2009). Therefore, cellular senescence in beta cells can induce insulin 

resistance and beta cell dysfunction, consequently leading to impaired glucose tolerance in the 

body (Choi et al. 2009; Larsen et al. 2007). 

4.5        ER Stress, Senescence and RAGE  

       Activation of RAGE can alter beta cell function and induce cellular stress (Coughlan et al. 

2011; Piperi et al. 2012). The simultaneous occurrence of cellular senescence and, potentially, 

ER stress in beta cells exposed to BNT(2,3D) suggests that BNT(2,3D) may have interacted with 

the AGE-associated receptor, RAGE, embedded in the plasma membrane of beta cells. S-HACs 

may bind to RAGE on the plasma membrane of the beta cell and increase glucose uptake 

(Coughlan et al. 2011). Intracellular ROS production may also be increased due to RAGE 

activation (Coughlan et al. 2011). Some of the generated H2O2 may diffuse into the ER and 

induce ER stress (Piperi et al. 2012). Increased protein folding, in response to ER stress, leads to 

further ROS production (Pluquet et al. 2014). The accumulation of H2O2 activates P21 which 

induces cell senescence (Liu et al. 2014). The ability of RAGE to induce cellular stress and 

cellular senescence provides another potential P53-independent pathway through which S-HACs 

may affect beta cell health and beta cell function, however this remains to be determined.   
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4.6        S-HACs May Not Impair Insulin Production  

      The mRNA expression of Isl1, which regulates insulin gene expression, was upregulated by 

BNT(2,3D) at 1nM and by DBT at 1nM and 1μM. However, neither BNT(2,3D) nor DBT at 

these doses upregulated the expression of Ins2, which encodes the insulin hormone, in the treated 

beta cells. Furthermore, none of these doses altered insulin content in the exposed beta cells.  

       Beta cells exposed to either S-HAC did not have consistent changes, nor exhibit deficits, in 

intracellular insulin content. Therefore, BNT(2,3D) and DBT may not alter insulin production in 

beta cells, despite increased glucose uptake. However, the rate at which the insulin is secreted 

might differ from non-treated cells. During insulin secretion only a fraction of the total insulin 

packed in each vesicle is released out of the cell and into the bloodstream, even when stimulated 

with high glucose concentrations (Weiss et al. 2014). Therefore, beta cells regulate insulin 

plasma concentrations based on the rate at which insulin is secreted from the beta cell, rather 

than the rate at which insulin is synthesized (Weiss et al. 2014).  

       BNT(2,3D) upregulated the mRNA expression of Kcnj11 in beta cells at the 1μM dose. 

Kcnj11 encodes KIR6.2, a component of the KATP channel (Wu et al. 2014). The closure of the 

KATP channel and the subsequent membrane depolarization that occurs is a crucial step in the 

secretion of insulin from the beta cell (Fridlyand & Philipson 2011). In fact, antidiabetic drugs 

such as sulfonylureas target KCNJ11 expression to enhance the secretion of insulin (Wu et al. 

2014). Therefore, by increasing glucose uptake and upregulating the expression of Kcnj11 S-

HACs, particularly BNT(2,3D), may induce membrane depolarization in the beta cell and 

potentially enhance insulin release.  
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4.7        The Power of the Low Dose 

 

       It is interesting to note that for many of the outcome measures in this thesis, the data display 

a non-monotonic dose-response in which the direction of the slope of the dose-response curve 

changes across the examined dose range (Lagarde et al. 2015). For example, a non-monotonic 

dose-response is evident in the data generated from the intracellular ROS and cell senescence 

experiments (see Figures 7 and 11 in Results section). Various mechanisms have been proposed 

to explain this phenomenon (Lagarde et al. 2015). One proposed mechanism is that high doses 

can induce receptor desensitization leading to attenuation or complete inhibition of effects 

normally elicited by the bound ligand; similar to the desensitization of insulin receptors during 

hyperinsulinemic conditions (Lagarde et al. 2015; Shanik et al. 2008). Another proposed 

mechanism relates to receptor selectivity (Lagarde et al. 2015). At a low dose, the compound 

may bind solely to a single designated receptor type; however, at higher doses the compound 

may bind to the same receptor along with other receptor types (Lagarde et al. 2015). Binding to 

additional receptor types may activate signalling pathways that counteract or mitigate the effects 

elicited by the signalling pathways activated by the single receptor type at the low dose (Lagarde 

et al. 2015). The non-monotonic dose-response is commonly observed by endocrine disrupting 

chemicals, including many PACs (Lagarde et al. 2015). The ability of S-HACs to induce effects 

at relatively low but environmentally relevant concentrations suggests the high potency of these 

compounds.  

4.8        Implications for Communities Residing Near Oil and Gas Extraction Sites 

 

       While it is unclear whether S-HACs can impair insulin secretion in the beta cell, the results 

of this thesis demonstrate that S-HACs can generate cellular stress and induce cell senescence, 

leading to the premature aging of the beta cells. Therefore, S-HACs are potential beta cell 
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toxicants. S-HACs, as previously mentioned, are a class of PACs that are found abundantly in 

various oil and gas extraction sites, including the Alberta oil sands regions (Harner et al. 2018).  

       The presence of HACs, including S-HACs, in air, snow, precipitation and surface sediment 

samples collected from regions several kilometres away from extraction sites demonstrates the 

high volatility of these compounds and potential for exposure (Harner et al. 2018). Furthermore, 

PACs in general have been found at higher concentrations in liver, kidney and muscle tissues of 

moose, beaver and ducks caught in the Alberta oil sands region when compared to PAC 

concentrations in co-op beef (McClachlan 2014). Individuals in communities near oil and gas 

extraction sites can be exposed to S-HACs through their diet; for example through consumption 

of wild-caught meats such as moose, beaver, and duck which may be part of their regular or 

traditional diet (McClachlan 2014).  

       Furthermore, oil spills in active extraction sites can lead to substantially greater 

accumulation of PACs in animals which inhabit the regions impacted by the spills. For example, 

sea otters were one of the primary species affected by the Exxon Valdez oil spill in Prince 

William Sound, Alaska (Ballachey & Kloecker 1997). Liver samples extracted from sea otter 

carcases from Prince William Sound following the spill contained, on average, 50nM of DBT 

which is substantially higher than the 10pM – 10nM range of concentrations of DBT found in the 

river otter liver samples obtained from the Alberta oil sands region (Ballachey & Kloecker 

1997). PAC accumulation in wildlife, particularly in wild-caught meats, and the presence of 

these persistent organic compounds in water sources and the atmosphere may be contributing 

factors to the high prevalence rates of T2D in many communities residing near oil and gas 

extraction sites. Developing a suitable protocol for measuring plasma S-HAC concentrations in 
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people can help quantitatively determine the degree to which humans are exposed to these 

potential beta cell toxicants, especially for communities near bitumen extraction sites.  
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CHAPTER 5 - FUTURE DIRECTIONS 

 

5.1        Effect of S-HACs on Oxidative Damage        

       Both BNT(2,3D) and DBT significantly increased ROS production in the treated INS-1E 

cells, however neither S-HAC altered the mRNA expression of p53. While it has been 

demonstrated that ROS can upregulate p21 mRNA expression in a P53-independent manner, it is 

still important to determine whether S-HACs induced oxidative damage in treated beta cells (Qiu 

et al. 1996). As previously discussed, mRNA expression of a target gene is not always an 

accurate reflection of its protein expression (Edfors et al. 2016). Therefore running an oxidative 

damage assay, in which oxidative DNA damage is detected by measuring the protein expression 

of an oxidative damage marker, would help clarify if the observed increase in ROS production 

led to oxidative damage or whether the antioxidant enzymes were induced at sufficient levels to 

offer protection from oxidative damage. If oxidative damage occurred following exposure to the 

test compounds this would also provide some clarity to our understanding of whether it was ROS 

or oxidative damage that induced cellular senescence in the BNT(2,3D) exposed beta cells.  

       Various oxidative damage markers exist that can be used to detect/measure oxidative DNA 

damage in the INS-1E cells exposed to the selected S-HACs. One commonly examined marker is 

γ-H2AX, which is generated through the phosphorylation of the histone variant H2AX during 

DNA damage (Gruosso et al. 2016). γ-H2AX plays an important role in the DNA damage 

response by securely positioning repair proteins at DNA damage sites and enhancing DNA 

damage signalling (Gruosso et al. 2016). Therefore, oxidative DNA damage increases γ-H2AX 

protein expression (Gruosso et al. 2016). There are many functional assays available for 

quantitatively measuring γ-H2AX levels. For example, immunofluorescence staining of γ-H2AX 
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can be performed to detect DNA damage sites in INS-1E cells treated with S-HACs and compare 

to non-treated INS-1E cells.  

5.2        Effect of S-HACs on Mitochondrial Function  

       It has been previously observed that DBT not only increases ROS production in mammalian 

cells but as well lowers the mitochondrial membrane potential of the exposed cell, which is 

indicative of impaired mitochondrial function (Sarma et al. 2017). Since both BNT(2,3D) and 

DBT significantly increased ROS production in the beta cells, it is important to determine if 

these S-HACs can also impair mitochondrial activity in the beta cell. Alongside measuring 

mitochondrial membrane potential, another common method for examining mitochondrial 

activity is through measuring ATP and ADP production in the mitochondria. During oxidative 

phosphorylation, the electron transport chain generates a proton electrochemical gradient that 

drives the conversion of ADP to ATP by the ATP synthase enzyme (Fridlyand & Philipson 

2011). This is the primary function of the mitochondria (Fridlyand & Philipson 2011). The ratio 

of ATP:ADP produced also regulates the closure of KATP channels which are important in 

stimulating the subsequent pulse-like release of insulin-packed vesicles from the beta cell (Skelin 

et al. 2010).  

       Bioluminescence can be used to detect and quantify ATP and ADP production and help 

determine whether the ratio of intracellular concentrations of ATP:ADP are altered by exposure 

to such S-HACs as BNT(2,3D) and DBT. The intent is to determine if the ability of S-HACs in 

inducing mitochondrial ROS production can also impair the mitochondrial activity of the 

exposed cell.  
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5.3        Effect of S-HACs on Insulin Secretion  

       It is evident that S-HACs do not impair insulin production, however it is unclear whether 

insulin secretion was altered by the S-HAC treatments. Impaired insulin secretion, specifically a 

loss of phase 1 insulin release, characterizes beta cell dysfunction (Leahy 2005). In this study, 

mRNA expression of Kcnj11 was upregulated and glucose uptake was increased, suggesting 

increased membrane depolarization and potentially enhanced insulin release. In the body, 

increased secretion of insulin into the blood may lead to hyperinsulinemia (Shanik et al. 2008). 

Persistent stimulation of insulin receptors in target tissues may lead to reduced insulin sensitivity 

by these receptors and impair glucose uptake into those target tissues, potentially leading to 

chronic, post-prandial hyperglycemia (Shanik et al. 2008).  

       Insulin release can be measured in S-HAC exposed beta cells through assessing glucose-

stimulated insulin secretion. INS-1E cells that have been pre-treated with BNT(2,3D) and DBT 

can be afterwards treated with high and low glucose concentrations. Insulin content in the 

collected media can then be measured by running an insulin ELISA such as the ultrasensitive rat 

insulin ELISA (Crystal Chem, Illinois, USA). This will help determine if S-HAC exposure alters 

the rate of insulin secretion in exposed beta cells.  
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CONCLUSION 

       S-HACs can increase ROS production in pancreatic beta cells and induce cellular stress. 

Glucose uptake was also increased, however it is unclear whether it is directly due to S-HAC 

exposure. Some S-HACs can also induce cellular senescence in response to the cellular stress. 

The accumulation of ROS in the beta cell and induction of a senescent state may alter important 

beta cell functions, including mitochondrial activity and insulin secretion that could lead to the 

development of T2D, an age-associated disease (Hameed et al. 2015). Furthermore, S-HACs are 

abundantly found in air, waterbodies, soils and sediments of oil extraction sites, and traces of 

these persistent organic pollutants have also been found in the tissues of wildlife inhabiting those 

regions. The presence of S-HACs in food sources and in the environment and the ability of S-

HACs in inducing cellular stress suggests that S-HACs may potentially be novel beta cell 

toxicants that influence the rates of T2D in communities in close proximity to oil extraction sites.  
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APPENDICES 

 
 

 

Appendix 1. Glucose-induced insulin secretion in the pancreatic beta cell. Figure obtained and 

adapted from Henzen 2012. 
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Appendix 2. Glucose uptake and mitochondrial generation of ROS. Figure obtained and adapted 

from Burgos-Moron et al. 2019. 

 

 

 

 

 

Appendix 3. The association between ROS accumulation and cellular senescence. Figure obtained 

and adapted from Barnes 2015. 
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Appendix 4. ER stress and its induction of the unfolded protein response which is comprised of three 

transmembrane proteins (IRE1, PERK and ATF6) and their associated signalling pathways. Figure 

obtained and adapted from Ye et al. 2018.    

 

 

Appendix 5. 2D molecular structures of benzo[b]naphtho[2,3-d]thiophene (molecular mass: 

234.32g/mol) and dibenzothiophene (molecular mass: 184.26g/mol). Figure obtained and adapted 

from Mossner & Wise 1999.  
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Primer 

Name 

Primer Type Function Primer Sequence 

Glut2 Target gene 

 

Glucose uptake   Fwd: GCAATATCCTCCCTCCAGCC 

Rev: TGCAGGCACAACTCCCTTAG 

Gck Target gene Glycolysis Fwd: GATGCCAGAGGTTAGAGCCC 

Rev: GGTCAGGGACCTGAGTGTTG 

Nrf2 Target gene Regulates antioxidant 

activity 

Fwd: ATTTGTAGATGACCATGAGTCGC 

Rev: TGTCCTGCTGTATGCTGCTT 

Sod2 Target gene Antioxidant activity 

in mitochondria 

Fwd: ATTGCCGCCTGCTCTAATCA 

Rev: CTCCCACACATCAATCCCCA 

Catalase Target gene Antioxidant activity 

in mitochondria 

Fwd: CTGACACAGTTCGTGACCCT 
Rev:  GTTTCCCACAAGGTCCCAGT 

Gpx Target gene Antioxidant activity 

in mitochondria 

Fwd: CCTGCCTTCAAATACCTAACCC 

Rev: TGTAATACGGGGCTTGATCTCC 

p53 Target gene Tumour suppression 

pathway 

Fwd: AGCGACTACAGTTAGGGGGT 
Rev: ACAGTTATCCAGTCTTCAGGGG 

p21 Target gene Tumour suppression 

pathway  

Fwd: GTGATATGTACCAGCCACAGG 

Rev: GAACAGGTCGGACATCACCA 

Glb1 Target gene Cellular senescence Fwd: GGCTTTAACCTCGGGCGATA 

Rev:  TGGTCAGGATGTTCCTTGGC  

Bcl2 Target gene Tumour suppressive 

properties 

Fwd: GGATAACGGAGGCTGGGATG 

Rev: GCATGCTGGGGCCATATAGT 

Nlrp3 Target gene Regulates production 

and secretion of IL1β 

Fwd: CACAACTCACCCAAGGAGGA 

Rev: ACAGGCAACATGAGGGTCTG 

Il1b Target gene SASP Fwd: GCAGTGTCACTCATTGTGGC 

Rev: AAGAAGGTGCTTGGGTCCTC 

Serpine1 Target gene SASP Fwd: GCGAAACCCTCAGCATGTTC 

Rev: AATGTTGGTGATGGCGGAGA 

Mcp1 Target gene SASP Fwd: CAGTTAATGCCCCACTCACCT 

Rev:  CAGCTTCTTTGGGACACCTG 

Il6 Target gene SASP Fwd: CCCACCAGGAACGAAAGTCA 

Rev:  GCGGAGAGAAACTTCATAGCTGTT 

Atf6 Target gene Unfolded protein 

response 

Fwd: GGATTTGATGCCTTGGGAGTCAGAC 

Rev: ATTTTTTTCTTTGGAGTCAGTCCAT 

Grp78 Target gene Unfolded protein 

response 

Fwd: AACCCAGATGAGGCTGTAGCA 

Rev: ACATCAAGCAGAACCAGGTCAC 

Txnip Target gene Unfolded protein 

response 

Fwd: TGTTCCGTGTCCTGTGTCAG 

Rev: TCTCGGGTGGAGTGCTTAGA 

Chop Target gene Unfolded protein 

response 

Fwd: CCAGCAGAGGTCACAAGCAC 

Rev: CGCACTGACCACTCTGTTTC 

Pdx1 Target gene Regulates insulin 

gene expression 

Fwd: CACCATGAATAGTGAGGAGCAG 

Rev:  GATTAGCACTGAACTCTGGCAC 

Mafa Target gene Regulates insulin 

expression 

Fwd: AGGAGGAGGTCATCCGACTG 

Rev: CTTCTCGCTCTCCAGAATGTG 

Isl1 Target gene Regulates insulin 

gene expression 

Fwd: CCAGGGGATGACAGGAACTC 

Rev: ACCTCAACTGGGTTAGCCTG 

 

Ins2 Target gene Encodes insulin Fwd: GCGGCATCGTGGATCAGT 
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Rev: GCCTAGTTGCAGTAGTTCTCCAGTT 

Kcnj11 Target gene  Subunit of KATP 

channel  

Fwd: GTCAGGGGCTCAGTAAGCAA 

Rev: ACTAGCTTCAGATGCCGACG 

Gapdh Housekeeping 

gene 

_________________ Fwd: TGGAGTCTACTGGCGTCTTCAC 

Rev:  GGCATGGACTGTGGTCATGA 

18s Housekeeping 

gene 

_________________ Fwd: GCGATGCGGCGGCGTTAT 

Rev:  AGACTTTGGTTTCCCGGAAGC 

Appendix 6. List of selected target genes and housekeeping genes with description of function 

and primer sequences. 

 


