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Abstract 

Previous studies suggest that nicotine impairs pancreatic function, which may explain the 

increased risk of T2DM in smokers. We have previously shown that nicotine exposure results in 

decreased beta cell function, an effect which appears to be mediated via increased beta cell 

oxidative stress. The goal of this study is to determine whether folic acid, an antioxidant, can 

prevent nicotine-induced beta cell dysfunction in the beta cell.   

INS 1E cells, a rat pancreatic beta cell line, were treated with nicotine or vehicle ± 10µM 

folic acid for 48 hours. Nicotine treatment decreased both basal and glucose stimulated insulin 

secretion, but had no effect on insulin content, mitochondrial function or markers of apoptosis. 

Expression of oxidative stress/damage markers (HSP70 and 4-HNE), antioxidant enzymes 

(Cu/ZnSOD, MnSOD and CAT), insulin gene transcription factor PDX1 and KATP channel 

subunit kir6.2 were determined by western blot analysis. Expression of HSP70, 4-HNE and 

MnSOD were significantly increased with nicotine treatment (p=0.002, 0.05 and 0.03 

respectively). Cu/ZnSOD and CAT expression remained unchanged with nicotine treatment. The 

addition of folic acid significantly reduced HSP70 expression, 4-HNE expression, CAT 

expression, but did not alter the expression of MnSOD. There was a significant (p<0.0001) 

increase in expression of PDX1 following treatment with nicotine and folic acid, coinciding with 

a significant increase in insulin content in this treatment group (p=0.027).Nicotine treatment 

significantly increased kir6.2 expression (p=0.019) which showed a trend toward reduced 

expression following treatment with folic acid (p=0.067).  

Nicotine treatment significantly increases markers of oxidative stress and oxidative 

damage in pancreatic beta cells; an effect which was reversed by folic acid administration. 

Nicotine and folic acid treatment increased insulin content, likely mediated through an increase 
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in the insulin gene transcription factor, PDX1. Furthermore, nicotine treatment increased 

expression of kir6.2, suggesting a defect in the insulin secretory mechanism. This effect was 

reversed with folic acid treatment.  Although many studies suggest that Canadians are meeting or 

exceeding recommended folate levels, this is not true in smokers. Our data suggest that 

additional folate supplementation in smokers may prevent nicotine-induced damage to the 

pancreas and thus reduce the risk of type 2 diabetes.  
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1.0 Introduction 

1.1 Type 2 Diabetes 

1.1.1 Prevalence  

According to the World Health Organization approximately 285 million people 

worldwide have diabetes; approximately 90% of patients with diabetes have non-insulin 

dependent diabetes mellitus otherwise known as type 2 diabetes (WHO 2012). The number of 

people with diabetes is expected to balloon to 7.7% of the population or 439 million adults by 

2030 (Shaw et al 2010). In Canada, about 1 in 4 people have either diabetes or pre-diabetes 

(approximately 9 million), and the number of people with diabetes is rapidly rising due to an 

aging population, rising obesity rates and sedentary lifestyles (Canadian Diabetes Association). 

The other types of diabetes are Type 1 or juvenile onset diabetes and gestational diabetes which 

will not be discussed here.  

 

1.1.2 Pathology 

Type 2 diabetes is characterized by a fasting circulating blood glucose level in excess of 

7mmol/l (The expert committee on the diagnosis and classification of Diabetes Mellitus, 2003), 

or with a blood glucose level >11.1 mmol/l after an oral glucose tolerance test (OGTT). In the 

pre-diabetes stage, fasting blood glucose levels are 6.1 – 6.9mmol/l with a 2 hour OGTT levels 

between 7.8 and 11.1mmol/l (Canadian Diabetes Association). This increase in blood glucose is 

caused by dysfunction of the insulin producing beta cells (inability to produce/secrete insulin in 

response to a glucose signal) in the endocrine pancreas and/or peripheral insulin resistance (i.e. 

decreased glucose uptake in skeletal muscle). To maintain glucose homeostasis beta cells 
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produce and secrete insulin in response to increasing blood glucose levels (i.e. after a meal). 

Type 2 diabetes is predominantly associated with obesity and inactivity (Prentki and Nolan 

2006). Long term consequences of diabetes include cardiovascular complications, retinopathy, 

kidney failure, and limb amputations (Amos 1997).  

 

1.1.3 Etiology 

 There are multiple causes of type 2 diabetes, which may involve a combination of beta 

cell dysfunction and insulin resistance. Dysfunction of beta cells and insulin resistance can occur 

through both genetic and environmental factors, such as obesity (Kahn, Hull and Utzschneider, 

2006), smoking (Ding and Hu, 2007, Wannamethee, Shaper and Perry 2001), single nucleotide 

polymorphisms (SNP’s) (Vassy and Meigs, 2012), and/or fetal insults during pregnancy 

(Godfrey and Barker 2001, Bertram and Hanson 2001).  

The majority of type 2 diabetes cases are associated with a combination of obesity and 

inactivity. Adipose tissue is able to modulate metabolism by releasing non-esterified fatty acids, 

glycerol, hormones, namely leptin and adiponectin as well as inflammatory cytokines. When an 

individual is obese, production of these products (with the exception of adiponectin) is increased. 

Increased levels of circulating fatty acids are associated with hypertension and may contribute to 

the pathophysiology of type 2 diabetes, particularly insulin resistance (Boden and Shulman 2002, 

Kahn et al 2006). Furthermore, chronically elevated fatty acid levels are toxic to the pancreas (i.e 

lipotoxicity). Elevated lipid levels inhibit glucose stimulated insulin secretion and in addition, 

inhibits insulin gene expression in the presence of elevated glucose, leading to an increase in beta 

cell death (Poitout and Robertson 2002, Boden and Shulman 2002, Robertson et al 2004). 
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In addition to the adverse effects of lipids on beta cell function, chronically elevated 

glucose levels which are often associated with obesity also have detrimental effects on the 

pancreatic beta cell (i.e. glucotoxicity). Furthermore, chronically elevated glucose levels lead to 

some of the secondary complications that occur with diabetes (vascular, retinal and renal tissue 

abnormalities) (Robertson et al 2007). A chronically high glucose environment leads to 

significant reduction in insulin secretion (Wallace et al. 2012), an effect likely mediated through 

oxidative stress (Prentki and Nolan 2006). Lifestyle modifications (weight loss, exercise) can 

improve the adverse beta cell effects associated with elevated lipids and glucose.    

The primary role of the insulin secreted by the pancreatic beta cell is to maintain glucose 

homeostasis. Glucose homeostasis is achieved by insulin acting on peripheral tissues namely 

muscle and adipose cells, to stimulate glucose uptake into these tissues while simultaneously 

reducing hepatic glucose production which occurs through gluconeogenesis. To exert its effects, 

insulin binds to its receptor (insulin receptor; IR) which is a member of the tyrosine kinase 

family. Autophosphorylation of IR as a result of insulin binding causes a signaling cascade. One 

of the most important signals of insulin receptor binding is translocation of the glucose 

transporter GLUT4 to the cell membrane. Glucose uptake in peripheral tissues occurs through 

GLUT4, which are highly expressed in skeletal muscle and adipose tissues (Rains and Jain 2011, 

Saltiel and Pessin 2002 and Choi and Kim 2010). 

Insulin resistance occurs when the amount of insulin produced is insufficient to suppress 

glucose production in the liver and stimulate glucose disposal in skeletal muscle (Strumvoll et al, 

2005) Beta cells respond to peripheral insulin resistance by increasing basal and postprandial 

insulin secretion to compensate for the insulin resistant state (Olefsky and Saltiel, 1996). Once 
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insulin resistance occurs, glucose levels start to rise giving way to hyperglycemia and its 

associated complications.  

 

1.1.4 Beta Cell Function  

 In healthy individuals, beta cells secrete insulin to maintain glucose homeostasis; in 

normoglycemia plasma glucose concentrations range from 4-8mmol/l non-fasting, 3.9 - <5.5 

mmol/l fasting. The ability of the beta cell to secrete insulin at levels which maintain 

normoglycemia is the result of  2 factors; 1) the responsiveness of the beta cell to a glucose 

stimulus and 2) the number of beta cells present in the pancreas (i.e. beta cell mass (Kahn et al, 

2006).   

 In a normally functioning beta cell, insulin is released in response to a glucose stimulus. 

Glucose enters the beta cell via glucose transporters. In humans, this occurs through the glucose 

transporter GLUT1, in rodents, GLUT2 (De Vos et al, 1995). After entry in to the beta cell, 

glucose is phosphorylated by glucokinase into glucose-6-phosphate. Via glycolysis, glucose-6-

phosphate is converted into pyruvate. Pyruvate enters the mitochondria, is metabolized by the 

tricarboxylic (TCA) cycle to form NADH and FADH2. Electron transfer from the TCA cycle, by 

NADH and FADH2, to the respiratory chain promotes the formation of ATP. The production of 

ATP requires 2 important steps, 1) oxidation of NADH (or FADH2) and 2) phosphorylation of 

ADP to ATP; these 2 processes are known as oxidative phosphorylation. The NADH and/or 

FADH2 generated by glycolysis and the TCA cycle are oxidized to NAD
+ 

or FAD while protons 

are pumped into the inner mitochondrial membrane through complexes, I, III and IV. Electrons 

from NADH and FADH2 are pumped through the complexes to O2, ultimately forming H2O.  
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The proton gradients produced by the hydrogen ions are the driving force of ATP synthase to 

produce ATP from ADP (Kim et al, 2008).  In this fashion, oxidative metabolism links the 

glucose stimulus to subsequent insulin release (Machler and Wollheim, 2001). The formation of 

ATP leads to an increase in the ATP/ADP ratio, which leads to closure of the ATP sensitive 

potassium channels (KATP). KATP channel closure results in a slow membrane depolarization 

leading to calcium (Ca
2+

) influx, rapid membrane depolarization and secretion of insulin 

granules.   

 Beta cell mass is a balance between an increase in beta cell number (replication and 

neogenesis), and increase in beta cell size (hypertrophy) and beta cell death (apoptosis) and a 

decrease in beta cell size (atrophy) (Butler et al, 2003). An increase in beta cell mass would lead 

to a potential increase in insulin production and secretion. It appears that beta cell mass increases 

over a lifetime; in a longitudinal study of Lewis rats, beta cell mass increased into adulthood 

initially by an increase in cell number, and then by hypertrophy (Bonner-Weir, 2000). It appears 

that the best stimulus for beta cell mass regulation is glucose. If glucose uptake into peripheral 

tissues decreases due to inadequate plasma insulin or insulin resistance, then the mild 

hyperglycemia signals the beta cells that more insulin is needed (Rhodes, 2005). Beta cells then 

compensate by increasing in number and/or size (increase of beta cell mass) to overcome the 

increase in glucose. This mild hyperglycemia has beneficial effects, however, chronic or severe 

hyperglycemia can have detrimental effects (Prentki and Nolan 2006).  
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1.1.5 Beta Cell Dysfunction in T2DM 

 In people with type 2 diabetes, beta cell dysfunction is clearly present. Indeed, evidence 

suggests that beta cell dysfunction is present well in advance of the diagnosis of frank type 2 

diabetes (Kahn, 2003). Weir and Bonner-Weir (2004) have proposed 5 stages of beta cell 

dysfunction during the progression of type 2 diabetes: 1) beta cell compensation, 2) stable 

adaptation, 3) unstable early decompensation, 4) stable decompensation and 5) severe 

decompensation. Stage 1 is characterized by an increase in insulin secretion in response to higher 

circulating blood glucose levels. The increase in insulin secretion can either be a result of 

increased insulin secretion per cell or from an increase in beta cell number (i.e. increased beta 

cell mass). During stage 1, blood glucose levels are maintained within the normal range 

(<6mmol/l fasting). In stage 2, known as ‘pre-diabetes’,  the insulin secreted from the beta cell is 

no longer able to maintain glucose within the normal range; however, individuals are able to 

maintain constantly higher glucose levels (6.1-6.9mmol/l fasting glucose) without progressing to 

diabetes for years. During this stage, there is an increase in oxidative stress, antioxidant and 

apoptotic markers, as found in rats which have undergone a partial pancreatectomy (Laybutt et 

al, 2002). Oxidative glucose metabolism leads to the production of reactive oxygen species 

(ROS), which while necessary for cellular signaling, can be damaging in large quantities. 

Hyperglycemia is thought to produce large amount of ROS, which overcome the antioxidant 

defense mechanism, which is low in beta cells (Strumvoll et al, 2005). As previously stated, 

stage 2 can be maintained for long periods of time, however, at some point the beta cells will be 

unable to maintain the increased insulin secretion in response to high glucose; this leads to a 

rapid decline in beta cell mass, due to apoptosis, in conjunction with insulin resistance. This 

rapid decline in beta cell mass results in even higher glucose levels (i.e. glucotoxicity). This 

change is stage 3, which is an unstable period and progresses fairly rapidly to stage 4. Stage 4 is 
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a more stable stage than stage 3. Individuals in stage 4 are still secreting insulin, but at a lower 

rate due to decreased beta cell mass, which can be as much as 50% reduced. This decrease in 

beta cell mass is evident by a marked reduction in insulin release in response to a glucose 

stimulus in diabetic people compared to healthy controls (Kahn, 2000). This stage can last many 

years, without ever progressing to stage 5, which is complete beta cell failure resulting in 

dependence on exogenous insulin.     

 

1.1.6 Mechanisms of beta cell dysfunction 

 Pancreatic beta cell dysfunction results in blood glucose homeostasis that is out of the 

normal range; this can occur if the beta cells are not responding to the glucose signal (resulting in 

a high blood glucose level), or conversely, there could be over activity of the beta cell (resulting 

in a low blood glucose level). The mechanisms leading to beta cell dysfunction leading to 

hyperglycemia will be discussed here.  

The first step for beta cells to secrete insulin is to have glucose transported into the beta 

cell via the glucose transporter GLUT-2. Potentially, if there are fewer glucose transporters then 

less glucose will be brought into the beta cell, and less glucose will be metabolized and therefore 

less insulin will be released. Indeed, it has been shown that in diabetic animal models there is a 

reduction in the expression of GLUT2 (Thorens et al 1990, Unger 1991, Johnson et al 1990). 

Conversely, dysfunctional beta cells could have reduced glucose uptake even in the presence of 

similar glucose transporter expression.    

 In patients with type 2 diabetes, pancreatic beta cells cannot produce enough insulin to 

maintain glucose homeostasis. In order for the beta cell to release insulin, there needs to be an 
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increase in energy production within the beta cell which occurs via the mitochondria. The 

mitochondria metabolize glucose via glucose oxidation to produce ATP. The production of ATP 

increases the ratio of ATP/ADP. The increased ATP leads to inhibition of KATP channels, 

membrane depolarization, calcium influx and insulin secretion. Therefore, mitochondrial 

function is linked to insulin secretion via the production of ATP. Mitochondrial dysfunction, has 

been linked to the development of diabetes (Kim, Wei and Sowers, 2008). Part of this 

dysfunction has been attributed to reduced cytochrome c oxidase (complex IV) activity 

(Woynillowicz et al. 2012 and Bruin et al. 2008c) coinciding with increased mitochondrial 

apoptosis (Bruin et al 2008a).  

Hyperglycemia can increase cellular reactive oxygen species (ROS) which negatively 

impacts cellular functions. But mitochondrial are themselves a source of ROS resulting from 

imperfectly coupled electron transport. During normal metabolism, superoxide anions are 

produced but are eliminated by antioxidant defense mechanisms, such as mitochondrial 

superoxide dismutase (MnSOD). In a hyperglycemic state, it is thought that hyperglycemia 

increases the electron transfer donors (NADH and FADH2) which in turn increases electron flux 

through the mitochondrial complexes (Brownlee, 2001). This leads to an increase in the 

ATP/ADP ratio and hyperpolarization of the inner mitochondrial membrane. The 

hyperpolarization of the membrane leads to partial inhibition of complex III, which leads to an 

accumulation of electrons, and generation of superoxide in greater quantities (Rolo and Palmeira 

2006).     

 KATP channels are located in the plasma membrane of the beta cell and play a key role in 

linking beta cell metabolism to electrical activity of the membrane, and therefore insulin release. 

KATP channels are hetero-octameric complexes containing four pore-forming units (Kir6.x) 
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surrounded by four regulatory units (SURX) (Ashcroft, 2006). The KATP channel in pancreatic 

beta cells are composed of Kir6.2 and SUR1 isomers (MacDonald et al, 2005). In humans, both 

subunits are located on chromosome 11 relatively close together (Kir6.2 is just 4,500 base pairs 3’ 

of the SUR1 gene) (Aguilar-Bryan et al, 1998). ATP, produced by the mitochondria, closes the 

channel by binding to the kir6.2 subunit at an ATP-binding site located just below the plasma 

membrane. It is still unclear how ATP binding results in closure the pore (Ashcroft, 2006). 

 Genetic mutations of the genes encoding Kir6.2 and SUR1 (KCNJ11 and ABCC8 

respectively) have been shown to cause insulin secretion disorders, such as hyperinsulinemia and 

type 2 diabetes (Gloyn et al, 2003). These genetic mutations result in gain of function or loss of 

function of the channel. Loss of function mutations result in hyperinsulinemia, where there is an 

oversecretion of insulin despite low glucose levels (Flanagan et al, 2009).  Loss of function 

mutations can occur in either ABCC8 or KCNJ11. Conversely, gain of function mutations of 

either subunit cause diabetes by reducing the responsiveness of the channel to increasing ATP 

concentrations. This results in an increased potassium efflux from the cell, hyperpolarization of 

the cell membrane thereby reducing insulin secretion (Flanagan et al, 2007).  Although mutations 

can occur in both subunits, mutations in the KCNJ11 gene are the most common cause of 

neonatal diabetes and a common polymorphism in KCNJ11 (E23K) is associated with type 2 

diabetes in large scale studies (Hattersley and Ashcroft 2005, Flanagan et al 2007). The 

mutations of KCNJ11 reduce the ability of ATP to inhibit the KATP channel while simultaneously 

enhancing channel activity (Ashcroft 2006).   

In cases of chronic hyperglycemia, the resulting oxidative stress can lead to apoptosis of 

the beta cells resulting in a reduction of beta cell mass (Bonner-Weir 2000). Apoptosis is the 

process of programmed cell death, and typically occurs through two distinct pathways; the 
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extrinsic (‘death-receptor’) or intrinsic (mitochondrial mediated) pathway. Both pathways need 

proteins that are involved in triggering and affecting the apoptotic process; these include the 

caspases and members of the Bcl-2 family. Caspases are cysteine proteases, each having distinct 

substrate specificities.  The caspases can be divided into groups, the initiator caspases (which 

start the avalanche of caspase activity) and the effector caspases (which cleave and inactivate 

vital cell proteins). The Bcl-2 proteins contain pro (Bax, Bak, Bid) and anti-apoptotic (Bcl2, Bcl-

xl) members (Cory and Adams 2002, Stasser, O’Conner and Dixit 2000). 

The extrinsic pathway involves a death signal binding to a death receptor (Fas/Fas 

ligand). Ligand binding to the receptor on the cell membrane causes the assembly of a number of 

proteins in a death-inducing-signaling-complex (DISC). DISC then activates an initiator caspase, 

caspase-8 and/or caspase-10. What then follows is a Caspase activation cascade, ultimately 

leading to caspase-3, an effector caspase, activation, (Chandra et al., 2001). Caspase-3 is the 

central caspase responsible for proteolytic cascade leading to cell death (Ly, Grubb and Lawen 

2003)      

The intrinsic pathway involves the mitochondria without involving cell surface receptors. 

The anti-apoptotic members (Bcl-2 and Bcl-xl) work to maintain mitochondrial membrane 

integrity until they are inactivated by Bid. When there is an apoptotic signal, such as stress, pro-

apoptotic members of the Bcl2 family undergo a conformational change (Bax and Bak form 

homo-oligomers) which allows them to associate with and integrate into the mitochondrial outer 

membrane causing release of cytochrome c in to the cytosol (Cory and Adams 2002, Gross, 

McDonnell and Korsmeyer 1999). Released cytochrome c binds to apoptotic protease activating 

factor 1 (Apaf-1) known as the ‘apoptosome’. Apaf-1 which activates once cytochrome c binding 
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occurs, then binds procaspase-9. Mature caspase-9 is released and then activates the more distal 

caspase-3 and caspase-7 (Chandra et al., 2001) leading to cell death.   

1.2 Smoking 

1.2.1 Prevalence 

 The World Health Organization (WHO) states that the global prevalence of cigarette 

smoking is 22% of people aged 15 and older (WHO 2012). In the United States, approximately 

21% of men and 17% of women smoke. The percentage of individuals who smoke declines with 

age (9.5% of people aged 65 and older compared with 20% of people aged 18-24), but also 

declines with educational level (45.2% of adults with a general educational development (GED) 

smoke compared with 6.3% of adults with a postgraduate degree) (Centre for Disease Control, 

2012). In Canada, about 43% of the population were current or former smokers in 2011. While 

this number has decreased from 51% of the population in 1999, the number of smokers has 

remained the same, while the population has increased (Health Canada, 2012). Of these smokers, 

approximately 18% are women who reported smoking during pregnancy. 

 

1.2.2 Smoking and type 2 diabetes 

 Epidemiological studies have shown that heavy cigarette smokers are at an increased risk 

for the development of type 2 diabetes (Xie et al, 2009, Willi et al 2007 and Haire-Joshu et al 

1999). Smoking, and more importantly nicotine itself, has been shown to decrease insulin 

sensitivity due to impaired glucose uptake in peripheral organs independent of other factors 

which influence insulin sensitivity (Eliasson et al. 1994, Axelsson et al. 2001). This decrease in 

insulin sensitivity (a decrease by approximately 10 – 40%) leads to impaired metabolic control in 
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diabetic patients since more insulin is needed to achieve metabolic control in smokers than non-

smokers (Xie et al 2009, Chiolero et al 2008, Eliasson 2003 and Attvall et al 1993) Furthermore, 

in an animal model of nicotine exposure, nicotine exposed animals were dysglycemic and had an 

increase in apoptosis of beta cells (Holloway et al., 2005, Bruin et al 2007, 2008a,b and c), this 

effect is likely through an increase in oxidative stress. Woynillowicz et al (2012) saw an increase 

in MnSOD expression in an in vitro model of nicotine exposure on pancreatic beta cells.  

Nicotine is a lipid soluble compound that is metabolized in the liver by cytochrome P450 

enzymes CYP2A6 and CYB2B6 and has a half-life of 1-2 hours (Tweed et al, 2012). The 

primary metabolite of nicotine is cotinine (approximately 70-80% of nicotine is converted to 

cotinine), which has a half-life of 15-20 hours and serum concentrations are generally 10 times 

higher in the serum making it a better indicator of nicotine exposure (Lambers and Clark 1996, 

Benowitz 1996).  Nicotine is the main alkaloid found in tobacco and exerts its effects via direct 

stimulation of neuronal nicotinic acetylcholine receptors (nAChRs). Neuronal acetylcholine 

receptors are composed of α and β subunits, which can be arranged in a diverse way with α2 to α9 

and β2 to β4 subunits found in brain tissues. The majority of nicotine’s effects involve the α4β2, 

α2β2, and α7 subunits (Narahashi et al 2000, Benowitz 1996).  Nicotine increases synaptic 

neurotransmission of neurotransmitters such as dopamine, which results in the rewarding and 

reinforcing effects of nicotine and therefore plays a key role in its highly addictive nature 

(Tweed et al, 2012).  
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1.2.3 Nicotine and Oxidative Stress 

 Cigarette smoke contains both oxidants and pro-oxidants, including nicotine, which are 

capable of producing reactive oxygen species (ROS) and therefore enhancing oxidative stress 

(Kosecik et al 2005). Oxidative stress is an imbalance between endogenous and exogenous 

antioxidants and reactive oxygen species or reactive nitrogen species (RNS). Under some 

conditions, an increase in oxidants cannot be prevented by antioxidants and, consequently, 

oxidative stress ensues. Oxidative stress has been implicated in over 100 conditions, including 

type 2 diabetes. (Kosecik et al 2005, Sies 1997). Oxidants and free radicals stemming from 

cigarette smoke are capable of directly and indirectly inducing oxidative stress in the body 

(Aycicek et al 2011). A single puff of cigarette smoke contains 10
15

 free radicals (Alberg 2002). 

In addition to cigarette smoke causing oxidative stress, nicotine alone also leads to 

oxidative stress and damage in tissues (Yildiz et al., 1998, Guan et al., 2003, Suleyman et al., 

2002, Zhao and Reece 2005). Chronic exposure to pro-oxidants promotes oxidative injury in 

tissues and organs leading to disease. Oxidative stress is minimized in cells by exogenous 

antioxidants (vitamins E and C) and by endogenous antioxidants (super-oxide dismutase and 

glutathione peroxidase) (Tollefson et al 2010). 

 In pancreatic beta cells, the levels of antioxidant enzymes are considerably lower than 

other tissues (Robertson, 2004). Lenzen et al (1996) sought to determine the levels of antioxidant 

enzymes in various mouse tissues. They found that pancreatic levels of the cytosolic superoxide 

dismutase and the mitochondrial superoxide dismutase (Cu/ZnSOD and MnSOD) were 38% and 

30% that of liver respectively. Levels of glutathione peroxidase (GPx) and catalase (CAT) were 

even lower, with GPx levels only 15% that of liver and CAT levels were undetectable.  These 
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lower levels of defensive mechanisms can potentially pose problems for the pancreatic beta cell, 

if exposed to oxidative stress (Lenzen, 2008).  

 Due to the pro-oxidant effects of nicotine, it is plausible to suggest that treatment with an 

anti-oxidant might prevent nicotine-induced oxidative stress and damage. Indeed, studies have 

looked at the effects of antioxidants in nicotine treated tissue and found beneficial effects (Helen 

et al. 2003, Kalpana and Menon 2004). In a recent study by Bruin et al (2012), a diet enriched in 

anti-oxidants (Vitamin E, coenzyme Q10 and α-lipoic acid) was given to nicotine-exposed rats 

throughout pregnancy and lactation. The anti-oxidant intervention was able to decrease beta cell 

apoptosis and therefore preserve beta cell mass of the offspring. However, the pups exposed to 

anti-oxidants were significantly smaller. This could, in part, be due to the addition of vitamin E 

in the diet. There is some discrepancy in the literature regarding vitamin E as to its effectiveness 

as an anti-oxidant (in higher doses vitamin E tends to act as a pro-oxidant) (Pearson et al, 2006). 

Due to the promising effect of the antioxidant cocktail on preserving beta cell mass in nicotine 

exposed animals, finding a different antioxidant that will preserve beta cell function without the 

adverse effects on growth, could be a viable option to negate the adverse effects of nicotine 

exposure on beta cell function. One such anti-oxidant is folic acid, a vitamin which is essential 

during pregnancy. Furthermore, folic acid had been shown to decrease markers of oxidative 

stress and damage (Lazalde-Ramos et al, 2012).       

 

1.3 Folic Acid 

1.3.1 Folic Acid 

Folate or folic acid is an essential B vitamin that is found in green vegetables, fruits and 

whole grains. (Mannino et al 2003) It is has been known for some time the importance of 
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supplementing the diet with folic acid during pregnancy, as dietary folate intake alone may not 

meet the folate requirements in pregnancy. The need for folate increases dramatically during 

times of rapid tissue growth, such as pregnancy, where the uterus enlarges and there is growth of 

the placenta and fetus. Folate deficiency during pregnancy has been associated with an increased 

risk of neural tube defects (NTD), placental abruption and preeclampsia (Tamura and Piccano, 

2006).  

Folic acid is involved in nucleic acid synthesis and therefore is required for cell division. 

Folic acid, in the form of 5-methyltetrahydrofolate, donates a methyl group via the enzyme 

methionine synthase to form methionine from homocysteine. Methionine then acts a substrate to 

form s-adenosylmethionine (SAM). SAM is then used to transfer carbon units to purine and 

pyrimidine bases (Achon et al, 2007). Furthermore, folate is required to metabolize the amino 

acids methionine, serine, glycine and histidine, which are required in the formation of proteins. 

Folate deficiency can impair cellular growth and repair in the fetus and/or placenta, increasing 

the risk for low birth weight and pre-term delivery. (Czeizel et al 1996, Scholl et al 1996, Scholl 

and Johnson 2006, Duthie and Hawdon 1998 and Jauniaux et al 2007, Wei et al 2003).  

 

1.3.2 Antioxidant properties  

Folic acid is not only a co-factor for nucleic acid biosynthesis, but an anti-oxidant as 

well. Folic acid has been shown to be beneficial in the risk reduction of certain cancers (notably, 

pancreatic and breast), one such mechanism is the ability for folic acid to scavenge free radicals. 

(Joshi et al 2001, Stroes et al 2000) It has been shown that folic acid has a potent antioxidant 
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capacity higher even than Trolox, a derivative of vitamin E, used to reduce oxidative stress or 

damage (Cano et al, 2001).  

Strong evidence shows that cigarette smoking is directly responsible for the lower levels 

of antioxidant micronutrients, such as folic acid (Alberg 2002). Organic nitrites, nitrous oxide, 

cyanates found in cigarette smoke interact with folate and convert it to an inactive compound, 

which could account for the decreased folate level in smokers. (Northrop-Clewes and Thurnham 

2007)   

It has been shown that folic acid supplementation increases total serum antioxidant 

capacity (Aghamohammadi et al 2011 and Delfino et al 2007) which could be beneficial in 

people, such as smokers, who have increased markers of oxidative stress and damage than non-

smokers. Furthermore, smokers (as well as individuals exposed to second-hand smoke) have 

decreased levels of folate than non-smokers (Okumura and Tsukamoto 2011). Because of this, 

folate supplementation could be a good candidate for the prevention of beta cell damage caused 

by cigarette smoking.  

 

1.3.3 Use in clinical trials  

 Numerous clinical trials involving folic acid have been completed, or are ongoing. These 

clinical trials have looked at outcomes such as stroke (Tighe et al, 2011), rheumatoid arthritis 

(Morgan et al 1994), cardiovascular events (Albert et al, 2008), renal disease (Wrone et al, 

2004), preeclampsia prevention (FACT study, currently recruiting) and cancer prevention (Kim 

2004). The doses and length of the trials have varied considerably, which could account for some 

of the conflicting trial results. The most controversial evidence is with regard to cancer 
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prevention. Due to the role of folate in de novo DNA synthesis, cancer pharmaco-therapies 

include anti-folate drugs (i.e. methotrexate). The basis for this therapy is that interruption of 

folate metabolism causes ineffective DNA synthesis, which results in inhibition of cancer tumor 

growth. Despite the requirement of folate for tumor progression, folate supplementation appears 

to prevent cancer in people without pre-existing pre-malignant lesions. While, in people who do 

have these lesions, folate supplementation can accelerate their progression (Kim, 2004). Despite 

these results, beneficial results have been seen, specifically, folic acid supplementation was 

shown to reduce the chance of stroke by 18% (Tighe et al, 2011).  

 In addition, it has been shown by animal data that folic acid supplementation decreases 

both oxidative stress and damage. In a study investigating the pro-oxidant effect of maternal 

ethanol administration, it was found that when dams were exposed to ethanol in conjunction with 

dietary folic acid supplementation, pups were protected against oxidative stress caused by the 

ethanol treatment. This decrease in oxidative stress was seen as a decrease in thiobarbituric acid 

reactive substances (TBARS, a byproduct of lipid peroxidation) and protein carbonyl groups in 

the liver and pancreas in the offspring (Cano et al, 2001). Furthermore, in a human study looking 

at the effect of folic acid on oxidative stress in individuals with hyperlipidemia and 

hyperhomocysteinaemia, it was found that folic acid supplementation reduced the oxidative 

damage marker malondialdehyde (MDA), a marker of lipid peroxidation (Racek, et al 2005). 

These studies have shown folic acid is able to alleviate oxidative stress and damage in a variety 

of tissues. Due to this, it is plausible that folic acid will also be able to counteract the negative 

effects of nicotine on pancreatic beta cells and preserve beta cell function.  
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1.4 Hypothesis 

I hypothesize that since in vitro exposure to nicotine leads to impaired pancreatic beta 

cell function via increased oxidative stress that supplementation with the antioxidant folic acid 

will prevent nicotine-induced beta cell damage. 

1.5 Objectives    

 

1. To determine in vitro whether co-supplementation of folic acid can decrease markers of 

oxidative stress caused by nicotine treatment  

2. To determine the mechanism(s) by which folic acid can reduce oxidative stress in 

pancreatic beta cells 

3. To determine whether or not  folic acid supplementation can improve beta cell function in 

nicotine treated beta cells in vitro 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

19 
 

 

 

 

 

 

Figure 1.1: Methionine Cycle 

This diagram illustrates how folate is involved in methyl donation. 5-methyltetrahydrofolate 

donates a methyl group with the assistance of methionine transferase for the formation of 

methionine from homocysteine. Methionine then acts a substrate for the formation of S-

Adenosylmethionine (SAM) which is used as a methyl donor or a range of reactions. After the 

donation of a methyl group, SAM is converted to S-adenosylhomocysteine (SAH), which is then 

hydrolysed back to homocysteine and adenosine. Figure taken from Achon et al, British Journal 

of Nutrition, 2007, 98:490-496. 
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Figure 1.2: Folic acid Structure 

Figure taken from Toronto Research Chemicals (TRC), http://www.trc-

canada.com/detail.php?CatNum=F680300&CAS=59-30-3&Chemical_Name=Folic 

Acid&Mol_Formula=C19H19N7O6&Synonym=N-[4-[[(2-Amino-3,4-dihydro-4-oxo-6-

pteridinyl)methyl]amino]benzoyl]-L-glutamic Acid; Acifolic; Aspol; Cytofol; Folacid; Folacin; 

Folbal; Folcidin; Foldine; Folettes; Foliamin; Folicet; Folipac; Folovit; Folsan; Folsaure; Folsav; 

Folvite; Incafolic; Millafol; Pteroyl-L-monoglutamic Acid; Pteroylglutamic Acid; 

Pteroylmonoglutamic Acid; Vitamin Bc; Vitamin Be; Vitamin M; NSC 3073; 
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2.0 Methods 

2.1 Effect of nicotine and folic acid treatment on markers of oxidative stress  

2.1.1 Cell Culture Maintenance 

All studies were conducted using INS 1E cells, a rat insulinoma beta cell line generously 

donated by Dr. Claes Wollheim (Geneva, Switzerland). This cell line is one of the few beta cell 

lines which secretes insulin in response to insulin within the physiological range (Skelin et al. 

2010) Cells were plated in 10 cm non-pyrogenic tissue culture dishes (BD Biosciences, 

Mississauga, Ontario) and cultured in RPMI 1640 medium (Hyclone, Logan, Utah) 

supplemented with 10% heat inactivated fetal bovine serum (Hyclone), 1mM Na
+
-pyruvate, 

50µM β-mercaptoethanol, and 1U/ml penicillin, 1µg/ml streptomycin (Invitrogen, Burlington, 

ON) and incubated in a humidified atmosphere of 95% O2 and 5% CO2. Cells were passaged 1:3 

at a confluence of 80% by trypsinization. Briefly, cells were washed with calcium and 

magnesium free Dulbecco’s Phosphate buffered solution (DPBS, Hyclone) and then incubated 

with 1x trypsin (Invitrogen) with EDTA and NaCl (Invitrogen) for approximately 5 minutes. 

Trypsin was neutralized with media, and media transferred to 3 new plates and allowed to 

equilibrate for 24 hours. 

 

2.1.2 Western Blotting 

INS1E cells were treated for 48 hours with media alone (control), media containing 10 µM 

folic acid (Sigma Aldrich) or media containing 1µM nicotine alone (Sigma Aldrich, Oakville, 

ON) or 1µM nicotine 10µM folic acid . This dose of folic acid was chosen to be 4x the amount 

of folic acid in the media (2.2µM) which is similar to the predicted rise in serum folate levels in 

women who increase their folate intake (Wald et al., 2001). After treatment, plates were washed 
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twice with DPBS (Hyclone), then scraped, centrifuged and resuspended in 

radioimmunoprecipitation assay (RIPA) buffer (15mM Tris-HCl (Bioshop, Burlington, ON), 1% 

(v/v) Triton X-100 (BDH Lab Reagents, Toronto, ON), 0.1% (w/v) SDS (Bioshop), 167mM 

NaCl (Bioshop), 0.5% (w/v) sodium deoxycholic acid (Sigma Aldrich)) containing protease 

inhibitors (Roche, Laval QC). Lysed cells were sonicated at 7Hz for 15 seconds and stored at -

80°C until use. 

 

2.1.3 Folate Receptor and Reduced Folate Carrier Expression  

Folate is able to reach target cells by two methods of transportation; a folate receptor (FR) and 

a folate carrier known as reduced folate carrier (RFC). To determine if treatment with folic acid 

can have a beneficial effect on INS 1E cells, I first needed to identify whether a) the receptor and 

transporter are present in the INS 1E cell line and b) whether nicotine treatment affects the 

expression level of either FR or RFC. 

Protein (20µg) from each treatment group was subjected to SDS-PAGE (at 150V for 45 

minutes, Pierce, Rockford IL) then electrotransferred to a PVDF membrane (at 40V for 90 

minutes, BioRad Laboratories). Membranes were blocked overnight in 5% (w/v) skim milk in 

TBST (Tris buffered saline (50mM Tris (Bioshop), 150mM NaCl (Bioshop), pH=7.5), 0.5% 

Tween 20) at 4°C under gentle agitation. Folate receptor primary antibody (1:450, Santa Cruz 

Biotechnologies, Santa Cruz, CA) and reduced folate carrier (1:200, Santa Cruz Biotechnologies) 

were incubated for 1 hour at room temperature, followed by 10 washes in TBST. Membranes 

were then incubated for 1 hour peroxidase conjugated anti-rabbit antibody (1:10,000, Amersham 

Biosciences, Little Chalfont, Buckinghamshire) on a rocking platform. Membranes were 
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thoroughly washed in TBST followed by TBS (Tris buffered saline, recipe above). Protein was 

detected using ECL Plus chemiluminescence (Amersham) and Hyperfilm ECL film 

(Amersham). Densitometry analysis was performed using Image J 1.45v software. All proteins 

were quantified relative to beta actin loading control. Briefly, membranes were incubated in 

stripping buffer (Thermo Scientific, Rockford, IL) for half an hour on a rocking platform. 

Membranes were quickly washed, and blocked with 1% (w/v) BSA (EMD Chemicals Inc., 

Gibbstown, NJ) in TBST. Following an hour incubation, blocking solution was removed, and β-

actin primary antibody was added (1:4000 in 1% BSA (w/v) in TBST (Abcam, Cambridge, MA). 

Membranes were incubated for another hour, washed in TBST (10 times) and rabbit peroxidase 

conjugated antibody was added for a further hour incubation (1:2000 in 1% BSA (w/v) in TBST 

(Amersham). Following incubation, membranes were washed thoroughly washed in TBST 

followed by TBS. Protein was detected by ECL Plus Chemiluminescence (Amersham) and 

Hyperfilm ECL film (Amersham).        

 

2.1.4 Oxidative Stress Markers 

To determine whether folic acid supplementation could prevent nicotine-induced cellular 

stress, the expression of heat shock protein 70 (HSP70) was determined. HSP70 acts to protect 

cells from oxidative stress. Cellular stresses damage proteins which causes protein unfolding. 

HSP70 temporarily binds to partially denatured proteins allowing them to refold (Beere et al., 

2000). We also determined whether or not folic acid could prevent oxidative damage. This was 

assessed by measuring protein expression of 4-hydroxy-2-nonenal (4-HNE). 4-HNE is produced 
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by lipid peroxidation in cells and is seen in high quantities in cells under conditions of oxidative 

stress (Mattson, 2009). 

Protein (20µg) from each treatment group was subjected to SDS-PAGE (at 150V for 45 

minutes, Pierce, Rockford, IL) then electrotransferred to a PVDF membrane (at 40V for 90 

minutes; BioRad Laboratories). Membranes were blocked for either 1 hour with 5% (w/v) skim 

milk in TBST (Tris buffered saline, 0.5% Tween 20) at room temperature (HSP70) or in 5% 

(w/v) BSA in TBST overnight (4-HNE) on a rocking platform and then incubated with HSP70 

primary antibody (1:1000, Cell Signaling Technology, Danvers, MA) or 4-HNE primary 

antibody (1:2000, R&D Systems). After washing with TBST, membranes were incubated for 1 

hour with peroxidase conjugated anti-rabbit secondary antibody (HSP70) (1:10,000 Amersham 

Biosciences, NJ) or peroxidase conjugated anti-mouse secondary anybody (1:10,000 Amersham 

Biosciences, NJ) on a rocking platform. Membranes were thoroughly washed in TBST followed 

by TBS washes. Protein was detected using ECL Plus chemiluminescence (Amersham 

Biosciences, NJ) and Hyperfilm ECL film (Amersham Biosciences, NJ). Densitometry analysis 

was performed using Image J 1.45v software. All proteins were quantified relative to beta actin 

loading control.  Briefly, membranes were incubated in stripping buffer (Thermo Scientific, 

Rockford, IL) for half an hour on a rocking platform. Membranes were quickly washed, and 

blocked with 1% (w/v) BSA (EMD Chemicals Inc., Gibbstown, NJ) in TBST. Following an hour 

incubation, blocking solution was removed, and β-actin primary antibody was added (1:4000 in 

1% BSA (w/v) in TBST (Abcam, Cambridge, MA). Membranes were incubated for another hour, 

washed in TBST (10 times) and rabbit peroxidase conjugated antibody was added for a further 

hour incubation (1:2000 in 1% BSA (w/v) in TBST (Amersham). Following incubation, 
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membranes were washed thoroughly washed in TBST followed by TBS. Protein was detected by 

ECL Plus Chemiluminescence (Amersham) and Hyperfilm ECL film (Amersham).        

 

2.2 Effect of Nicotine and Folic Acid on Endogenous Antioxidant Enzymes  

2.2.1 Cell Culture Maintenance  

All studies were conducted using INS 1E cells, a rat insulinoma beta cell line generously 

donated by Dr. Claes Wollheim (Geneva, Switzerland). Cells were maintained as described 

above. 

2.2.2 Western Blotting  

INS1E cells were treated for 48 hours with media alone (control), media containing 10 

µM folic acid (Sigma Aldrich) or media containing 1µM nicotine alone (Sigma Aldrich) or 1µM 

nicotine with 10µM folic acid . This dose of folic acid was chosen to be 4x the amount of folic 

acid in the media (2.2µM) which is similar to the predicted rise in serum folate levels in women 

who increase their folate intake. After treatment, plates were washed twice with DPBS 

(Hyclone), then scraped, centrifuged and resuspended in radioimmunoprecipitation assay (RIPA) 

buffer (15mM Tris-HCl, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 167mM NaCl, 0.5% (w/v) 

sodium deoxycholic acid) containing protease inhibitors (Roche). Lysed cells were sonicated at 

7Hz for 15 seconds.  
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2.2.3 Expression of Endogenous Antioxidant Enzymes  

To determine if nicotine treatment up-regulated endogenous antioxidants, western blots were 

performed to determine expression level of MnSOD, Cu/ZnSOD and Catalase. Protein (20µg for 

MnSOD and Cu/ZnSOD and 40µg for Catalase) were subjected to SDS-PAGE (at 150V for 45 

minutes, Pierce, Rockford IL) then electrotransferred to a PVDF membrane (at 40V for 90 

minutes, BioRad Laboratories). Membranes were blocked overnight in 5% (w/v) skim milk in 

TBST (Tris buffered saline, 0.5% Tween 20) (MnSOD) or 5% BSA in TBST (Cu/ZnSOD and 

Catalase) at 4°C under gentle agitation. Primary antibodies (1:5000 and 1:250 for MnSOD and 

Cu/ZnSOD respectively, Santa Cruz Biotechnologies and 1:500 for Catalase, Abcam) were 

incubated for 1 hour at room temperature, followed by several washes in TBST. Membranes 

were then incubated for 1 hour peroxidase conjugated anti-rabbit antibody (1: 20,000, 1:10,000 

and 1:5000 for MnSOD, Cu/ZnSOD and Catalase respectively, Amersham Biosciences NJ) on a 

rocking platform. Membranes were thoroughly washed in TBST followed by TBS. Protein was 

detected using ECL Plus chemiluminescence (Amersham, NJ) and Hyperfilm ECL film 

(Amersham, NJ). Densitometry analysis was performed using Image J 1.45v software. All 

proteins were quantified relative to beta actin or alpha tubulin loading control.  Briefly, 

membranes were incubated in stripping buffer (Thermo Scientific, Rockford, IL) for half an hour 

on a rocking platform. Membranes were quickly washed, and blocked with 1% (w/v) BSA (EMD 

Chemicals Inc., Gibbstown, NJ) in TBST. Following an hour incubation, blocking solution was 

removed, and β-actin primary antibody was added (1:4000 in 1% BSA (w/v) in TBST (Abcam, 

Cambridge, MA). Membranes were incubated for another hour, washed in TBST (10 times) and 

rabbit peroxidase conjugated antibody was added for a further hour incubation (1:2000 in 1% 

BSA (w/v) in TBST (Amersham). Following incubation, membranes were washed thoroughly 
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washed in TBST followed by TBS. Protein was detected by ECL Plus Chemiluminescence 

(Amersham) and Hyperfilm ECL film (Amersham).        

 

2.3 Effect of nicotine and folic acid treatment of beta cell function 

2.3.1 Cell Culture Maintenance  

All studies were conducted using INS 1E cells, a rat insulinoma beta cell line generously 

donated by Dr. Claes Wollheim (Geneva, Switzerland). Cells were maintained as described 

above. 

2.3.2 Glucose Stimulated Insulin Secretion 

Cells were seeded to a density of 20,000 cells /well in a 96 well plate (BD Biosciences). After 24 

hours to allow cells to adhere; cells were treated for 48 hours with vehicle (control) ± 10µm folic 

acid or 1µM nicotine ± 10µM folic acid in normal RPMI media. Following treatment, media was 

removed, plates were washed and glucose free media (Invitrogen) was added. Following a 2 hour 

incubation period, media was removed and KRBH (Krebs Ringer Buffer with HEPES, 135mM 

NaCl, 3.6mM KCl, 5mM NaHCO3, 0.5mM CaCl2, 10mM HEPES, 0.1% bovine serum albumin 

(BSA) at a pH of 7.4) with low (3.3µM) or high (16.7µM) glucose was added and allowed to 

incubate for 2 hours. This experiment was done in triplicate and assayed in duplicate 
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2.3.3 Rat Insulin ELISA 

The amount of insulin secreted in response to a glucose stimulus was assessed in spent 

media samples from treated INS 1E cells using a commercially available Ultra-Sensitive Rat 

Insulin ELISA kit (Chrystal Chem, Downers Grove, IL). Standards and samples were prepared 

according to manufacturer’s instructions. Briefly, standards, samples and sample diluent were 

added to a 96-well plate pre-coated with guinea pig anti-insulin antibody and incubated for 2 

hours at 4°C. The bound insulin in the standards and samples are then bound with a horse-radish 

peroxidase anti-insulin antibody followed by a detection with 3,3’,5,5’-tetramethylbenzidine 

(TMB) solution. Absorbance was determined at 450nm (primary wavelength) and 630nm 

(background wavelength). The amounts of insulin in the samples were determined by comparing 

sample values to the standard curve. 

 

2.3.4 Basal Insulin Secretion  

INS 1E cells were seeded to a density of 250,000 cells per well in 12-well plates (BD 

Biosciences). After allowing 24 hours to equilibrate, cells were treated with vehicle (control) ± 

10 µM folic acid or nicotine ± 10µM folic acid in duplicate for 48 hours. After treatment, media 

was removed, and cells were washed with 2.8mM glucose in KRBH (Krebs Ringer Bicarbonate 

buffer with HEPES, 135mM NaCl, 3.6mM KCl, 5mM NaHCO3, 0.5mM CaCl2, 10mM HEPES, 

0.1% bovine serum albumin (BSA) at a pH of 7.4,) then incubated for 30 minutes with 2.8mM 

glucose in KRBH. 500 µL of media was removed and stored at -20°C for assay by RIA. 
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2.3.5 Insulin Content 

INS 1E cells were seeded to a density of 250,000 cells per well in 12-well plates (BD 

Biosciences). After allowing 24 hours to equilibrate, cells were treated as control ± 10µM folic 

acid or nicotine ± 10µM folic acid in duplicate for 48 hours. After treatment, media was 

removed, and cells were washed with 2.8mM glucose in KRBH (Krebs Ringer Bicarbonate 

buffer with HEPES, 135mM NaCl, 3.6mM KCl, 5mM NaHCO3, 0.5mM CaCl2, 10mM HEPES, 

0.1% bovine serum albumin (BSA) at a pH of 7.4,) then incubated for 30 minutes with 2.8mM 

glucose in KRBH. Media was removed, and 1ml of acid ethanol (0.18M HCl in 70% Ethanol) 

was added to each well to lyse cells and release intracellular insulin. Following an overnight 

incubation at 4°C, media was removed and stored at -20°C for analysis by RIA. 

 

2.3.6 Radioimmunoassay (RIA) 

Insulin secretion was measured from spent media samples using a Sensitive Rat Insulin 

RIA Kit (Millipore, Billerica, MA) according to manufacturer’s instructions. Briefly, insulin 

samples collected from spent media were diluted 1:20 in assay buffer in 12x75mm glass test 

tubes in order to ensure that insulin concentrations fell within the linear portion of the standard 

curve. The following were added to all test tubes (with the exception of total counts tubes and 

non-specific binding tubes) for a final reaction volume of 300μl: 100μl spent media sample in 

duplicate (diluted 1:20) or 100μl standard insulin (known concentration) in duplicate; 100μl 

radiolabelled insulin; and 100μl insulin antibody. The total counts tubes only contained 100μl in 

duplicate of radiolabelled insulin; the non-specific binding tubes contained 200μl in duplicate of 

assay buffer. All tubes were incubated at 4°C for 20-24 hours. Following incubation, 1.0mL of 
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precipitating reagent was added to all tubes (except total counts tubes); tubes were incubated at 

4°C for an additional 20 minutes. The test tubes were then centrifuged for 40 minutes at 2,500 

rpm in 4°C (except total counts tubes). Following centrifugation, the supernatant was 

immediately decanted and all tubes were added to a gamma counter. All samples were read using 

the Wizard 1470 Automatic Gamma Counter (Perkin Elmer, Montreal, QC, CA). Samples were 

counted for 1 minute. The concentration (ng/ml) of rat insulin was automatically calculated by 

RIACalc (Perkin Elmer, Montreal, QC) from the standard curve. 

2.3.7 Western Blotting 

INS1E cells were treated for 48 hours with media alone (control), media containing 

10µM folic acid (Sigma Aldrich) or media containing 1µM nicotine alone (Sigma Aldrich) or 

1µM nicotine with 10µM folic acid . This dose of folic acid was chosen to be 4x the amount of 

folic acid in the media (2.2µM) which is similar to the predicted rise in serum folate levels in 

women who increase their folate intake. After treatment, plates were washed twice with DPBS 

(Hyclone), then scraped, centrifuged and resuspended in radioimmunoprecipitation assay (RIPA) 

buffer (15mM Tris-HCl, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 167mM NaCl, 0.5% (w/v) 

sodium deoxycholic acid) containing protease inhibitors (Roche). Lysed cells were sonicated at 

7Hz for 15 seconds.  

 

2.3.8 Insulin Regulation  

PDX-1 (pancreatic and duodenal homeobox 1) is a transcription factor that is necessary 

for the development of the pancreas and islets but also for the regulation of insulin gene 

expression (Fujimoto and Polonsky, 2009). Since nicotine treatment in vivo impaired insulin 
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secretion, it is conceivable that the nicotine treatment is leading to a down regulation of PDX-1 

which could in part, account for the decrease in insulin. In addition, the transcription factor 

Foxa2 is also responsible for insulin expression in mature beta cells and is a regulator of PDX-1 

(Lee et al., 2002). For this reason, expression of Foxa2 will also be assessed.    

Proteins (30µg for PDX-1 and 40µg for Foxa2) from control and nicotine treatment groups 

were subjected to SDS-PAGE (at 150V for 45 minutes, Pierce, Rockford IL) then 

electrotransferred to a PVDF membrane (at 40V for 90 minutes, BioRad Laboratories). 

Membranes were blocked for 3 hours at room temperature in 5% (w/v) skim milk in TBST (Tris 

buffered saline, 0.5% Tween 20) for PDX-1 and 3x 20 minutes in 10% skim milk at room 

temperature for foxa2 under gentle agitation. PDX-1 primary antibody (1:500, Santa Cruz 

Biotechnologies) and Foxa2 primary antibody (1:5000, Abcam) were incubated overnight at 4°C 

under gentle agitation, followed by several washes in TBST. Membranes were then incubated for 

1 hour peroxidase conjugated anti-rabbit antibody (1:70,000 for PDX-1 and 1:4000 for Foxa2, 

Amersham Biosciences NJ) on a rocking platform. Membranes were thoroughly washed in 

TBST followed by TBS. Protein was detected using ECL Plus chemiluminescence (Amersham, 

NJ) and Hyperfilm ECL film (Amersham, NJ). Densitometry analysis was performed using 

Image J 1.45v software. All proteins were quantified relative to alpha tubulin loading control. 

Briefly, membranes were incubated in stripping buffer (Thermo Scientific, Rockford, IL) for half 

an hour on a rocking platform. Membranes were quickly washed, and blocked with 1% (w/v) 

BSA (EMD Chemicals Inc., Gibbstown, NJ) in TBST. Following an hour incubation, blocking 

solution was removed, and α-tubulin primary antibody was added (1:10,000 in 1% BSA (w/v) in 

TBST (Abcam, Cambridge, MA). Membranes were incubated for another hour, washed in TBST 

(10 times) and rabbit peroxidase conjugated antibody was added for a further hour incubation 
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(1:4000 in 1% BSA (w/v) in TBST (Amersham). Following incubation, membranes were washed 

thoroughly washed in TBST followed by TBS. Protein was detected by ECL Plus 

Chemiluminescence (Amersham) and Hyperfilm ECL film (Amersham).        

 

2.3.9 MTS cell viability 

Cell viability was done to determine whether nicotine treatment lead to a decrease in cell 

survival which could indicate an increase in beta cell apoptosis.  

INS 1E cells were seeded to a density of 10,000 cells per well in 96-well plates and 

allowed to equilibrate for 24 hours. The cells were treated as control or 1µM, 10µM, 50µM or 

100µM nicotine dissolved in regular cell media. An MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay was performed according to 

manufacturers’ instructions at 48 hours post treatment. 

 

2.3.10 Apoptosis 

To determine if the decreased glucose-stimulated insulin secretion was due to due a 

decrease in beta cell number, the expression level of Caspase 3 was assessed. Caspase 3 is 

activated by all three apoptotic pathways (Intrinsic and extrinsic).  

Protein (20µg) from each treatment group was subjected to SDS-PAGE (at 150V for 45 

minutes, Pierce, Rockford, IL) then electrotransferred to a PVDF membrane (at 40V for 90 

minutes; BioRad Laboratories). Membranes were blocked overnight with 5% (w/v) BSA in 

TBST (Tris buffered saline, 0.5% Tween 20) on a rocking platform and then incubated with 
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Caspase 3 primary antibody (1:250, Santa Cruz). After washing with TBST, membranes were 

incubated for 1 hour with peroxidase conjugated anti-rabbit secondary antibody (1:10,000 

Amersham Biosciences, NJ) on a rocking platform. Membranes were thoroughly washed in 

TBST followed by TBS washes. Protein was detected using ECL Plus chemiluminescence 

(Amersham Biosciences, NJ) and Hyperfilm ECL film (Amersham Biosciences, NJ). 

Densitometry analysis was performed using Image J 1.45v software. All proteins were quantified 

relative to alpha tubulin loading control.  Briefly, membranes were incubated in stripping buffer 

(Thermo Scientific, Rockford, IL) for half an hour on a rocking platform. Membranes were 

quickly washed, and blocked with 1% (w/v) BSA (EMD Chemicals Inc., Gibbstown, NJ) in 

TBST. Following an hour incubation, blocking solution was removed, and α-tubulin primary 

antibody was added (1:10,000 in 1% BSA (w/v) in TBST (Abcam, Cambridge, MA). Membranes 

were incubated for another hour, washed in TBST (10 times) and rabbit peroxidase conjugated 

antibody was added for a further 1 hour incubation (1:4000 in 1% BSA (w/v) in TBST 

(Amersham). Following incubation, membranes were washed thoroughly washed in TBST 

followed by TBS. Protein was detected by ECL Plus Chemiluminescence (Amersham) and 

Hyperfilm ECL film (Amersham).        

 

2.3.11 Glucose Uptake 

To determine if the decrease in insulin secretion is due to decreased glucose uptake in to 

the beta cell, expression of the glucose transport GLUT2 was measured.  

Protein (20µg) from each treatment group was subjected to SDS-PAGE (at 150V for 45 

minutes, Pierce, Rockford, IL) then electrotransferred to a PVDF membrane (at 40V for 90 
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minutes; BioRad Laboratories). Membranes were blocked overnight with 5% (w/v) skim milk in 

TBST (Tris buffered saline, 0.5% Tween 20) for Kir6.2 or 5% (w/v) BSA in TBST for GLUT2 

on a rocking platform and then incubated with primary antibody concentrations of 1:1000 

(GLUT2, Millipore), 1:200 (Kir6.2, Almone Labs). After washing with TBST, membranes were 

incubated for 1 hour with peroxidase conjugated anti-rabbit secondary antibody (1:10,000 and 

1:5000 for GLUT2 and Kir6.2 respectively, Amersham Biosciences, NJ) on a rocking platform. 

Membranes were thoroughly washed in TBST followed by TBS washes. Protein was detected 

using ECL Plus chemiluminescence (Amersham Biosciences, NJ) and Hyperfilm ECL film 

(Amersham Biosciences, NJ). Densitometry analysis was performed using Image J 1.45v 

software. All proteins were quantified relative to alpha tubulin loading control.  Briefly, 

membranes were incubated in stripping buffer (Thermo Scientific, Rockford, IL) for half an hour 

on a rocking platform. Membranes were quickly washed, and blocked with 1% (w/v) BSA (EMD 

Chemicals Inc., Gibbstown, NJ) in TBST. Following an hour incubation, blocking solution was 

removed, and α-tubulin primary antibody was added (1:10,000 in 1% BSA (w/v) in TBST 

(Abcam, Cambridge, MA). Membranes were incubated for another hour, washed in TBST (10 

times) and rabbit peroxidase conjugated antibody was added for a further hour incubation 

(1:4000 in 1% BSA (w/v) in TBST (Amersham). Following incubation, membranes were washed 

thoroughly washed in TBST followed by TBS. Protein was detected by ECL Plus 

Chemiluminescence (Amersham) and Hyperfilm ECL film (Amersham).        
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2.3.12 Glucose Consumption  

To determine if the reduction of glucose-stimulated insulin secretion was due to a 

reduction in glucose uptake into INS 1E cells, glucose consumption was assessed. 

INS 1E cells were seeded to a density of 100,000 cells per well in a 24-well cell culture 

plate (BD Biosciences). Following 24 hours to allow cells to equilibrate, cells were treated for 48 

hours as no cell control (contains the maximal amount of glucose in the media), control ± 10µM 

folic acid or 1µM nicotine ± 10µM folic acid in normal cell culture media (RPMI-1640). 

Following treatment, media was removed and cells were washed with DPBS followed by a 1 

hour incubation with normal (11.1mM) and high (16.7mM) glucose in KRBH. This media was 

removed and stored at -20°C until assay.  

 

2.3.13 Glucose Oxidase Assay 

Glucose consumption was measured by glucose oxidase assay (Point Scientific, Canton 

MI) according to manufactures instructions, briefly; 2.5µl of sample media was added to 250µl 

glucose oxidase reagent in a 96-well microplate and incubated at 37°C for 10 minutes. Following 

incubation, absorbance was measured at 492nm. Glucose consumption was determined by 

comparing the amount of glucose in the no cell control media to the treated cell media and 

normalizing it to the amount of protein in that well.   
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2.3.14 Mitochondrial Isolation  

To assess whether the decrease in insulin secretion was due to mitochondrial dysfunction, 

I measured mitochondrial electron transport chain activity. To generate mitochondrial fractions, 

INS 1E cells were treated for 48 hours with media containing vehicle (control) 10µmol/l folic 

acid or nicotine ± 10µmol/l folic acid, in 4 independent experiments. Five plates per treatment 

group were used to ensure adequate protein concentrations for analysis. After treatment, cells 

were washed with Ca
2+

 and Mg
2+

 free DPBS, scraped and collected in DPBS. Cells were pelleted 

by centrifugation (2,000 rpm for 5 minutes) and the pellet resuspended in HEPES buffer 

(100mM KCl, 70mM Sucrose, 220 mM mannitol, 1mM EGTA, 5mM HEPES, pH 7.4) 

supplemented with BSA and EDTA-free protease inhibitors (Roche, Laval, QC). Cells were 

manually homogenized in a glass Teflon dounce homogenizer and centrifuged at 3000 rpm for 

10 minutes to spin out nuclei. The supernatants were then centrifuged at 12,000 rpm for 10 

minutes. The resultant pellets were resuspended in HEPES buffer without BSA, spun twice more 

at 11,000 rpm for 10 minutes then snap frozen in liquid nitrogen and stored at -80°C until 

analysis. 

 

2.3.15 Mitochondrial Function 

Activity of the electron transport chain (ETC) was analyzed to determine mitochondrial 

function. All samples were analyzed in duplicate on a UV spectrophotometer (Varian Inc. Palo 

Alto, CA). Complex IV activity was determined by measuring the oxidation of cytochrome c by 

cytochrome c oxidase. Briefly, 15µl reduced cytochrome c (2µM, from equine heart, Sigma 

Aldrich) was added to 1ml of potassium phosphate (K2HPO4) buffer, pH 7.4, and mixed then 
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10µl of mitochondrial homogenate was added and allowed to equilibrate for 30 seconds and then 

measured. Reduced cytochrome c has a strong absorbance at 550nm. Once oxidized to 

ferricytochrome c by cytochrome c oxidase in the sample there is a decreased absorbance 

resulting in a negative slope. To determine the amount of mitochondria in the sample, 

mitochondrial sample were also analyzed for citrate synthase (a marker of mitochondrial mass). 

Briefly, 20µl of mitochondrial homogenate was added to 850µl Tris buffer (0.1M, pH 8.0), 

100µl DNTB (1mg/2.5ml in Tris buffer), and 10µl acetyl CoA in a cuvette and mixed. After an 

equilibration period 30µlof oxaloacetate was added to start the reaction. Citrate synthase in the 

sample catalyzes the conversion of acetyl CoA by oxaloacetate to form citrate and regenerate 

coenzyme A. An increase in absorbance is measured at 412 nm with a positive slope obtained.    

 

2.3.16 Expression of KATP channels   

Protein (20µg) from each treatment group was subjected to SDS-PAGE (at 150V for 45 

minutes, Pierce, Rockford, IL) then electrotransferred to a PVDF membrane (at 40V for 90 

minutes; BioRad Laboratories). The membrane was blocked overnight with 5% (w/v) skim milk 

in TBST (Tris buffered saline, 0.5% Tween 20) on a rocking platform and then incubated with 

primary antibody (1:200 in 5% skim milk (w/v) in TBST (Almone Labs, Jerusalem, Isreal) for 2 

hours. After washing with TBST, membranes were incubated for 1 hour with peroxidase 

conjugated anti-rabbit secondary antibody (1:5000, Amersham Biosciences, NJ) on a rocking 

platform. The membrane was thoroughly washed in TBST followed by TBS washes. Protein was 

detected using ECL Plus chemiluminescence (Amersham Biosciences, NJ) and Hyperfilm ECL 

film (Amersham Biosciences, NJ). Densitometry analysis was performed using Image J 1.45v 
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software. All proteins were quantified relative to alpha tubulin loading control. Briefly, 

membranes were incubated in stripping buffer (Thermo Scientific, Rockford, IL) for half an hour 

on a rocking platform. Membranes were quickly washed, and blocked with 1% (w/v) BSA (EMD 

Chemicals Inc., Gibbstown, NJ) in TBST. Following an hour incubation, blocking solution was 

removed, and α-tubulin primary antibody was added (1:10,000 in 1% BSA (w/v) in TBST 

(Abcam, Cambridge, MA). Membranes were incubated for another hour, washed in TBST (10 

times) and rabbit peroxidase conjugated antibody was added for a further hour incubation 

(1:4000 in 1% BSA (w/v) in TBST (Amersham). Following incubation, membranes were washed 

thoroughly washed in TBST followed by TBS. Protein was detected by ECL Plus 

Chemiluminescence (Amersham) and Hyperfilm ECL film (Amersham).         

 

2.3.17 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 5.0. With the exception of 

expression of FR and RFC (students t test), analysis was performed using one way ANOVA. 

When significance was indicated by ANOVA, Tukey post hoc comparison tests were 

applied. All data were tested for normality as well as equal variance. Outliers were 

calculated using GraphPad online outlier calculator 

(http://www.graphpad.com/quickcalcs/grubbsl.cfm). Values that were calculated to be 

outliers were excluded from analysis. Values are presented as mean ± SEM. A p value of 

less than 0.05 was considered significant. 

 

 

http://www.graphpad.com/quickcalcs/grubbsl.cfm
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3.0 Results 

3.1 Effect of Nicotine and folic acid treatment on markers of oxidative stress 

3.1.1 Folate Transporters  

Folate receptor and reduced folate carrier are present in the INS 1E cell line (figures 1.2 and 

1.3); nicotine treatment did not significantly alter expression of either protein (p= 0.83 and p= 

0.39, respectively, n=3). 

 

3.1.2 Oxidative stress 

Cells treated with nicotine had significantly higher expression of heat shock protein 70 

(HSP70) relative to control cells (p=0.0021, n=3, figure 1.4). In INS 1E cells treated with 1µM 

nicotine and 10µM folic acid, there was a significant decrease in HSP70 compared to nicotine 

treated cells (p=0.0047, n=3, figure 1.5)  

4-HNE was significantly up-regulated (p= 0.05, n=2) in nicotine treated INS 1E cells (figure 

1.6). In INS 1E cells treated with nicotine and 10µM folic acid, there was a significant decrease 

in 4-HNE expression (p= 0.01, n=2); in addition, folic acid treatment restored 4-HNE levels back 

to control levels. The addition of 10µM folic acid to control INS IE cells had no effect on 4-HNE 

levels. 

 

3.2 Effect of Nicotine and folic acid treatment on endogenous antioxidants 

3.2.1 MnSOD 

Expression of MnSOD was significantly increased with treatment of 1µM nicotine (p=0.028, 

n=3) compared to control (figure 2.1). The addition of 10µM folic acid to the control media did 
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not alter expression versus control. The addition of 10µM folic acid did not reduce expression 

levels of MnSOD compared with control, and remained at the same level as the nicotine 

treatment alone.  

3.2.2 Cu/ZnSOD 

Expression of Cu/ZnSOD did not change with nicotine treatment compared with control 

(p=0.40, n=3). There was a significant (p=0.047) decrease in expression in the nicotine + 10µm 

folic acid group versus nicotine treatment only (figure 2.2). 

 

3.2.3 Catalase 

Expression of Catalase was unchanged with treatment of nicotine compared with control; 

likewise, the control + 10µm folic acid treatment group remained unchanged. There was a 

significant decrease with the addition of 10µm folic acid in the nicotine treated group compared 

to nicotine treatment alone (p=0.0023, n=3), figure 2.3.  

 

3.3 Effect of nicotine and folic acid treatment on beta cell function 

3.3.1 Glucose Stimulated Insulin Secretion 

There was a significant increase in insulin secretion following high glucose stimulation in 

control INS 1E cells (p=0.0056, n=3, figure 3.1). In cells treated with folic acid, nicotine or 

nicotine plus folic acid (i.e., control + 10µm folic acid, nicotine, and nicotine + 10µm folic acid), 

the insulin secretion in response to high glucose was not significantly different than that seen 

under low (i.e. 3.3mM) glucose conditions.  
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3.3.2 Basal Insulin secretion 

There was a significant decrease in basal insulin secretion following nicotine treatment 

compared with control (p=0.023, n=5, figure 3.2).  

 

3.3.3 Insulin Content  

There was a significant increase in insulin content in the 1µm nicotine + 10µm folic acid 

compared to control and control + 10µm folic acid (p=0.027 and p=0.008 respectively, n=5). 

There was no change in insulin content in the nicotine group compared with any other treatment 

group, Figure 3.3. 

 

3.3.4 Insulin Regulation  

There was no change in expression of PDX-1 between control, control + 10µm folic acid and 

nicotine treatment groups. There was a significant increase of expression when comparing PDX1 

expression in cells treated with 1µm nicotine + 10µm folic acid (p<0.0001, n=3, figure 3.4) 

relative to all other groups.  

There was no significant effect of any treatment on fox a2 (p=0.75, n=3, figure 3.5).  

 

3.3.5 MTS Cell Viability 

  Nicotine, at concentrations up to 100µM had no effect on INS 1E cell viability (p= 0.77, 

figure 3.6). 
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3.3.6 Apoptosis 

Expression of Caspase 3 between the 4 treatment groups was not significantly different  

(p=0.43). See figure 3.8.  

 

3.3.7 Glucose Uptake  

Expression of GLUT2 between the 4 treatment groups was not significantly different 

(p=0.34).  

 

3.3.8 Glucose Consumption  

There was no change in the amount of glucose consumed at normal (11.1mM) or high 

(16.7mM) glucose concentrations (p= 0.23 and 0.57 respectively , n=5), figure 3.9 A, B and C 

 

3.3.9 Mitochondrial Function 

Nicotine treatment alone or in combination with folic acid did not significantly alter 

Complex IV activity (p=0.71, n=4). Moreover, there was no effect of any treatment on citrate 

synthase activity (p=0.85, n=4) or the ratio of complex IV to citrate synthase activity (p=0.84, 

n=4, figures 3.10A, B and C) 
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 3.3.10 Glucose Signaling  

Expression of Kir6.2 was significantly increased in INS 1E cells treated with 1µm nicotine 

compared to control (p=0.019, n=3, figure 3.11). There was a trend toward decreasing expression 

with the addition of folic acid (p=0.067). 
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Figure 1.2 Effect of nicotine treatment on folate receptor expression 

Folate receptor expression in INS 1E cells 48 hours post treatment with saline or 1µM nicotine. 

Data are expressed as optical density relative to beta actin loading control and represented as 

mean ± SEM, n=3. The above panels are a representative band for each treatment group from the 

western blot. Each graph is a quantification of all samples. 
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Figure 1.3 Effect of nicotine treatment on reduced folate carrier expression 

Reduced folate carrier expression in INS 1E cells 48 hours post treatment with saline or 1µM 

nicotine. Data are expressed as optical density relative to beta actin loading control as 

represented as mean ± SEM, n=3. The above panels are a representative band for each treatment 

group from the western blot. Each graph is a quantification of all samples. 
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Figure 1.4 Effect of nicotine treatment on HSP70 Expression 

HSP70 expression in INS 1E cells 48 hours post treatment with saline or 1µM nicotine. Data are  

expressed as optical density relative to beta actin loading control and represented as mean ± 

SEM, n=3. A double asterisk denotes a p value <0.01. The above panels are a representative 

band for each treatment group from the western blot. Each graph is a quantification of all 

samples. 
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Figure 1.5 Effect of nicotine and folic acid treatment on HSP70 Expression 

HSP70 expression in INS IE cells 48 hours post treatment with 1µM nicotine ± 5 or 10µM folic 

acid. Data are expressed as optical density relative to beta actin loading control and represented 

as mean ± SEM, n=3. An asterisk denotes a p value <0.05. The above panels are a representative 

band for each treatment group from the western blot. Each graph is a quantification of all 

samples. 
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Figure 1.6 Effect of nicotine and folic acid on 4-HNE expression  

4-HNE expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 1µM 

nicotine ± 10µM folic acid. Data are expressed as optical density relative to beta actin loading 

control and represented as mean ± SEM, n=3. Bars with different superscripts are significantly 

(p<0.05) different. The above panels are a representative band for each treatment group from the 

western blot. Each graph is a quantification of all samples. 
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Figure 2.1 Effect of nicotine and folic acid on MnSOD expression 

MnSOD expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 

1µM nicotine ± 10µM folic acid. Data are expressed as optical density relative to beta actin 

loading control and represented as mean ± SEM, n=3. Bars with different superscripts are 

significantly (p<0.05) different. The above panels are a representative band for each treatment 

group from the western blot. Each graph is a quantification of all samples. 
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Figure 2.2 Effect of nicotine and folic acid on Cu/ZnSOD expression 

Cu/ZnSOD expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 

1µM nicotine ± 10µM folic acid. Data are expressed as optical density relative to beta actin 

loading control and represented as mean ± SEM, n=3. Bars with different superscripts are 

significantly (p<0.05) different. The above panels are a representative band for each treatment 

group from the western blot. Each graph is a quantification of all samples. 
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Figure 2.3 Effect of nicotine and folic acid on catalase expression 

Catalase expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 

1µM nicotine ± 10µM folic acid. Data are expressed as optical density relative to alpha tubulin 

loading control and represent as mean ± SEM, n=3. Bars with different superscripts are 

significantly (p<0.05) different. The above panels are a representative band for each treatment 

group from the western blot. Each graph is a quantification of all samples. 
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Figure 3.1 Effect of nicotine and folic acid on glucose stimulated insulin secretion 

Glucose stimulated insulin secretion in INS 1E cells 48 hours post treatment with saline ± 10µM 

folic acid or 1µM nicotine ± 10µM folic acid. Data are expressed as a percentage of the low 

glucose control, n=3. An asterisk denotes a p value <0.05.  
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Figure 3.2 Effect of nicotine and folic acid on basal insulin secretion 

Basal Insulin secretion inn INS 1E cells 48 hours post treatment with saline or 1µM nicotine ± 5 

or 10µM nicotine. Data are expressed as a percentage of the control, n=5. Bars with different 

superscripts are significantly (p<0.05) different.  
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Figure 3.3 Effect of nicotine and folic acid on insulin content  

Insulin content in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 1µ 

nicotine ± 10µM folic acid. Data are expressed as ng insulin per 250,000 cells, n=5. Bars with 

different superscripts are significantly (p<0.05) different. 
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Figure 3.4 Effect of nicotine and folic acid on PDX-1 expression 

PDX-1 expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 1µM 

nicotine ± 10µM folic acid. Data are expressed as optical density relative to alpha tubulin 

loading control and represented as mean ± SEM, n=3. A triple asterisk denotes a p value 

<0.0001. The above panels are a representative band for each treatment group from the western 

blot. Each graph is a quantification of all samples. 
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Figure 3.5 Effect of nicotine and folic acid on foxa2 expression 

Foxa2 expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 1µM 

nicotine ± 10µM folic acid. Data are expressed as optical density relative to alpha tubulin 

loading control and represented as mean ± SEM, n=3. The above panels are a representative 

band for each treatment group from the western blot. Each graph is a quantification of all 

samples. 
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Figure 3.6 Effect of nicotine treatment on cell viability 

MTS cell viability 48 hours post treatment with saline or 1, 10, 50 or 100µM nicotine. Data are 

expressed as a percentage of the control. 
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Figure 3.7 Effect of nicotine and folic acid on Caspase 3 expression  

Caspase 3 expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 

1µM nicotine ± 10µM folic acid. Data are expressed as optical density relative to beta actin 

loading control and represented as mean ± SEM, n=3. The above panels are a representative 

band for each treatment group from the western blot. Each graph is a quantification of all 

samples. 
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Figure 3.8 Effect of nicotine and folic acid on GLUT2 expression  

GLUT2 expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 

1µM nicotine ± 10µM folic acid. Data are expressed as optical density relative to alpha tubulin 

loading control and represented as mean ± SEM, n=3. The above panels are a representative 

band for each treatment group from the western blot. Each graph is a quantification of all 

samples. 
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Figure 3.9 Effect of nicotine and folic acid on glucose consumption at normal and high 

glucose concentrations     

Glucose consumption in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 

1µM nicotine ± 10µM folic acid at A) normal (11.1mM) glucose or B) high (16.7mM)  glucose 

concentrations. Data are presented as µg glucose consumed per µg protein, n=5.                

 

 

 

 

 

 

 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

61 
 

 

A B

C

 

Figure 3.10 Effect of nicotine and folic acid on mitochondrial function 

Mitochondrial function in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 

1µM nicotine ± 10µM folic acid. A) Effect on cytochrome c oxidase (complex IV), B) effect on 

citrate synthase and C) effect on ratio of cytochrome c oxidase to citrate synthase. Data are 

expressed as a percentage of the control, n=4.                
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Figure 3.11 Effect of nicotine and folic acid on kir6.2 expression 

Kir6.2 expression in INS 1E cells 48 hours post treatment with saline ± 10µM folic acid or 1µM 

nicotine ± 10µM folic acid. Data are expressed as optical density relative to alpha tubulin 

loading control and represented as mean ± SEM, n=3. Bars with different superscripts are 

significantly (p<0.05) different. The above panels are a representative band for each treatment 

group from the western blot. Each graph is a quantification of all samples. 
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4.0 Discussion  

4.1 Effect of nicotine and folic acid treatments on markers of oxidative stress 

4.1.1 Maternal smoking 

Approximately 10-20% of Canadian women smoke during pregnancy (The Source 2011), 

although this number varies widely according to ethnic and geographical regions reaching as 

high as 85% (Mehaffey K, 2010). Smoking during pregnancy causes several adverse obstetrical 

outcomes including risk of low birthweight, perinatal mortality and sudden infant death 

syndrome (Castles A, 1999). The nicotine found in tobacco smoke is readily able to cross the 

placental barrier and fetal concentrations can generally be 15% higher than maternal levels. 

(Lambers and Clark 1996) In developed countries cigarette smoke is the most modifiable 

chemical insult encountered during pregnancy (Gruslin A et al. 2009 and Lambers DS 1996). 

Furthermore, mounting epidemiological evidence demonstrates that fetal exposure to cigarette 

smoke increases the risk of developing type 2 diabetes during adulthood (Behl M et at. 2012). 

Animal data suggest that nicotine, the major addictive component of cigarette smoke, maybe 

responsible, in part, for this increased risk of diabetes. Indeed, animal studies have demonstrated 

that fetal and neonatal exposure to nicotine results in dysglycemia in rodents (Bruin et al. 2007). 

It has also been shown that nicotine induces oxidative stress in beta cells of neonates, which 

subsequently triggers beta cell death and the onset of dysglycemia in early adulthood (Bruin 

2008b, 2008c).  Previous work from our lab has demonstrated that an antioxidant intervention 

during pregnancy preserves beta cell mass, however the antioxidant cocktail used in this study 

(i.e., vitamin E, alpha lipoic acid and COQ10) had adverse effects on fetal growth (Bruin et al. 

2012).  Therefore the goal of this study was to identify in vitro whether or not a different 
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antioxidant, namely folic acid, could preserve beta cell function.  We selected folic acid as our 

antioxidant for this study because of: a) its safety in pregnancy; b) its widespread acceptance 

amongst both care providers and women for its beneficial effects on preventing neural tube 

defects; c) its ability to improve glucose tolerance in adult rats (Buettner et al. 2010) and d) the 

fact that folate levels are lower in smokers vs. non-smokers (van Wersch et al 2002, Cogswell et 

al 2003, Stark et al 2005, Jauniaux et al 2007). 

 

4.1.2 Smoking and folate status 

It is well established that smokers have decreased levels of serum antioxidants and in 

particular, the level of folate is decreased in smokers vs non-smokers  (22.7 vs 29.4nM) (van 

Wersch et al. 2002, Cogswell et al. 2003, Stark et al. 2005 and Jauniaux et al. 2007).  

Although it has been suggested that difference seen in folate levels in smokers vs non-

smokers is due to dietary differences (smokers tend to eat less vegetables than non-smokers), 

evidence suggests that this is not the case. It has been found that the dietary folate intake is not 

significantly different between smokers and non-smokers (McDonald et al 2002, Mansoor et al 

1997). However, some socio-economic factors could also account for the discrepancy. An 

epidemiological study from Norway suggested that the mean supplemental folic acid intake was 

higher in women who did not smoke, were married or co-habiting, and had a higher education 

(Nilsen et al 2010). The discrepancy in levels of folate supplementation between smokers and 

non-smokers suggests that this group might be at risk for the complications of folate deficiency; 

and could benefit from additional folate.  
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Recent studies (Wani et al., 2011) have shown that ethanol exposure can reduce 

expression of folate transporters in the rat pancreas. This reduction in folate transporters leads to 

reduced uptake folate within the pancreas. To date, no such studies have been done to determine 

whether nicotine exposure has an effect on folate transporter expression in the pancreas, and 

specifically, in the beta cell. If chemical exposures are able to disrupt the expression levels of 

folate transporters, then this could explain the decreased levels of folate that are seen in smokers. 

Our studies showed no effect of nicotine treatment on the folate transporters FR and RFC in 

pancreatic beta cells. But, it is possible that there could still be decreased folate uptake. Indeed, 

in placental tissue, high glucose (30mM), nicotine (0.1 and 10µM) and other drugs of abuse 

reduced folate uptake in human cytotrophoblasts in vitro (Keating et al, 2009).  If this is true for 

beta cells as well, then the reduced folate uptake could contribute to disrupted one carbon 

metabolism (i.e. could affect beta cell mass through reduction in beta cell proliferation). 

 

4.1.3 Effect of nicotine and folic acid on oxidative stress 

Both nicotine and low folate are associated with oxidative stress (Wetscher et al 1995, 

Huang et al, 2004, Chern et al. 2001, Barr et al. 2007). Nicotine exposure has been shown to 

increase levels of HSP70 (a marker of oxidative stress), protein carbonyls (a marker of oxidative 

damage) and antioxidant enzymes in pancreatic tissue in vitro and in vivo (Ermis et al 2004, 

Woynillowicz et al 2012, Bruin et al 2008b). Indeed, in a study of folate depletion, low folate 

decreased Cu/ZnSOD and GPx and increased lipid peroxidation in rat livers (Huang et al 2001). 

Like low folic acid, nicotine also negatively affects tissues, and most importantly, adversely 

affects endocrine pancreas tissue (Bruin et al. 2008b, Holloway et al. 2005, Wetscher et a. 1995). 
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Low folate status is associated with increased homocysteine levels (Gupta et al, 1998) 

and increasing homocysteine levels have been implicated in a number of disease states including 

diabetes (Elias and Eng 2005). Folate supplementation has been shown to improve both 

oxidative stress and increased homocysteine levels in various tissues (Torrens et al. 2006, 

Delfino et al. 2007, Al-Maskari et al. 2012), making it a viable option as an antioxidant therapy. 

In particular, folate supplementation has been shown to improve endothelial dysfunction 

associated with T2DM (Title et al., 2006) and reduce the risk of developing T2DM according to 

the Pune Maternal Nutrition Study (PMNS) (Yajnik et al., 2008).  

The goal of my study was to determine if folic acid supplementation could reduce or 

prevent nicotine-induced damage to pancreatic beta cells in vitro. 

With nicotine treatment there was increase in expression of the chaperone protein HSP70, 

which is a marker of overall cellular stress, including oxidative stress. This finding is consistent 

with data from the literature showing the stress-inducing nature of nicotine (Woynillowicz et al 

2012). The function of HSP70 is to prevent cellular apoptosis by associating with Apaf-1 (part of 

the apoptotic complex, the apoptosome) (Beere et al. 2000 and Saleh et al. 2000). Furthermore, 

nicotine treatment also caused an increase in the oxidative damage marker 4-HNE. In this 

instance oxidative damage is in the form of lipid peroxidation and is the oxidative degradation of 

lipids, where free radicals remove electrons in cellular membranes which results in cellular 

damage (Uchida 2003, Blokhina et al. 2003). Destruction to cellular membranes by lipid 

peroxidation can result in significant tissue damage, since lipid peroxidation is a self-propagating 

reaction (Mylonas and Kouretas, 1999).  4-HNE damages fatty acids by initiating a free radical 

attack on the unsaturated bonds of membrane fatty acids. If 4-HNE levels are increased 

excessively, cellular function can be compromised resulting in death of the cell (Mattson, 2009). 
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I have shown that with nicotine treatment in INS 1E cells of 1uM for 48 hours, there is a 

significant increase in the overall cellular stress marker HSP 70 and oxidative damage marker 4-

HNE. This data are consistent with the adverse effects of nicotine found by others (Helen et al. 

1999, Bruin et al. 2008b, Chattopadhyay and Chattopadhyay 2008) Furthermore, co-treatment 

INS1 E cells with nicotine and folic acid (10uM) significantly reduced the up-regulation of 

HSP70 and 4 HNE. This suggests that folic acid treatment is able to counteract the damaging 

effects of nicotine administration. In both instances, the addition of folic acid reduced the 

expression of both proteins significantly.   

Individuals with low folate status have higher concentrations of homocysteine. 

Hyperhomocysteinaemia is associated with adverse health outcomes, including impaired insulin 

secretion by pancreatic beta cells. However, exposure to homocysteine did not alter cellular 

insulin content, cell viability or apoptosis (Patterson et al. 2006). Furthermore, increasing levels 

of homocysteine impaired the secretory response to the drug tolbutamide. Tolbutamide interacts 

with the SUR1 subunit of the KATP channel, causing channel closure and insulin release. In 

addition, increasing levels of homocysteine caused an inhibition of insulin secretion to beta cells 

undergoing direct membrane depolarization (Patterson et al, 2006). Since smoking leads to 

decreasing folate levels, increased homocysteine associated with low folate could be how 

smoking/nicotine exposure increases the risk for developing diabetes.  Indeed, Maloney et al 

(2011) have examined glucose homeostasis in the offspring exposed to a low folate maternal 

diet. The low folate diet had no initial effect of body mass of the offspring compared with control 

pups, although the litters were smaller in number. At the end of the study males exposed to the 

low folate diet in utero were significantly heavier than controls, were insulin resistant and had 

elevated fasting glucose levels. Therefore, the offspring born to women who smoke which have 
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low folate levels could be at risk for the development of type 2 diabetes. It is possible that the 

adverse effects seen with nicotine treatment in vitro would be more pronounced in folate-

deficient media, but this would have to be the focus of future studies.           

 

4.2 Effect of nicotine and folic acid treatment on antioxidants 

All eukaryotic cells contain antioxidant enzymes which function to offset the negative 

effects of oxidative stress. One of the major families of antioxidant enzymes are the superoxide 

dismutases (SOD). The primary function of SOD is the conversion of superoxide to oxygen and 

hydrogen peroxide (Tollefson et al, 2010).The antioxidant catalase (CAT) functions to convert 

hydrogen peroxide to water and oxygen. These antioxidants are an important defense mechanism 

to protect cells from the damaging effects of reactive oxygen species (ROS). This is especially 

true for the pancreatic beta cell, which is particularly vulnerable to ROS (Xu et al. 1999, 

Robertson 2004). Compared to other tissue types (i.e. liver, kidney, brain), pancreatic islets have 

the lowest levels of endogenous antioxidants (i.e. SOD, CAT and GPx) (Lenzen et al., 1996). 

ROS are necessary molecules for cellular signaling (i.e. conveying extracellular and intracellular 

signals to the nucleus), however, an overproduction of ROS can be detrimental to cells (Poli et 

al. 2004, Martin and Barrett 2002).  

There have been several studies linking cigarette smoking and/or nicotine exposure to 

increased oxidative stress (Aycicek et al, 2010, Menon et al, 2011 and Crowley-Weber et al, 

2003). Datum from my experiments has shown that treatment with 1µm nicotine causes a 

significant increase in the mitochondrial SOD, MnSOD compared with vehicle treated cells. 

There was no increase in the cytosolic SOD, Cu/ZnSOD nor was there an increase in catalase. 
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With the addition of 10µm folic acid to the nicotine group, there was a significant decrease in 

expression in both Cu/ZnSOD and catalase compared to the nicotine only treatment group. 

Interestingly, the addition of folic acid failed to reduce the expression of MnSOD which 

remained at the same level as the nicotine only group. It is possible that the oxidative stress 

caused by the nicotine is affecting the mitochondria within the beta cell more than the cell as a 

whole. Indeed, it has been shown that mitochondria are sensitive to the damaging effects of ROS 

(Duprez et al, 2012).  Crowley-Weber et al. (2003) showed that 0.8µM of nicotine is sufficient to 

decrease the mitochondrial membrane potential which could lead to mitochondrial dysfunction. 

In an in vivo model of fetal nicotine exposure, nicotine treatment caused mitochondrial 

dysfunction in the pancreas of the offspring (Bruin et al., 2008c).  It is therefore possible that the 

nicotine-induced reduction in insulin secretion from INS1E cells reported by Woynillowicz et al. 

(2012) and in this study (Figure 3.1) is a result of mitochondrial stress. 

Pi et al. suggest that while an increase in the endogenous anti-oxidant expression is 

beneficial for preventing oxidative damage and possible cell death (2010), it could be a double-

edged sword. The group also suggests that the increase in endogenous anti-oxidant expression 

decrease the signals needed for adequate glucose stimulated insulin secretion (GSIS), thereby 

reducing insulin secretion in the INS 1(823/13) cell line (2007). Although the addition of folic 

acid to the nicotine group did not reduce expression of MnSOD, there was a reduction of both 

oxidative stress in this treatment group (as seen with reduced expression of HSP70 and 4-HNE). 

Perhaps the consistent elevation of MnSOD, even though there is a decrease in oxidative stress, 

could account for persistent decrease In GSIS seen in this group.  
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4.3Effect of nicotine and folic acid treatment on beta cell function 

4.3.1 Effect on insulin secretion 

Yoshikawa et al (2005) and Bruin et al (2008b), showed that the nicotinic acetylcholine 

receptors (nAChR’s) are present within both the pancreas and the beta cell. Results from my 

study and Woynillowicz et al. (2012) have demonstrated that nicotine can have a direct negative 

affect on the beta cell to reduce GSIS; an effect which is likely mediated through an increase in 

oxidative stress. 

Results from my work have shown that treatment of INS 1E cells with 1µm nicotine for 

48 hours caused a significant decrease in basal insulin secretion and an ablation of GSIS. We 

wanted to determine if an antioxidant intervention would preserve insulin secretion  

With the addition of 10µm folic acid, there was a trend toward increased basal and 

glucose stimulated insulin secretion in nicotine-treated cells. While the basal insulin secretion in 

the nicotine plus folic acid treated cells was not significantly different from that seen in cells 

treated with nicotine alone, it was also not significantly decreased from the control group, 

suggesting that the addition of 10µm folic acid returned basal insulin secretion in nicotine treated 

cells to normal levels. It is interesting to note that control cells treated with folic acid also failed 

to produce an insulin response to high glucose (i.e. ablation of GSIS). A possible explanation 

could be that in healthy individuals, the administration of antioxidants can have a negative 

impact on health (i.e. high doses of vitamin E can increase mortality), whereas someone in a 

disease state would find beneficial effects of antioxidant administration (Anderson et al, 2010, 

Miller et al. 2005). Indeed, in clinical studies the effects of antioxidant interventions are not 

always beneficial. For example, folic acid has been shown to be effective for stroke prevention 
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(Wang et al, 2007), whereas other studies have shown no effect or dual effects (Wrone et al, 

2004, Mullin 2011, Ly et al 2011, Kim 2004). It should be noted, however, that the best possible 

candidates may not have been chosen to participate in the clinical trials, which could lead to the 

confounding results seen with antioxidant intervention (Collins 2005). Although the adverse 

effects of excessive ROS have been well documented, ROS at physiological concentrations serve 

as cellular signals, and are therefore essential. The addition of additional antioxidants where 

none are needed may also have detrimental effects to the cell, as its signals to function have 

diminished (Thannickal and Fanburg 2000).  

 

4.3.2 Effect on Glucose uptake 

Patients with T2D show a marked reduction in the glucose transporter GLUT2 (Del 

Guerra et al, 2005), which could be partially responsible for the decrease in insulin secretion in 

diabetes.  

In the Zucker diabetic rat model, it has been found that the expression of GLUT 2 is 

normal in pre-diabetic rats, but is vastly reduced (75%) once blood glucose levels exceed 11mM 

(Unger 1991). This reduction in GLUT-2 could be partially responsible for the reduced GSIS 

seen with this model. Similar to this, Thorens et al (1990 and 1992) showed that the reduction in 

GLUT2 expression was proportional to the severity of hyperglycemia (i.e. the more severe the 

hyperglycemia the more profound the reduction in GLUT2 expression). Furthermore, they found 

the loss of GLUT2 is induced by the diabetic environment and can be reversed by transplanting 

islets from diabetic db/db mice to non-diabetic db/+ mice.  To determine if treatment with 

nicotine reduced GLUT-2 in the INS 1E cells, we determined the expression of GLUT-2 by 
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western blot and found no change, leading us to the assumption that the reduced GSIS is 

occurring through another mechanism.   

To determine if there is a decreased activity of the glucose transporter we quantified the 

amount of glucose that was taken up by the cells from the cell culture media. If less glucose is 

being consumed by nicotine treated cells; then less ATP will produced from the glucose and 

ultimately, less insulin released. We determined that at both normal (11.1mM) and high 

(16.7mM) glucose concentrations, there was no change in glucose consumption. Studies have 

shown that cigarette smoke can decrease peripheral glucose uptake (Attvall et al. 1993), however 

this is the first study showing the effects of nicotine exposure on beta cell glucose uptake.  

 

4.3.3 Effect on insulin content  

To determine if the reduced GSIS in nicotine treated cells was due to an overall reduction 

in the amount of insulin within the cell, we quantified the amount of insulin in treated INS 1E 

cells. We found that there was no reduction in insulin content with nicotine treatment, suggesting 

that the reduction in GSIS is not due to less insulin present within the cell (and therefore less 

insulin to secrete). Interestingly, we found a significant increase in the amount of insulin in the 

nicotine plus folic acid group, which is consistent with the increased expression of the 

transcription factor pancreatic and duodenal homeobox 1 (PDX1).   

PDX-1 is an important transcription factor required for early pancreatic development. 

Indeed, studies have shown that PDX1 null mice show pancreatic agenesis (Fujimoto and 

Polonsky 2009, Kim and Hebrok 2001). In the mature pancreas, PDX1 becomes restricted to 

mature β cells where it regulates β cell specific genes, namely insulin, where it binds directly to 
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A/T rich elements of the Ins promoter (Melloul 2004 and Chakrabarti and Mirmira 2003). PDX1 

is essential is mature β-cell function; missense and frameshift mutations within the Pdx1 gene 

result in defective insulin secretion (Fujimoto and Polonsky, 2009 and Brissova et al 2002). In 

vivo studies of both intrauterine growth restriction and nicotine exposure show a reduction in 

expression of the transcription factor PDX-1 (Xu et al, 2011 and Somm E et al, 2008). 

Furthermore, progressive epigenetic silencing of pdx1 leads to type 2 diabetes in adulthood (Park 

et al, 2008). I found no such reduction in PDX -1 expression with nicotine treatment alone, 

however, it maybe that in my in vitro model the exposure time wasn’t long enough to see such 

changes. 

The transcription factor Foxa2 (formerly known as HNF3β), like PDX1, is necessary for 

proper pancreas formation. In addition, β-cell specific deletion of Foxa2 results in attenuation of 

the genes encoding PDX1 and KATP channels resulting in profound hypoglycemia (Sund et al 

2001, Chakrabarti and Mirmira 2003), showing that Foxa2 is an important regulator of these two 

genes. Furthermore, Foxa2 is also required in the mature β cell for insulin secretion (Gao et al, 

2007). Due to its function as an activator of PDX1, we determined if, like PDX1, expression of 

foxa2 was increased in INS 1E cells treated with nicotine and folic acid. We found that although 

PDX1 was significantly increased, there was no similar increase in Foxa2, suggesting that the 

increase in PDX1 was occurring through another pathway. To date, this is the first study which 

shows that folate supplementation may alter PDX-1 expression. Poor maternal nutrition leads to 

decreased expression of PDX-1 through decreased histone acetylation at the PDX-1 promoter 

coinciding with increased DNA methylation. These changes result in epigenetic silencing of 

PDX-1 and the progression toward type 2 diabetes of the offspring (Simmons, 2007). It is 

possible that folate supplementation (a methyl donor) is increasing H3K4 methylation on the 
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PDX-1 promoter leading to an increase in expression (as opposed to increased H3Kp 

methylation which is consistent with gene silencing (Park et al. 2008).   

 

4.3.4 Effect on apoptosis 

Patients with type 2 diabetes have reduced beta cell mass (Rhodes, 2005). In the initial 

stages of diabetes, the pancreas is able to initially increase beta cell mass to compensate for the 

increasing glucose levels (Weir et al 2001, Weir and Bonner-Weir 2004 and Kahn 2001). 

However, increased beta cell mass is unable to be sustained indefinitely. The end result is 

reduced beta cell mass, an effect which occurs through beta cell apoptosis (Butler et al, 2003). 

Animal studies of fetal and neonatal nicotine exposure show a reduction in serum insulin levels 

coinciding with an increase in apoptosis at birth (Holloway et al, 2005), an effect which was later 

shown to be mediated via the mitochondrial apoptotic pathway (Bruin et al, 2008a).  

I had previously found an increase in expression of 4-HNE, a marker of lipid 

peroxidation. Lipid peroxidation of cellular membranes can affect cellular function and cause 

apoptosis (Mattson, 2009). To determine if the reduction in insulin release was due to a reduction 

in beta cell number (due to apoptosis) expression of Caspase 3 was assessed. Caspase 3 is the last 

Caspase to be activated in the Caspase signaling cascade. Caspase 3 is the only Caspase to be 

activated by all apoptotic pathways (intrinsic and extrinsic); because of this we chose to 

determine the expression level of Caspase 3. I found no increase in Caspase 3. This suggests that 

the reduction in insulin secretion in vitro in the nicotine treated cells is unlikely to be occurring 

through apoptosis in vitro. This is consistent with MTS data (used to show effects on cell 

viability/proliferation) where nicotine treatment had no effect. Other studies have looked at the 
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effects of nicotine exposure on the effects of apoptosis. These studies showed an increase in 

Caspase 3 activation, however, the doses were considerably higher than the dose we used (5mM 

and 50uM) (Kang et al. 2011, Ramlochansingh et al. 2011). Due to the low concentration of the 

nicotine in the present study (1µM), it is likely that we would not see an increase in apoptosis at 

the time point tested (48 hours).  

 

4.3.5 Effect on mitochondrial function (glucose sensing)  

There is considerable evidence linking mitochondrial dysfunction to the development of 

type 2 diabetes (Lowell et al 2005). The role of mitochondria in the beta cell is to link glucose 

uptake to insulin secretion. If the mitochondria are not working properly then there will be a 

decrease in the amount of ATP produced and therefore a reduction in the amount of insulin 

released. Studies have shown in vivo and in vitro, that nicotine has a negative impact on 

mitochondrial function within the beta cell (Bruin et al 2008, Bruin et al 2010, Woynillowicz et 

al 2012). Data from my experiments, however, has shown that in vitro nicotine exposure to the 

INS 1E beta cell line does not result in mitochondrial dysfunction, despite the reduction in basal 

and glucose stimulated insulin secretion. This is in disagreement with Woynilowicz et al (2012); 

who found that in vitro nicotine exposure lead to dysfunction of complex IV in the mitochondria. 

It has been noted that passage number of a cell line can affect its function (American Type 

Culture Collection (ATCC) 2007), where the stress of cell culturing can create phenotypic 

changes in the cells.  In addition, the INS 1E cell line tends to be particularly sensitive to 

temperature and humidity changes (personal observation). This could account for the 

discrepancy of findings seen in this experiment and in those of Woynilowitcz et al.. It is then 
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likely that the reduction in insulin release, at least initially, is occurring through another 

mechanism.  

Since there was no effect of nicotine treatment on GLUT2 expression and on 

mitochondrial function, then therefore we assume that there would be no change in the amount of 

ATP produced in control and nicotine treated beta cells. Therefore, the impairment of insulin 

secretion seen with nicotine treatment could be due to a defect in the secretory mechanism of 

insulin secretion.  

 

4.3.6 KATP Channels 

An important part of insulin secretion is the ATP sensitive potassium channel (KATP). 

KATP channels are inhibited by ATP, resulting in closure of the channel and subsequent insulin 

release. In the absence of glucose, there is a reduction in the ATP/ADP ratio and the channels are 

open and no insulin is released (Huopio et al 2002). KATP channels are octomers composed of a 

pore-forming unit (Kir6.2) surrounded by a regulatory unit (SUR1) which associate in a 4:4 ratio 

(Ashcroft FM, 2007 and Hiliart M, 2008).  

Genetic studies have shown that mutations in either subunit of the KATP channel, Kir6.2 or 

SUR1, causes defects in insulin secretion resulting in hyperinsulinism or diabetes. These defects 

in insulin secretion are due to gain of function mutations (leading to a reduction in insulin 

release) or loss of function mutations (leading to an over-stimulation of insulin release) (Ashcroft 

FM, 2006). 
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I have shown that nicotine treatment significantly increases the expression of the KATP 

subunit Kir6.2. In nicotine only treatment group there was a reduction in glucose stimulated and 

basal insulin secretion. If the increase in expression of Kir6.2 is similar to gain of function 

mutations, then this could be a possible explanation why there is a reduction in insulin secretion 

with nicotine exposure. The addition of folic acid did reduce this expression, but not to levels 

seen with the control. This reduction on kir6.2 expression coincides with an increase in basal 

insulin secretion and glucose-stimulated insulin secretion (although not significant). In a review 

of KATP channels by Ashcroft 2005, it was stated that a total loss of protein (of both subunits) 

would result in loss of channel activity and therefore hyperinsulinism. Therefore, it is 

conceivable that an increase in in KATP subunits would result in more channel activity leading to 

hypoinsulinism. Indeed, it has been shown that increased expression of KATP subunits stabilizes 

the beta cell near its resting membrane potential of -70mV which raises the concentration of 

glucose needed to elicit an insulin response (Chen et al, 2011 and Ashcroft 2006). Therefore, 

nicotine treatment appears to affect the secretory mechanism of beta cells which precedes 

mitochondrial dysfunction and increased apoptosis seen in in vivo models (Bruin et al., 2008c 

and a, respectfully). 

 

4.4 Future Directions 

The next step in determining whether folic acid supplementation would have beneficial 

effects on pancreatic beta cells would be an animal study. Bruin et al., (2007, 2008a, b and c) 

showed that fetal nicotine exposure increased pancreatic oxidative stress, apoptosis and 

mitochondrial dysfunction. The combination of these factors resulted in impaired glucose 
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homeostasis. These data give support to the fetal origins hypothesis, where offspring are 

‘programmed’ in utero for a certain lifestyle, which if not met in adult life can lead to disease. 

 

 

4.4.1 Fetal origins of adult disease 

The causes of the rise in the metabolic syndrome seen throughout the world are not entirely 

clear. A common hypothesis for this is the ‘fetal origins’, ‘fetal programming’, ‘developmental 

origins of adult disease’ or ‘thrifty phenotype’ theory. The premise of this theory is that utero-

insufficiency combined with modern day lifestyles (inactivity, abundant food) leads to disease 

(hypertension, diabetes, coronary heart disease, and kidney disease) later in life. (Yajnik and 

Deshmukh 2008, Simmons 2004).  Utero-insufficiency can be in the form of maternal smoking, 

pre-eclampsia, maternal undernutrition, or toxic exposure among others (Hendrix and Berghella 

2008, Ong 2006). Placental insufficiency leads to a reduction in birth weight, which when 

coupled with catch-up growth in childhood, increases the risk of developing disease. For 

example, those at the highest risk for the development of T2D were born small and became 

overweight as children (Simmons, 2004, Hales and Ozanne 2003). 

   How intra-uterine growth restriction leads to disease later in life is not entirely clear, 

however, it is likely that the developing fetus will put most nutrients toward the development of 

vital organs (i.e. brain) at the expense of less vital organs (i.e. pancreas). The effect of this is a 

reduction in both β-cell mass, and function shortly after birth, with an age-related decline in β-

cell mass (in an intrauterine growth restriction (IUGR) rat model  there is a 50% reduction 
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compared to controls at 15weeks of age and at 26 weeks a 65% reduction) (Simmons 2009, 

Martin-Gronert and Ozanne 2007)  

It has been shown that smoking during pregnancy leads to intra-uterine growth restriction 

(Wang et al., 2009). Both smoking during pregnancy and IUGR alone lead to the development of 

type 2 diabetes (Dennery, 2012), a growing concern worldwide.  

The results of my experiments show that folic acid supplementation may be a viable 

option to protect the pancreatic beta cell from the adverse effects of nicotine. In addition, I have 

shown the potential for new mechanisms to explore (effects of PDX1 and kir6.2). Indeed, recent 

human studies have shown the promising effects of folate supplementation in patients with 

T2DM. Aghamohammadi et al (2011) showed that folate supplementation (5mg/d for eight 

weeks) in a diabetic population increased antioxidant capacity and decreased MDA (a marker of 

oxidative damage). Furthermore, Gargari et al (2011) showed that folate supplementation (5mg/d 

for eight weeks) lowered plasma homocysteine levels, improved glycemic control and insulin 

resistance in male patients with T2DM. 
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5.0 Conclusions 

The epidemic of type 2 diabetes worldwide has led to a vast amount of research being 

done to try and determine how and why this is occurring. Our research group has focused on 

fetal programming of the endocrine pancreas through chemical insults during pregnancy and 

lactation. One of these chemicals is nicotine, a chemical which can affect the fetal pancreas 

through cigarette smoking and nicotine replacement therapy use.  Approximately 20% of 

Canadian women smoke during pregnancy, possibly making nicotine exposure a major player in 

the diabetes epidemic. Due to this, determining an antioxidant intervention that would alleviate 

nicotine-induced pancreatic damage could reduce the numbers of diabetes in the future.  

To try and elucidate how nicotine and folic acid exposure can affect insulin secretion of 

pancreatic beta cells, we used an in vitro model to determine the pathways in which 

nicotine/folic acid can affect insulin secretion.  We found that folic acid is a viable option as an 

antioxidant to prevent oxidative stress and damage due to its beneficial effects on nicotine 

exposed beta cells.  

In conclusion, it appears that in vitro nicotine exposure to beta cells leads to a reduction 

in insulin release through increased KATP channel expression and not through a reduction in 

insulin content. With the addition of folic acid, there is an increase in insulin release likely 

mediated through an increased insulin availability which may be a result of increased gene 

expression of insulin mediated via the transcription factor PDX-1.   

 

 

 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

81 
 

6.0 References 

1. Achon M, Alonso-Aperte E, Ubeda N and Varela-Moreiras G. Supranormal dietary folic 

acid supplementation: effects on methionine metabolism in weanling rats. British Journal 

of Nutrition. 2007, 98:490-496. 

2. Aghamohammadi V, Gargari BP and Aliasgharzedeh A. Effect of folic acid 

supplementation on homocysteine, serum total antioxidant capacity, and 

malondialdehyde in patients with type 2 diabetes mellitus. Journal of the American 

College of Nutrition. 2011, 30(3):210-215. 

3. Aguilar-Bryan L, Clement IV JP, Gonzalez G, Kunjilwar K, Babenko A and Bryan J. 

Toward Understanding the Assembly and Structure of KATP Channels. Physiological 

Reviews. 1998, 78(1):227-245.  

4. Alberg AJ. The influence of cigarette smoking on circulating concentrations of 

antioxidant nutrients. Toxicology. 2002, 180:121-137. 

5. Albert CM, Cook NR, Gaziano JM, Zaharrris E, MacFadyen J, Danielson E, Buring JE 

and Manson JE. Effect of folic acid and B vitamins on risk of cardiovascular events and 

total mortality among women at high risk for cardiovascular disease. JAMA. 2008, 

299(17):2027-2036. 

6. Al-Maskari MY, Waly MI, Ali A, Al-Shuaibi YS and Ouhit A. Folate and Vitamin B12 

deficiency and hyperhomocysteinemia promote oxidative stress in adult type 2 diabetes. 

Nutrition. 2012, 28:e23-e26. 

7. Amos AF, McCarty DJ and Zimmet P. The rising global burden of diabetes and its 

complications: Estimates and projections to the year 2010. Diabetic Medicine, 1997. 

14(S5):S7-S85.  

8. Ashcroft FM. ATP-Sensitive K
+
 channels and disease: from molecule to malady. 

American Journal of Physiology, Endocrinology and Metabolism. 2007,  293:E880-889. 

9. Ashcroft FM. KATP channels and insulin secretion: a key role in health and disease. 

Biochemical Society Transactions. 2006, 34(2):243-246.  

10. American Type Culture Collection (ATCC). Passage number effects in cell lines: why 

they happen and what you can do about it. Technical Bulletin no. 7. 2007. 

11. Attvall S, Fowelin J, Lager I and Smith U. Smoking induces insulin resistance – a 

potential link with insulin resistance syndrome. Journal of Internal Medicine. 1993, 

233:327-332. 

12. Axelsson T, Jansson PA, Smith U and Eliasson B. Nicotine infusion acutely impairs 

insulin sensitivity in type 2 diabetic patients but not health subjects. Journal of Internal 

Medicine. 2001, 249(6):539-544.  

13. Aycicek A, Varma M, Almet K, Addurrahim K and Erel O. Maternal active or passive 

smoking causes oxidative stress in placental tissue. European Journal of Pediatrics.2011, 

170:645-651. 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

82 
 

14. Barr J, Sharma CS, Sarkar, Kimberly W, Dong L, Periyakaruppan A and Ramesh GT. 

Nicotine induces oxidative stress and activates nuclear transcription factor kappa B in 

rat mesencephalic cells. Molecular and Cellular Biochemistry. 2007, 297(1-2):93-99. 

15. Beere HM, Wolf BB, Cain K, Mosser DD, Mahboubi A, Kuwana T, Tailor P, Morimoto 

RI, Cohen GM and Green DR. Heat-shock protein 70 inhibits apoptosis by preventing 

recruitment of procaspase 9 to the Apaf-1 apoptosome. Nature Cell Biology. 2000, 

2:469-475. 

16. Behl M, Rao D, Aagaard K, Davidson TL, Levin ED, Slotkin TA, Srinivasan, Wallinga 

D, White, Walker VR, Thayer KA and Holloway AC. Evaluation of the association 

between maternal smoking, childhood obesity and metabolic disorders: a national 

toxicology program workshop review. Environmental Health Perspectives. 2012. (epub 

ahead of print). 

17. Benowitz NL. Pharmacology of nicotine: addiction and therapeutics. Annual Reviews in 

Pharmacology and Toxicology. 1996, 36:597-613. 

18. Bertram CE and Hanson MA. Animal Models and programming of the metabolic 

syndrome. British Medical Bulletin. 2001, 60(1):103-121. 

19. Blockhina O, Virolainen E and Fagerstedt KV. Antioxidants, oxidative damage and 

oxygen deprivation stress: a review. Annals of Botany. 2003, 91(2):179-194. 

20. Boden G and Shulman GI. Free fatty acids in obesity and type 2 diabetes: defining their 

role in the development of insulin resistance and β-cell dysfunction. European Journal of 

Clinical Investigation. 2002, 32(Suppl. 3):14-23. 

21. Bonner-Weir S. Life and death of pancreatic beta cells. Trends in Endocrinology and 

Metabolism. 2000, 11(9):375-378. 

22. Bonner-Weir S. Perspective: Postnatal pancreatic β cell growth.  Endocrinology. 2000, 

141(6):1926-1929. 

23. Brissova M, Shiota M, Nicholson WE, Gannon M, Knobel SM, Piston DW, Wright CVE 

and Powers AC. Reduction in pancreatic transcription factor PDX-1 impairs glucose-

stimulated insulin secretion. The Journal of Biological Chemistry. 2002, 277(13):11225-

11232. 

24. Bownlee M. Biochenistry and molecular cell biology of diabetic complications. Nature, 

2001. 414:813-820. 

25. Bruin JE, Woynillowicz AK, Hettinga BP, Tarnopolsky MA, Morrison KM, Gerstein HC 

and Holloway AC. Maternal antioxidants prevent β-cell apoptosis and promote 

formation of dual hormone-expressing endocrine cells of male offspring following fetal 

and neonatal nicotine exposure. Journal of Diabetes. 2012, 4:297-306. 

26. Bruin JE, Kellenberger LD, Gerstein HC, Morrison KM and Holloway AC. Fetal and 

neonatal nicotine exposure and postnatal glucose homeostasis: identifying critical 

windows of exposure. Journal of Endocrinology, 2007. 194:171-178. 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

83 
 

27. Bruin JE, Gerstein HC, Morrison KM and Holloway AC. Increased pancreatic beta cell 

apoptosis following fetal and neonatal exposure to nicotine is mediated via the 

mitochondria. Toxicological Sciences. 2008a. 103(2):362-370. 

28. Bruin JE, Petre MA, Lehman MA, Raha S, Gerstein HC and Holloway AC. Maternal 

nicotine exposure increases oxidative stress in the offspring. Free Radical Biology, 

2008b. 44(11):1919-1925. 

29. Bruin JE, Petre MA, Raha S, Morrison KM, Gerstein HC and Hollway AC. Fetal and 

neonatal exposure in wistar rats causes progressive pancreatic mitochondrial damage 

and beta cell dysfunction. Public Library of Science, 2008c. 3(10):e3771.  

30. Buettner R, Bettermann I, Hechl C, Gabele E, Hellerbrand C, Scholmerich J and 

Bollheimer LC.  Dietary folic acid activates AMPK and improves insulin resistance and 

hepatic inflammation in dietary rodent models and metabolic syndrome. Hormone, 

Metabolism & Research. 2010. 42:769-774. 

31. Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA and Butler PC. Β-cell deficit 

and increased β-cell apoptosis in humans with type 2 diabetes. Diabetes. 2003, 52:102-

110. 

32. Canadian Diabetes Association. 2008 clinical practice guidelines for the prevention and 

management of diabetes in Canada. Canadian Journal of Diabetes. 2008, 

32(supplement1):S1-S201. 

33. Cano MJ, Ayala A, Murillo MI and Carreras O. Protective effect of folic acid against 

oxidative stress produced in 21 day postpartum rats by maternal-ethanol chronic 

consumption during pregnancy and lactation period. Free Radical Research. 2001, 34:1-

8. 

34. Castles A, Adams K, Melvin CL, Kelsch C and Boulton M. Effects of smoking during 

pregnancy: Five meta-analyses. American Journal of Preventive Medicine, 1999. 16(3): 

208-215.  

35. Centre for Disease Control and Prevention. Adult cigarette smoking in the United States: 

current Estimates. 2012, from: 

http://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_data/cig_smoking/index.ht

m.   

36. Chakrabarti SK and Mirmira RG. Transcription factors direct the development and 

function of pancreatic β cells. Trends in Endocrinology and Metabolism. 2003, 14(2):78-

84. 

37. Chandra J, Zhivotovosky B, Zaitsev S, Juntti-Berggren L, Berggren PO and Orrenius S. 

Role of apoptosis in pancreatic β-cell death in diabetes. Diabetes. 2001, 50(1):S44-S47. 

38. Chattopadhyay K and Chattopadhyay BD. Effect of nicotine on lipid profile, peroxidation 

& antioxidant enzymes in female rats with restricted dietary protein. Indian Journal of 

Medicine and Research. 2008, 127(6):571-576. 

http://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_data/cig_smoking/index.htm
http://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_data/cig_smoking/index.htm


MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

84 
 

39. Chen PC, Bruederle CE, Gaisano HY and Shyng SL. Syntaxin 1A regulates surface 

expression of β-cell ATP-sensitive potassium channels. American Journal of Physiology: 

Cell Physiology, 2011. 300:C506-C516. 

40. Cherm CL, Huang RFS, Chen YH, Cheng JT and Liu TZ. Folate deficiency-induced 

oxidative stress and apoptosis are mediated via homocysteine-dependent overproduction 

of hydrogen peroxide and enhanced activation of NF-κB in human Hep G2 cells. 

Biomedicine & Pharmacotherapy. 2001, 55(8):434-442.  

41. Chiolero A, Faeh D, Paccaud F and Cornuz J. Consequences of smoking for body weight, 

body fat distribution and insulin resistance. American Journal of Clinical Nutrition. 2008, 

87:801-809. 

42. Choi K and Kim YB. Molecular mechanisms of insulin resistance in obesity and type 2 

diabetes. Korean Journal of Internal Medicine. 2010, 25:119-129. 

43. Cogswell ME, Weisberg P and Spong C. Cigarette smoking, alcohol use and adverse 

pregnancy outcomes: implications for micronutrient supplementation. The Journal of 

Nutrition. 2003, 133:1722s-1731s. 

44. Cory S and Adams JM. The Bcl2 family: Regulators of the cellular life-or-death switch. 

Nature Reviews: Cancer. 2002, 2:647-656. 

45. Czeizel AE, Toth M and Rockenbauer M. Population based case control study of folic 

acid supplementation during pregnancy. Teratology. 1996, 53:345-351. 

46. Delfino VDA, de Andrade Vianna AC, Mocelin AJ, Barbosa DS Mise RA and Matsuo T. 

Folic acid therapy reduces plasma homocysteine levels and improves plasma antioxidant 

capacity in hemodialysis patients. Nutrition. 2007, 23:242-247.  

47. Del Guerra S, Lupi R, Marselli L, Masini M, Bugliani M, Sbrana S, Torri S, Pollera M, 

Boggi U, Mosca F, Del Prato S and Marchetti. Functional and molecular defects of 

pancreatic islets in human type 2 diabetes. Diabetes. 2005, 54:727-735. 

48. Dennery PA. Oxidative stress in development: Nature or nurture? Free Radical Biology 

and Medicine. 2010, 49(7):1147-1151. 

49. De Vos A, Heimberg H, Quartier E, Huypens P, Bouwens L, Pipeleers D and Schuit F. 

Human and Rat Beta Cells Differ in Glucose Transporter but not in Glucokinase Gene 

Expression. Journal of Clinical Investigation. 1995, 96:2489-2495. 

50. Diabetes: Canada at the tipping point Charting a new path. Canadian Diabetes 

Association. From: http://www.diabetes.ca/documents/get-

involved/WEB_Eng.CDA_Report_.pdf.  

51. Ding EL and Hu FB. Smoking and Type 2 diabetes: unrecognized risks and disease 

burden. Journal of the American Medical Association. 2007, 298(22):2675-2676. 

52. Duthie SJ and Hawdon A. DNA instability (strand breakage, uracil mis-incorporation 

and defective repair) is increased by folic acid depletion in human lymphocytes in vitro. 

The FASEB Journal. 1998, 12:1491-1497. 

http://www.diabetes.ca/documents/get-involved/WEB_Eng.CDA_Report_.pdf
http://www.diabetes.ca/documents/get-involved/WEB_Eng.CDA_Report_.pdf


MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

85 
 

53. Elias AN and Eng S. Homocysteine concentrations in patients with diabetes mellitus – 

relationship to microvascular and macrovascular disease. Diabetes, Obesity and 

Metabolism. 2005, 7:117-121. 

54. Eliasson B, Attvall S, Taskinen MR and Smith U. The insulin resistance syndrome in 

smokers is related to smoking habits. Atherosclerosis, Thrombosis, and Vascular 

Biology. 1994, 14:1946-1950. 

55. Eliasson B. Cigarette smoking and diabetes. Progress in Cardiovascular Diseases. 2003, 

45(5):405-413. 

56. Ermis B, Ors R, Yildirim A, Tastekin A, Kardas F and Akcay F. Influence of smoking on 

maternal and neonatal serum malondialdehyde, superoxide dismutase, and glutathione 

peroxidase levels. Annals of Clinical & Laboratory Science. 2004, 34(4):405-409. 

57. The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. Follow-

up report on the diagnosis of diabetes mellitus. Diabetes Care. 2003, 26(11):3160-3168. 

58. Flanagan SE, Clauin S, Bellanne-Chantelot C, de Lonlay P, Harries LW, Gloyn AL and 

Ellard S. Update of mutations in the genes encoding the pancreatic beta-cell KATP 

channel subunits Kir6.2 (KCNJ11) and sulfonylurea receptor 1 (ABCC8) in diabetes 

mellitus and hyperinsulinism. Human Mutation. 2009, 30:170-180. 

59. Flanagan SE, Patch AM, Mackay DJG, Edgehill EL, Gloyn AL, Robinson D, Shield JPH, 

Temple K, Ellard S and Hattersley AT. Mutations in ATP-sensitive K
+
 channel genes 

cause transient neonatal diabetes and permanent diabetes in childhood or adulthood. 

Diabetes. 2007, 56:1930-1937. 

60. Folic Acid Clinical Trial (FACT): high dose folic acid supplementation throughout 

pregnancy for pre-eclampsia prevention. Clinicaltrials.gov, 2012. From: 

http://clinicaltrials.gov/show/NCT01355159.  

61. Fujimoto K and Polonsky KS. Pdx1 and other factors that regulate pancreatic beta cell 

survival. Diabetes, Obesity and Metabolism. 2009, 11(Suppl 4):30-37. 

62. Gao N, White P, Doliba N, Golson ML, Matschinsky FM and Kaestner KH. Foxa2 

controls vesicle docking and insulin secretion in mature β cells. Cell Metabolism. 2007, 

6(4):267-279. 

63. Gargari BP, Aghamohammadi V, Aliasgharzadeh A. Effect of folic acid supplementation 

on biochemical indices in overweight and obese men with type 2 diabetes. Diabetes 

Research and Clinical Practice. 2011, 94(1):33-38. 

64. Gloyn AL, Weedon MN, Owen KR, Turner MJ, Knight BA, Hitman G, Walker M, Levy 

JC, Sampson M, Halford S, McCarthy MI, Hattersley AT and Frayling TM. Large-scale 

association studies of varients in genes encoding the pancreatic β-cell KATP channel 

subunits kir6.2 (KCNJ11) and SUR1 (ABCC8) confirm that the KCNJ11 E23K variant is 

associated with type 2 diabetes. Diabetes. 2003, 52:568-572. 

65. Godfrey KM and Barker DJP. Fetal programming and adult health. Public Health 

Nutrition. 2001, 4(2B):611-624. 

http://clinicaltrials.gov/show/NCT01355159


MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

86 
 

66. Gross A, McDonnell JM and Korsmeyer SJ. BCL-2 family members and the 

mitochondria in apoptosis. Genes and Development. 1999, 13:1899-1911. 

67. Gruslin A, Cesta CE, Bell M, Qiu Q, Petre MA and Holloway AC. Effect of nicotine 

exposure during pregnancy and lactation on maternal, fetal and postnatal IGF-II profile. 

Reproductive Sciences, 2009. 16(9):875-882.  

68. Guan ZZ, Yu WF, Nordberg A. Dual effects of nicotine on oxidative stress and 

neuroprotein in PC12 cells. Neurochemistry International. 2003, 43(3):243-249. 

69. Gupta A, Moustapha A, Jacobsen DW, Goormastic M, Tuzcu EM, Hobbs R, Young J, 

James K, McCarthy P, van Lente F, Green R ans Robinson K. High homocysteine, low 

folate and low vitamin B6 concentrations: prevalent risk factors for vvascular disease in 

heart transplant recipients. Transplantation. 1998, 65(4):544-550. 

70. Hales CN and Ozanne SE. For Debate: Fetal and early postnatal growth restriction lead 

to diabetes, the metabolic syndrome and renal failure. Diabetologia. 2003, 46:1013-1019. 

71. Haire-Joshu B, Glasgow RE and Tibbs TL. Smoking and diabetes. Diabetes Care. 1999, 

22(11):1887-1898. 

72. Hattersley AT and Ashcroft FM. Activating mutations in Kir6.2 and neonatal diabetes: 

new clinical syndromes, new scientific insights, and new therapy. Diabetes. 2005, 

54:2503-25113. 

73. Health Canada, 2012. Canadian tobacco use monitoring survey 2011. From: 

http://www.hc-sc.gc.ca/hc-ps/tobac-tabac/research-recherche/stat/ctums-esutc_2011-

eng.php#tabc.   

74. Helen A, Krishnakumar K, Vijayammal PL and Augusti KT. A comparative study of 

antioxidants S-Allyl cysteine sulfoxide and vitamin E on the damages induced by nicotine 

in rats. Pharmacology. 2003, 67:113-117. 

75. Helen A, Rajasree CR, Krishnakumar K, Augusti KT, Vijayammal PL. Antioxidant role 

of oils isolated from garlic (allium sativum Linn) and onion (Allium capa Linn) on 

nicotine-induced lipid peroxidation. Veterinary and Human Toxicology. 1999, 41(5):316-

319. 

76. Hendrix N and Berghella V. Non-placental causes of Intrauterine growth restriction. 

Seminars in Perinatology. 2008, 32(3):161-165.  

77. Hiriart M and Aguilar-Bryan L. Channel regulation of glucose sensing in the pancreatic 

β-cell.  American Journal of Physiology, Endocrinology and Metabolism. 2008, 

295:E1298-E1306. 

78. Holloway AC, Lim GE, Petrik JJ, Foster WG, Morrison KM and Gerstein HC. Fetal and 

neonatal exposure to nicotine in wistar rats results in increased beta cell apoptosis at 

birth and postnatal endocrine and metabolic changes associated with type 2 diabetes. 

Diabetologia. 2005, 48:2661-2666. 

79. Huang RF, Yaong HC, Chen SC and Lu YF. In vitro folate supplementation alleviates 

oxidative stress, mitochondria-associated death signaling and apoptosis induced by 7-

ketocholesterol. British Journal of Nutrition. 2004, 92(6):887-894. 

http://www.hc-sc.gc.ca/hc-ps/tobac-tabac/research-recherche/stat/ctums-esutc_2011-eng.php#tabc
http://www.hc-sc.gc.ca/hc-ps/tobac-tabac/research-recherche/stat/ctums-esutc_2011-eng.php#tabc


MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

87 
 

80. Huang RF, Hsu YC, Lin HL and Yang FL. Folate depletion and elevated plasma 

homocysteine promote oxidative stress in rat livers. Journal of Nutrition. 2001, 

131(1):33-38. 

81. Huopio H, Shyng SL, Otonkoski T and Nichols CG. KATP channels and insulin secretion 

disorders.American Journal of Physiology, Endocrinology and Metabolism. 2002, 

283:E207-E216. 

82. Jauniaux E, Johns J, Gulbis B, Spasic-Boskovic O and Burton GJ. Transfer of folic acid 

inside the first-trimester gestational sac and the effect of maternal smoking. American 

Journal of Obstetrics and Gynecology. 2007, 197:58e1-58e6. 

83. Johnson JH, Ogawa A, Chen L, Orci L, Newgard CB, Alam T and Unger RH. 

Underexpression of beta bell high Km glucose transporters in noninsulin dependent 

diabetes. Science. 1990, 250(4980):546-549.   

84. Joshi R, Adhikari S, Patro BS, Chattopadhyay S and Mukherjee T. Free radical 

scavenging behavior of folic acid: evidence for possible antioxidant activity. Free Radical 

Biology and Medicine. 2001, 30(12):1390-1399.   

85. Kahn SE, Hull RL and Utzschneider KM. Mechanisms linking obesity to insulin 

resistance and type 2 diabetes. Nature. 2006, 444(14):840-846. 

86. Kahn SE. The relative contributions of insulin resistance and beta-cell dysfunction to the 

pathophysiology of type 2 diabetes. Diabetologia. 2003, 46:3-19. 

87. Kahn SE. The importance of β-cell failure in the development and progression of type 2 

diabetes. The Journal of Clinical Endocrinology and Metabolism. 2001, 86(9):4047-

4058. 

88. Kahn SE. The importance of the β-cell in the pathogenesis of type 2 diabetes mellitus. 

The American Journal of Medicine. 2000, 108(6A): 2S-8S.  

89. Kang SW, Park HJ, Ban JY, Chung JH, Chun GS and Cho JO. Effects of nicotine in 

human gingival fibroblasts. Archives of Oral Biology. 2011, 56(10):1091-1097. 

90. Kalpana C and Menon VP. Modulatory effects of curcumin on lipid peroxidation and 

antioxidant status during nicotine-induced toxicity. Polish Journal of Pharmacology. 

2004, 56:561-586. 

91. Keating E, Goncalves P, Campos I, Costa F and Martel F. Folic acid uptake by the 

human syntiotrophoblast: interference by pharmacology, drugs of abuse and 

pathological conditions. Reproductive Toxicology. 2009, 28(4):511-520. 

92. Kim JA, Wei Y and Sowers JR. Role of mitochondrial dysfunction in insulin resistance. 

Circulation Research. 2008, 102:401-414. 

93. Kim JM, Hong K, Lee JH, Lee S and Chang N. Effect of folate deficiency on placental 

DNA methylation in hyperhomocysteinemic rats. Journal of Nutritional Biochemistry. 

2009, 20:172-176. 

94. Kim SK and Hebrok M. Intercellular signals regulating pancreas development and 

function. Genes and Development. 2001, 15:111-127. 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

88 
 

95. Kim, YI. Will mandatory folic acid fortification prevent or promote cancer? The 

American Journal of Clinical Nutrition. 2004, 80:1123-1128. 

96. Kosecik M, Eral O, Sevinc E and Selek S. Increased oxidative stress in children exposed 

to passive smoking. International Journal of Cardiology. 2005, 100:61-66. 

97. Lambers DS and Clark KE. The maternal and fetal physiologic effects of nicotine. 

Seminars in Perinatology, 1996. 20(2): 115-126. 

98. Laybutt DR, Kaneto H, Hasenkamp W, Grey S, Jonas JC, Sgroi DC, Groff A, Ferran C, 

Bonner-Weir S, Sharma A and Weir GC. Increased expression of antioxidant and 

apoptotic genes in islets that may contribute to β-cell survival during chronic 

hyperglycemia. Diabetes. 2002, 51:413-423.  

99. Lazalade-Ramos BP, Zarora-Perez AL, Sosa-Macias M, Guerrero-Velazquez C and 

Zuniga-Gonzalez GM. DNA and oxidative damages decrease after ingestion of folic acid 

in patients with type 2 diabetes. Archives of Medical Research. 2012, 43:476-481.  

100. Lee CS, Sund NJ, Vatamaniuk MZ, Matschinsky FM, Stoffers DA, Kaestner KH. Foxa2 

controls PDX1 gene expression in pancreatic β-cells in vivo. Diabetes. 2002, 51:2546-

2551.  

101. Lenzen S. Oxidative stress: the vulnerable β-cell. Biochemical Society Transactions. 

2008, 36:343-347. 

102. Lenzen S, Drinkgern J and Tiedge M. Antioxidant enzyme gene expression in pancreatic 

islets compared with various other mouse tissues. Free Radical Biology and Medicine. 

1996, 20(3)463-466. 

103. Leibiger IB, Leibiger B and Berggren PO. Insulin signaling in the pancreatic β-cell. 

Annual Reviews of Nutrition, 2008. 28:233-251. 

104. Ly JD, Grubb DR and Lawen A. The mitochondrial membrane potential (Δψm) in 

apoptosis; an update. Apoptosis. 2003, 8:115-128. 

105. MacDonald PE, Joseph JW and Rorsman P. Glucose-sensing mechanisms in pancreatic 

β-cells. Philosophical Transactions of the Royal Society B, 2005. 360:2211-2225.  

106. Maechler P and Wollheim CB. Mitochondrial Function in Normal and Diabetic β-cells. 

Nature. 2001, 414:807-812. 

107. Maloney CA, Hay SM, Young LE, Sinclair KD and Rees WD. A methyl-deficient diet fed 

to rats dams during peri-conception period programs glucose homeostasis in adult male 

but not female offspring. The Journal of Nutrition. 2011, 141:95-100.  

108. Martin KR and Barrett JC. Reactive oxygen species as double-edged swords in cellular 

processes: low-dose cell signaling versus high-dose toxicity. Human & Experimental 

Toxicology. 2002, 21(2):71-75. 

109. Martin-Gronert MS and Ozanne SE. Experimental IUGR and later diabetes. Journal of 

Internal Medicine. 2007, 261:437-452. 

110. Mattson P. Roles of the lipid peroxidation product 4-hyroxynonenal in obesity, the 

metabolic syndrome, and associated vascular neurodegenerative disorders. Experimental 

Gerontology. 2009, 44(10):625-633. 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

89 
 

111. Mehaffey K, Higginson A, Cowan J, Osbourne GM and Arbour LT. Maternal smoking at 

first prenatal visit as a marker for adverse pregnancy outcomes in the Qikiqtalluk 

(Baffin) region. Rural and Remote Health, 2010. 10:1484-1496.  

112. Mannino DM, Mulinare J, Ford ES and Schwartz J. Tobacco smoke exposure and 

decreased serum and red blood cell folate levels: data from the third national health and 

nutrition examination survey. Nicotine and Tobacco Research. 2003, 5:357-362. 

113. Mansoor MA, Kristensen O, Hervig T, Drablos PA, Stakkestad JA, Woie L, Hetland O 

ans Osland A. Low concentrations of folate in serum and erythrocytes of smokers: 

methionine loading decreases folate concentrations in serum in smokers and nonsmokers. 

Clinical Chemistry. 1997, 43(11):2192-2194. 

114. Maternal Smoking. The Source Women’s Health Data Directory, 2011. From:   

http://www.womenshealthdata.ca/category.aspx?catid=100. 

115. McDonald SD, Perkins SL, Jodoin CA and Walker MC. Folate levels in pregnant women 

who smoke: an important gene/environment interaction. American Journal of Obstetrics 

and Gynecology. 2002, 187(3):620-625. 

116. Miller ER, Pastor-Barriuso R, Dalal D, Riemersma RA, Appel LJ and Guallar E. Meta-

analysis: high dosage vitamin E supplementation may increase all-cause mortality. 

Annals of Internal Medicine. 2005, 142(1):37-46. 

117. Morgan SL, Baggott JE, Vaughn WH, Austin JS, Veitch TA, Lee JY, Koopman WJ, 

Krumdieck CL and Alacon GS. Supplementation with folic acid during methotrexate 

therapy for rheumatoid arthritis. Annals of Internal Medicine. 1994, 121(11): 833-841. 

118. Mylonas C and Kouretas D. Lipid Peroxidation and tissue damage. In Vivo. 1999, 

13(3):95-309. 

119. Narahashi T, Fenster CP, Quick MW, Lester RAJ, Marszalec W, Aistrup GL, Sattelle 

DB, Martin BR and Levin ED. Mechanism of action of nicotine on neuronal 

acetylcholine receptors, from molecule to behavior. Toxicological Sciences. 2000, 

57:193-202.   

120. Nilsen RM, Vollset SE, Monsen ALB, Ulvik A, Haugen M, Meltzer HM, Magnus P and 

Ueland PM. Infant birth size is not associated with maternal intake and status of folate 

during the second trimester in Norwegian pregnant women. The Journal of Nutritional 

Epidemiology. 2010, 140:572-579. 

121. Northrop-Clewes CA and Thurnham DI. Monitoring micronutrients in cigarette smokers. 

Clinica Chimica Acta. 2007, 377:14-38. 

122. Okumura K and Tsukamoto H. Folate in smokes. Clinica Chimica Acta. 2011, 412:521-

525. 

123. Olefsky JM and Saltiel AR. Thiazolinediones in the treatment of insulin resistance and 

type 2 diabetes. Diabetes. 1996, 45(12):1661. 

124. Ong KK. Size at birth, postnatal growth and risk of obesity. Hormone Research. 2006, 

65(suppl 3):65-69. 

http://www.womenshealthdata.ca/category.aspx?catid=100


MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

90 
 

125. Park JH, Stoffers DA, Nicholls RD, and Simmons RA. Development of type 2 diabetes 

following intrauterine growth retardation in rats is associated with progressive 

epigenetic silencing of Pdx1. Journal of Clinical Investigation. 2008, 118:2316-2324. 

126. Patterson S, Flatt PR, Brennan, L, Newsholme P and McClenaghan NH. Detrimental 

effects of metabolic risk factor, homocysteine, on pancreatic β-cell glucose metabolism 

and insulin secretion. Journal of Endocrinology. 2006, 189:301-310. 

127. Pearson P, Lewis SA, Britton J, Young IS and Fogarty A. The pro-oxidant activity of high 

dose vitamin E supplements in vivo. Biodrugs. 2006, 20(5):271-273. 

128. Pi J, Zhang Q, Fu J, Woods CG, Hou Y, Corkey BE, Collins S and Anderson ME. ROS 

signaling, oxidative stress and Nfr2 in pancreatic beta cell function. Toxicology and 

Applied Pharmacology. 2010. 244:77-83. 

129. Pi J, Bai Y, Zhang Q, Wong V, Floering LM, Daniel K, Reece JM, Deeney JT, Anderson 

ME, Corkey BE and Collins S. Reactive oxygen species as a signal in glucose-stimulated 

insulin secretion. Diabetes. 2007. 56:1783-1791. 

130. Poli G, Leonarduzzi G, Biasi F and Chiarpotto E. Oxidative stress and cell signaling. 

Current Medicinal Chemistry. 2004, 11(9):1163-1182. 

131. Poitout V and Robertson RP. Minireview: Secondary β-cell failure in type 2 diabetes – a 

convergence of glucotoxicity and lipotoxicity. Endocrinology. 2002, 143(2):339-342. 

132. Prentki M and Nolan CJ. Islet β cell failure in type 2 diabetes. Journal of Clinical 

Investigation, 2006. 116(7):1802-1812. 

133. Racek J, Rusnakova H, Trefil L and Siala KK. The influence of folate and antioxidants on 

homocysteine levels and oxidative stress in patients with hyperlipidemia and 

hyperhomocysteinemia. Physiological Research. 2005, 54:87-95. 

134. Rains JL and Jain SK. Oxidative stress, insulin signaling and diabetes. Free Radical 

Biology & Medicine. 2011, 50:567-575. 

135. Ramlochansingh C, Taylor RE and Tizabi Y. Toxic effects of low alcohol and nicotine 

combinations in SH-SY5Y cells are apoptotically mediated. Neurotoxicology Research. 

2011, 20(3):263-169.   

136. Rees DA and Alcolado JC. Animal Models of Diabetes Mellitus. Diabetic Medicine. 

2005, 22(4):359-370. 

137. Rhodes CJ. Type 2 diabetes – a matter of β-cell life and death? Science. 2005, 

307(5708):380-384.  

138. Robertson PR, Zhou H, Zhang T and Harmon JS. Chronic oxidative stress a mechanism 

for glucose toxicity of the beta cell in type 2 diabetes. Cell Biochemistry and Biophysics. 

2007, 48:139-146 

139. Robertson RP, Harmon J, Tran POT and Poitout V. β-cell glucose toxicity, lipotoxicity 

and chronic oxidative stress in Type 2 diabetes. Diabetes. 2004a, 53(Suppl. 1):S119-

S124. 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

91 
 

140. Robertson RP. Chronic oxidative stress as a central mechanism for glucose toxicity in 

pancreatic islet beta cells in diabetes. The Journal of Biological Chemistry. 2004b, 

279(41):42351-42354. 

141. Rolo AP and Palmeira CM. Diabetes and mitochondrial function: role of hyperglycemia 

and oxidative stress. Toxicology and Applied Pharmacology. 2006, 212:167-178. 

142. Saleh A, Srinivasula SM, Balkirt L, Robbins PD, Alnemri ES. Negative regulation of the 

Apaf-1 apoptosome by HSP70. Nature Cell Biology. 2000, 2:476-483. 

143. Saltiel AR and Pessin JE. Insulin signaling pathways in time and space. Trends in Cell 

Biology. 2002, 12(2):65-71. 

144. Sarna LK, Wu N, Wang P, Hwang SY, Siiow YL and O K, Folic acid supplementation 

attenuates high fat diet induced hepatic oxidative stress via regulation of NADPH 

oxidase. Canadian Journal of Physiology and Pharmacology. 2012, 90(2):155-165. 

145. Scholl TO, Hediger ML, Schall JI, Khoo CS and Fischer RL. Dietary and serum folate: 

their influence on the outcome of pregnancy. The American Journal of Clinical Nutrition. 

1996, 63:520-525. 

146. Scholl TO and Johnson WG. Folic acid: influence on the outcome of pregnancy. The 

American Journal of Clinical Nutrition. 2000, 71(suppl):1295s-1303s. 

147. Shaw JE, Sicree RA and Zimmet PZ. Global estimates of the prevelance of diabetes for 

2010 and 2030. Diabetes Research and Clinical Practice. 2010, 87(1):4-14. 

148. Sies H. Physiological Society Symposium: impaired endothelial and smooth muscle 

function in oxidative stress. Oxidative stress: oxidants and antioxidants. Experimental 

Physiology. 1997, 82:291-295. 

149. Simmons RA. Developmental Origins of Adult Disease. Pediatric Clinics of North 

America. 2009, 56:449-466. 

150. Simmons RA. Developmental origins of diabetes: the role of epigenetic mechanisms. 

Current Opinion in Endocrinology, Diabetes & Obesity. 2007, 14:13-16. 

151. Simmons R. Developmental origins of adult metabolic disease: concepts and 

controversies. Trends in endocrinology and metabolism, 2005. 16(8):390-394.  

152. Simmons R. Fetal origins of adult disease: concepts and controversies. NeoReviews. 

2004, 5:e511-e515. 

153. Skelin M, Rupnik M and Cencic A. Pancreatic beta cell lines and their applications in 

diabetes mellitus research. Altex, 2010. 27:105-113. 

154. Somm E, Schwitzgebel VM, Vauthay DM, Aubert ML and Huppi PS. Prenatal nicotine 

exposure and the programming of metabolic and cardiovascular disorders, 2009. 304:69-

77. 

155. Stark KD, Pawlosky RJ, Beblo S, Murthy M, Flanagan VP, Janisse J, Buda-Abela M, 

Rockett H, Whitty JE, Sokol RJ, Hannigan JH and Salem N jr. Status of plasma folate 

after folic acid fortification of the food supply in pregnant African American women and 

their influences on diet, smoking and alcohol consumption. The American Journal of 

Clinical Nutrition. 2005, 81:669-677. 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

92 
 

156. Strasser A, O’Connor L and Dixit VM. Apoptosis signaling. Annual Reviews in 

Biochemistry. 2000, 69:217-245. 

157. Stroes ESG, van Faassen EE, Yo M, Martasek P, Boer P, Govers R and Rabelink TJ. 

Folic acid reverts dysfunction of endothelial nitric oxide synthase. Circulation Research. 

2000, 86:1129-1134.   

158. Strumvoll M, Goldstein B and van Haeften T. Type 2 diabetes: principles of pathogenesis 

and therapy. Lancet, 2010. 365(9467):1333-1346.  

159. Strumvoll M, Goldstein BJ and van Haeften TW. Type 2 Diabetes: principles of 

pathogenesis and therapy. Lancet. 2005, 365:1333-1346.  

160. Suleyman H, Gumustekin K, Taysi S, Keles S, Oztasan N, Aktas O, Altinkaynak K, 

Timur H, Akcay F, Akar S, Dane S and Gul M. Beneficial effects of Hippophae 

rhamnoides L. on nicotine induced oxidative stress in rat blood compared with vitamin E. 

Biological and Pharmaceutical Bulletin. 2002, 25(9):1133-1136.  

161. Sund NJ, Vatamaniuk MK, Casey M, Ang SL, Magnuson MA, Stoffers DA, Matschinsky 

FM and Kaestner KH. Tissue-specific deletion of Foxa2 in pancreatic β cells results in 

hyperinsulinemic hypoglycemia. Genes and Development. 2001, 15:1706-1715. 

162. Tamura T and Picciano MF. Folate and human reproduction. The American Journal of 

Clinical Nutrition. 2006, 83:993-1016. 

163. Tighe P, Ward M, McNulty H, Finnegan O, Dunne A, Strain JJ, Molloy AM, Duffy M, 

Pentieva K and Scott JM. A dose-finding trial of the effect of long term folic acid 

intervention: implications for food fortification policy. The American Journal of Clinical 

Nutrition. 2011, 93:11-18. 

164. Title LM, Ur E, Giddens K, McQueen MJ and Nassar BA. Folic acid improves 

endothelial dysfunction in type 2 diabetes – an effect independent of homocysteine 

lowering. Vascular Medicine. 2006, 11:101-109. 

165. Thannickal VJ and Fanburg BL. Reactive oxygen species in cell signaling. American 

Journal of Physiology – Lung cellular and Molecular Physiology. 2000, 279:L1005-

L1028. 

166. Thorens B, Wu YJ, Leahy JL and Weir GC. The loss of GLUT2 expression by glucose-

unresponsive β cells of db/db miceis reversible and is induced by the diabetic 

environment. Journal of Clinical Nutrition. 1992, 90:77-85. 

167. Thorens B, Weir GC, Leahy JL, Lodish HF, Bonner-Weir S. Reduced expression of the 

liver/beta-cell transporter isoform in glucose-insensitive pancreatic beta cells of diabetic 

rats.  

168. Tollefson AK, Oberly-Deegan RE, Butterfield KT, Nicks ME, Weaver MR, Remigo LK, 

Decsesznak J, Chu HW, Bratton DL, Riches DW and Bowler RP. Endogenous enzymes 

(NOX and ECSOD) regulate smoke-induced oxidative stress. Free Radical Biology and 

Medicine. 2010, 491937-1946. 

169. Toronto Research Chemicals. Folic acid structure. From, http://www.trc-

canada.com/detail.php?CatNum=F680300&CAS=59-30-3&Chemical_Name=Folic 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

93 
 

Acid&Mol_Formula=C19H19N7O6&Synonym=N-[4-[[(2-Amino-3,4-dihydro-4-oxo-6-

pteridinyl)methyl]amino]benzoyl]-L-glutamic Acid; Acifolic; Aspol; Cytofol; Folacid; 

Folacin; Folbal; Folcidin; Foldine; Folettes; Foliamin; Folicet; Folipac; Folovit; Folsan; 

Folsaure; Folsav; Folvite; Incafolic; Millafol; Pteroyl-L-monoglutamic Acid; 

Pteroylglutamic Acid; Pteroylmonoglutamic Acid; Vitamin Bc; Vitamin Be; Vitamin M; 

NSC 3073.  

170. Torrens C, Brawley L, Anthony FW, Dance CS, Dunn R, Jackson AA, Poston L and 

Hanson MA. Folate supplementation during pregnancy improves offspring 

cardiovascular dysfunction induced by protein restriction. Hypertension. 2006, 47:982-

987. 

171. Tweed JO, Hsia SH, Lutfy K and Friedman TC. The endocrine effects of nicotine and 

cigarette smoke. Cell: Trends in Endocrinology and Metabolism. 2012, 23(7):334-342. 

172. Uchida K. Review: 4-hydroxy-2-nonenal: a product and mediator of oxidative stress. 

Progress in Lipid Research. 2003, 42:318-343. 

173. Unger RH. Diabetic Hyperglycemia: link to impaired glucose transport in pancreatic 

beta cells. Science. 1991, 251:1200. 

174. van Wersch JWJ, Janssens Y and Zandvoort JA. Folic acid, vitamin B12 and 

homocysteine in smoking and non-smoking pregnant women. European Journal of 

Obstetrics and Gynecology. 2002, 103:18-21.  

175. Vassy JL and Meigs JB. Is Genetic testing useful to predict type 2 diabetes. Best Practice 

& Research Clinical Endocrinology & Metabolism. 2012, 26(2):189-201. 

176. Wald NJ, Law MR, Morris JK and Wald DS. Quantifying the effect of folic acid. The 

Lancet, 2001. 358:2069-2073. 

177. Wallace M, Whelan H and Brennan L. Metabolomic analysis of pancreatic beta cells 

following exposure to high glucose. Biochimica et Biophysica Acta – General Subjects. 

2012 (Epub ahead of print). 

178. Wang T, Chen M, Yan Y, Xiao FQ, Pan XL and Wang H. Growth retardation of fetal 

rats exposed to nicotine in utero: possible involvement of CYP1A1, CYP2E1, and P-

glycoprotein. Environmental Toxicology. 2009, 24(1):33-42. 

179. Wani NA, Nada R and Kaur J. Biochemical and molecular mechanisms of folate 

transport in rat pancreas; interference with ethanol ingestion. PLoS one. 2011, 

6(12):e28599. 

180. Wannamethee SG, Shaper AG and Perry IJ. Smoking as a modifiable risk factor for type 

2 diabetes in middle-aged men. Diabetes Care. 2001, 24(9):1590-1595. 

181. Wei Q, Shen H, Wang LE, Duphorne CM, Pillow PC, Guo Z, Qiao Y and Spitz MR. 

Association between low dietary folate intake and suboptimal cellular DNA repair 

capacity. Cancer Epidemiology, Biomarkers & Prevention. 2003, 12:963-969. 

182. Wetscher GJ, Bagchi M, Bagchi D, Perdikis G, Hinder PR, Glaser K and Hinder RA. 

Free radical production in nicotine treated pancreatic tissue. Free Radical Biology and 

Medicine. 1995, 18(5):877-882. 



MSc Thesis - C.J. Nicholson                                                                             McMaster – Medical Science 

 

94 
 

183. Weir GC and Bonner-Weir S. Five stages of evolving β-cell dysfunction during 

progression to diabetes. Diabetes, 2004. 53(3):S16-S21.  

184. Willi C, Bodenmann P, Faris PD and Coruz J. Active smoking and the risk of type 2 

diabetes. Journal of the American Medical Association. 2007, 298(22):2654-2664. 

185. World Health Organization. Global health observatory: Tobacco control, 2012. From: 

http://www.who.int/gho/tobacco/en/index.html 

186. Woynillowicz AK, Raha S, Nicholson CJ and Holloway AC. The effect of smoking 

cessation pharmacotherapies on pancreatic beta cell function. Toxicology and applied 

pharmacology. 2012, 265(1):122-127. 

187. Wrone EM, Hornberger JM, Zehnder JL, McCann LM, Coplon NS and Fortmann SP. 

Randomized trial of folic acid for the prevention of cardiovascular events in end-stage 

renal disease. Journal of the American Society of Nephrology. 2004, 15:420-426.  

188. Xie XT, Liu Q and Wakui M. Impact of cigarette smoking in type 2 diabetes 

development. Acta Pharmacologica Sinica. 2009, 30(6):784-787. 

189. Xu B, Moritz JT and Epstein PN. Overexpression of catalase provides partial protection 

to transgenic mouse beta cells. Free Radical Biology and Medicine. 1999, 27(7-8):830-

837. 

190. Yajnik C and Deshmukh US. Maternal nutrition, intrauterine programming and 

consequential risks in the offspring. Reviews in endocrine and metabolic disorders, 2008. 

9(3):203-211.  

191. Yajnik CS, Deshpande SS, Jackson AA, Refsum H, Rao S, Fisher DJ, Bhat DS, Naik SS, 

Coyaji KJ, Joglekar CV, Joshi N, Lubree HG, Deshpande VU, Rege SS and Fall CHD. 

Vitamin B12 and folate concentrations during pregnancy and insulin resistance in the 

offspring: the pune maternal nutrition study. Diabetologia. 2008, 51:29-38. 

192. Yildiz D, Ercal N, Armstrong DW. Nicotine enantiomers and oxidative stress. 

Toxicology. 1998, 130:155-165. 

193. Yoshikawa H, Hellstrom-Lindahl E and Grill V. Evidence for functional nicotinic 

receptors on pancreatic β cells. Metabolism: Clinical and Experimental. 2005, 54:547-

254. 

194. Zhang Y, Gu J, Zhao L, He L, Qien W, Wang J, Wang Y, Qian Q, Qian C, Wu J and Liu 

XY. Complete elimination of colorectal tumor xenograft by combined manganese 

superoxide dismutase with tumor necrosis factor-related apoptosis-inducing ligand gene 

virotherapy. Cancer Research, 2006. 66:4291-4298.   

195. Zhao Z and Reece EA. Nicotine-induced embryonic malformations mediated by apoptosis 

from increasing intracellular calcium and oxidative stress. Birth Defects Research Part 

B: Developmental and Reproductive Toxicology. 2005, 74(5):383-391.  

 

http://www.who.int/gho/tobacco/en/index.html

