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ABSTRACT 
 
Non-nutritive sweeteners (NNSs) are becoming more popular as sugar substitutes for diabetic 

patients. Most studies have reported conflicting results and have used NNSs in their pure form; and 

not in the form consumed by people. Thus, the present study primarily aimed at investigating the 

effects of commercially available NNSs in an experimentally induced rat model of type 2 diabetes 

(T2D). The study also assessed the toxicological effects of these NNSs in normal rats. Seven-week-

old male Sprague-Dawley rats were randomly divided into eleven groups, as follows: Normal Control 

(NC), Diabetic Control (DBC), Diabetic Aspartame (DASP), Diabetic Sucralose (DSCL), Diabetic 

Cyclamate (DCLM), Diabetic Saccharin (DSAC), Diabetic Stevia (DSTV), Toxicological Aspartame 

(TASP), Toxicological Sucralose (TSCL), Toxicological Cyclamate (TCLM) and Toxicological 

Saccharin (TSAC). T2D was induced experimentally in the DBC, DASP, DSCL, DCLM, DSAC and 

DSTV groups only. In order to induce the two major characteristics of T2D, the rats were fed 10 % 

fructose solutions ad libitum for two weeks to induce insulin resistance and then intraperitoneally 

injected with 40 mg/kg BW streptozotocin (STZ). Rats with three hour fasting blood glucose (3h-

FBG) concentrations ≥300 mg/dl were considered as diabetic. During the 13 week experimental 

period, control groups were administered with normal drinking water; when treated diabetic (DASP, 

DSCL, DCLM, DSAC and DSTV) and toxicological (TASP, TSCL, TCLM and TSAC) groups were 

receiving their respective NNS solutions, ad libitum, at concentrations equivalent to the sweetness of 

10% and 20% sucrose solution, respectively. Although consumption of commercially available NNSs 

to normal rats reduced serum lipids and fructosamine, the rats presented tissue damage concomitant 

with increased serum inflammatory biomarkers. In the diabetic groups, consumption of NNSs 

influenced serum lipid profile and worsened tissue injury which was also confirmed by increased 

inflammatory biomarkers. The results of this study indicated that consumption of commercially 

available NNSs can profoundly influence diabetes related parameters and its related complications in 

both normal and type 2 diabetic rats. Thus it is recommended that individuals using NNSs should 

limit their daily intake. 
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  CHAPTER ONE 

General introduction 

Diabetes is a global public health problem and affects more than 382 million people worldwide 

(International Diabetes Federation: IDF, 2013). It can be defined as a metabolic disorder characterized 

by chronic hyperglycemia; which is caused by impaired insulin action, secretion or both. This disease 

is classified into two major types; type 1- and type 2-diabetes, when type 2 accounts for 90-95% of all 

diabetes cases. Although the pathogenesis of type-2 Diabetes (T2D) is not fully understood, this form 

of diabetes is characterized by progressive decline in insulin action (insulin resistance) and inability of 

the  β-cells to compensate for insulin resistance (β-cells dysfunction) (American Diabetes 

Association: ADA, 2013). Additionally, excessive hepatic gluconeogenesis also contributes to 

hyperglycemia as well as to diabetes (Rendell, 2004). 

Even though T2D is not well managed in the world including South Africa, there are specific 

guidelines for its management. According to the 2012 Society for Endocrinology, Metabolism and 

Diabetes of South Africa (SEMDSA) guidelines for management of T2D, patients with this form of 

diabetes should implement healthy lifestyle changes; such as reducing calorie intake in their diet and 

increasing physical activity (SEMDSA, 2012). Moreover, high dietary intake of sucrose and fructose, 

especially in the form of liquid, has been consistently linked to increase in energy intake and body 

weight gain, risk of developing visceral adiposity, insulin resistance, dyslipidemia and T2D (Schulze 

et al., 2004; Dhingra et al., 2007; Stanhope et al., 2009; Hu and Malik, 2010). On the other hand, 

overweight, obese and diabetic people always try to reduce their total calorie intake by consuming 

non-nutritive sweeteners (NNSs) instead of refined sugar or sucrose. Thus, NNSs have become highly 

popular sugar substitutes for individuals with above-mentioned disorders. Additionally, significantly 

higher sweetness and no or very lower calorie content compared to sucrose has made these sweeteners 

more popular to the diabetic patients. Several studies have been conducted to assess whether NNSs 

possess health risks as food additives or not (Benton, 2005; Whitehouse et al., 2008; Brown et al., 
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2010; Yang, 2010; Brown and Rother, 2012). However, the reports of these studies are largely 

conflicting, with conclusions ranging from safe at all concentrations to unsafe at any concentration. 

Since NNSs are calorie-free, they are not expected to promote weight gain when consumed as food 

additives. A number of clinical studies and some animal trials have supported this statement and have 

reported that NNS do not influence food intake and body weight gain (Baird et al., 2000; Hunty et al., 

2006; Park et al., 2010;). On the other hand, some animal studies have reported that intake of NNSs 

can induce body weight gain by increasing food or energy intake and/or by decreasing energy 

expenditure (Collison et al., 2012a ; Feijo et al., 2013; Swithers et al., 2013). Moreover, there is no 

consistent evidence that NNSs affect the glycemic responses in healthy humans (Anton et al., 2010; 

Ford et al., 2011; Bryant et al., 2014). In contradiction to these reports, several animal studies have 

shown that consumption of NNSs may impair glucose homeostasis and thus influence other diabetes-

related parameters (Swithers and Davidson, 2008; Collison et al., 2012b). Thus whether consumption 

of NNSs is effective in the management of diabetes or not, remains highly debatable. 

Moreover, majority of the studies have used NNSs in their pure form and not in the form that is 

consumed by people. Recent studies have reported that NNSs may have synergistic or additive effects 

when used with other food additives (Lau et al., 2006; Collison et al., 2012b). Since NNSs are usually 

used in combination to obtain a better sweetness profile, we hypothesized that commercially available 

NNSs may have different effects to what has been previously reported. 

 

1.1 Literature review 

1.1.1 Diabetes overview 

Diabetes is one of the most common metabolic disorders and is characterized by chronic 

hyperglycemia; which is caused by impaired insulin action, secretion or both. Chronic hyperglycemia 

is marked by a number of classical symptoms, viz.: polydipsia, polyphagia, polyuria, weight loss and 

sometimes impaired vision (ADA, 2013). Moreover, uncontrolled hyperglycemia can ultimately lead 

to the development of serious long term complications which include: diabetic nephropathy with 
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potential of renal failure; diabetic retinopathy which can cause permanent loss of vision; diabetic 

neuropathy which can lead to even limb amputation; and autonomic neuropathy with the risks of 

cardiovascular symptoms and sexual dysfunction (Fowler, 2008; Forbes and Cooper, 2013). 

Furthermore, diabetic patients often have abnormalities in lipid metabolism and an increased risk of 

developing diseases such as hypertension, and cerebrovascular and cardiovascular diseases (Turner et 

al., 1998).  

1.1.2 Type 1 diabetes 

Type 1 Diabetes (T1D) results from the autoimmune destruction of β-cells which leads to insulin 

deficiency and ultimately hyperglycemia (Kuzuya et al., 2002). This class of diabetes accounts for 

only 5-10% of all diabetes cases and is also known as insulin dependent or juvenile-onset diabetes 

(ADA, 2013). Destruction of β-cells results into T1D regardless of the casual factor, and this usually 

progresses to absolute insulin deficiency, thus patients with this form of diabetes require insulin for 

survival (Van Belle et al., 2011).  The most common form of T1D (85-90% of patients) is caused by a 

cellular-mediated autoimmune destruction of the  β-cell thus a number of autoantibodies are detected 

during the initial fasting hyperglycemia in majority of T1D patients which include; autoantibodies to 

insulin and autoantibodies to tyrosine phosphatases IA-2 and IA-2β (Plagnol et al., 2011).   

1.1.3 Type 2 diabetes 

Type 2 diabetes (T2D) is characterized by progressive decline in insulin action (insulin resistance) 

and inability of the β-cells to compensate for insulin resistance (β-cells dysfunction). This form of 

diabetes accounts for 90-95% of all diabetes cases, and was previously referred to as non-insulin 

dependent or adult-onset DM (ADA, 2013). Although the etiology of T2D is not fully understood, 

autoimmune destruction of β-cells does not occur in this type of diabetes (Kuzuya et al., 2002). The 

majority of patients with this form of diabetes are often overweight or obese, and have increased 

amount of body fat (particularly abdominal) which causes insulin resistance at least to a certain 

extent. In T2D, hyperglycemia develops progressively and thus this form of diabetes can go 
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undiagnosed for years, especially at initial stages where hyperglycemia is not severe enough to 

produce the classical symptoms of T2D (Meigs et al., 2003). 

Other common forms of diabetes 

Other common types of diabetes include gestational diabetes and maturity onset diabetes of the young 

(MODY). Gestational diabetes can be defined as a condition in which a woman without previously 

diagnosed diabetes exhibits hyperglycemia during pregnancy (ADA, 2013). This form of diabetes 

may not produce most of the classical symptoms of diabetes and commonly detected by screening 

during pregnancy (SEMDSA, 2012). On the other hand, MODY refers to any of the hereditary types 

of diabetes which are caused mutations in an autosomal dominant gene ultimately disrupting the 

production of insulin (ADA, 2015).   

1.1.4 Pathogenesis of type 2 diabetes  

Insulin resistance  

One of the major characteristics of T2D is insulin resistance, which is defined as progressive decline 

in insulin action. The physiological functions of insulin include enhancing uptake of glucose by the 

skeletal muscle and adipose tissue, suppressing glycogenolysis and gluconeogenesis in the liver, and 

inhibiting lipolysis (Griffith et al., 2010). Thus, insulin resistance is marked by increased circulating 

glucose, insulin and lipids (Samuel and Shulman, 2012). According to Griffith et al. (2010), the 

mechanisms by which these changes occur in the serum remains to be fully elucidated. Nonetheless 

development of insulin resistance has been strongly associated with increased visceral adiposity. 

Further, animal and clinical studies have shown that free fatty acids and adipokines derived from 

visceral adipose tissue (VAT) play a major role in the pathogenesis of insulin resistance (Griffith et 

al., 2010; Samuel and Shulman, 2012).  

According to Griffith et al. (2010), visceral fat plays a significant role in the development of insulin 

resistance and ultimately T2D (Figure 1.1). Although a study by Saiki et al. (2004) revealed that 

hyperinsulinemia enhances the development of visceral fat, the mechanism by which this occurs, 

remains unclear. Moreover, the mechanism by which visceral fat causes insulin resistance remains to 
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be fully elucidated (Griffith et al., 2010). However, it has been reported that increased visceral fat 

leads to increased free fatty acids (FFAs) in circulation. Since FFAs from the blood drain directly into 

the liver, elevated production of FFAs lead to increased flux in the liver (Jensen, 2006). The increased 

FFAs in the liver then increase gluconeogenesis and this diminishes the ability of insulin to inhibit the 

hepatic production of glucose (Griffith et al., 2010).  

In addition, visceral adipose tissue (VAT) serves as an endocrine organ that produces adipokines, 

signalling proteins that influence lipid and glucose metabolism (Weyer et al., 1999). As VAT 

increases, the expression of adipokines such as interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), 

11β hydroxysteroid dehydrogenase (11β-HSD-1), cannabinoid (CB)-1 receptors and plasmogen 

activator inhibitor-1 (PAI-1) is increased, whilst the expression of adiponectin is decreased (Jensen, 

2006). These changes in the genetic expression of the above-listed adipokines negatively affect lipid 

and glucose metabolism, and ultimately promote insulin resistance (Griffith et al., 2010).  

 

 

Figure 1.1: Pathophysiology of visceral fat, insulin resistance and type 2 diabetes (copied 

without permission from Griffith et al., 2010)  
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 β-cell dysfunction 

The other major cause of T2D is β-cell dysfunction, which is defined by the inability of the β-cells to 

secrete sufficient insulin to meet insulin demand. However, the association between insulin resistance 

and β-cell dysfunction remains to be fully elucidated. As shown in Figure 1.2, hyperglycemia can 

induce both characteristics of T2D, but β-cell dysfunction is more critical than insulin resistance 

(Cerf, 2013). In support, individuals with insulin resistance (e.g. during obesity) can still maintain 

normal blood glucose concentrations, as long as β-cells are able to compensate by secreting more 

insulin.  Figure 1.2 also depicts that as both insulin resistance and β-cell dysfunction are exacerbated, 

hyperglycemia is worsened ultimately leading to the development of T2D (Figure 1.2).   

 

 

Figure 1.2: Hyperglycemia-induced β-cell dysfunction, insulin resistance, and T2D (copied 

without permission from Cerf, 2013) 

Interestingly, studies have demonstrated that risk factors for T2D in healthy individuals act through β-

cell dysfunction rather than insulin resistance, suggesting that β-cell function and/or mass are critical 

in the development of T2D (Florez, 2008; Petrie et al., 2011). Although Butler et al. (2003) reported 

that during T2D there is a ≤ 60% reduction in β-cell mass, which is directly correlated with decreased 

glucose-stimulated insulin secretion (Del Guerra et al., 2005); it has been reported that β-cell function 

is more critical than β-cell mass in the development of T2D (Ashcroft and Rorsman, 2012). This is 
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due to the fact that β-cells show resilience and can compensate for insulin demand even when cell 

numbers are significantly reduced (Cerf, 2013).  Thus, several studies have been conducted to 

understand the β-cell dysfunction and demise. Factors that have been implicated in β-cell dysfunction 

and demise include: obesity and insulin resistance, cytokine induced inflammation, and 

overconsumption of saturated fat and free fatty acids (Cerf, 2013).   

1.1.5 Prevalence of type 2 diabetes 

Presently, people with diabetes in the world are estimated to be more than 382 million (IDF, 2013). 

Majority of diabetic patients (90-95%) have T2D and this form of diabetes has drastically increased in 

the last decades (Chen et al., 2011; Gauriguata et al., 2014). In South Africa, more than 9.0% of 

people aged 30 and above have T2D, representing more than 2 million diabetes cases (Bertram et al., 

2013); and although this form of diabetes was previously considered as a disease of the adults, 

occurrence in children and adolescents has been consistently documented in recent studies over the 

past decade (Rosenbloom et al., 2008; Pettitt et al., 2014). Moreover, T2D was previously known to 

be prevalent in developed countries; but a recent study has shown that burden of this disease has 

drastically increased in developing countries as compared to developed countries (Chen et al., 2011). 

The drastic increases have been associated with rapid urbanization, which is highly associated with 

rapid nutrition transition and other lifestyle risk factors for non-communicable diseases (Bertram et 

al., 2013). Nutrition transition can be defined as a shift in dietary pattern and energy expenditure. In 

developing countries, rapid urbanization has been associated with transition from traditional high-

fiber, low-calorie and low-fat diet toward consumption of westernized high-sugar, high-fat and 

refined carbohydrate diets (Misra et al., 2013).    

1.1.6 Management of type 2 diabetes 

T2D is usually managed by 3D formula such as diet, discipline and drug. It is very important to 

follow a healthy diet along with routine physical exercise to manage T2D. If the disease is not 

manageable by following proper diets and physical exercise then oral hypoglycemic drugs are usually 

used to manage the disease. T2D is not well managed in South Africa, with less than 50% of type 2-
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diabetic patients  achieving glycemic targets and more than two thirds having glycated haemoglobin 

(HbA1c) concentrations higher than the generally recommended level of 7% (Amod et al., 2012; 

SEMDSA, 2012). Management of T2D is important to obtain effective control of blood glucose, 

serum lipid profile and blood pressure, and ultimately reduce the risk of developing long-term 

complications associated with this disease (ADA, 2013). A proper diet habit or medical nutrition 

therapy, physical activity and drug or medical therapy are the most common approaches for the 

management of T2D which are discussed below.   

Dietary management and type 2 diabetes 

Dietary management is an important factor not only for the effective control of diabetes related 

parameters, such as blood sugar, blood pressure and blood lipids but also for the management of T2D. 

Medical nutrition therapy can be defined as a process of treating medical conditions through the use 

of specifically designed diet. Medical nutrition therapy is highly popular as a therapeutic approach to 

prevent or delay macrovascular and microvascular complications, as well as to prevent or reduce 

morbidity and mortality caused by T2D (SEMDSA, 2012).  

The medical nutrition plan recommended by the 2012 SEMDSA Guidelines for the Management of 

T2D focuses mainly on macronutrition and suggests that patients should reduce calorie intake, and 

consume less saturated fats, trans fat, cholesterol and sodium. The guidelines also recommend that 

type 2 diabetic patients should limit their intake of sugar to 10% of total energy intake per day 

(SEMDSA, 2012). Intake of high-calorie sugars, such as sucrose, should be limited because previous 

studies have consistently linked their consumption to a number of detrimental effects. Sugar 

consumption, especially in the form of liquid has been associated with increased weight gain (Schulze 

et al., 2004; Hu and Malik, 2010), visceral adiposity (Dhingra et al., 2007; Hu and Malik, 2010), and 

risk of developing T2D, cardiovascular disease and metabolic syndrome (Schulze et al., 2004; 

Dhingra et al., 2007; Hu and Malik, 2010). Thus, nowadays diabetic patients are increasingly 

substituting sugar with alternative sweeteners in their diets. 
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Physical activity and type 2 diabetes 

Regular physical activity is as important as diet in the management of T2D as it assists in weight loss 

and maintenance, as well as in controlling blood glucose, lipids and blood pressure (Colberg et al., 

2010). Previous studies have consistently shown that both acute and chronic physical exercise have 

beneficial effects for individuals with T2D. Aerobic exercise is the traditionally prescribed form of 

physical exercise in T2D management, and has been previously shown to improve insulin sensitivity 

in patients, as early as the first week of exercise (Winnick et al., 2008). Studies have also shown that 

physical exercise lowers total and LDL-cholesterol, and increase HDL-cholesterol concentrations 

(Kadoglou et al., 2007); improves blood pressure (Cohen et al., 2008); reduces the risk of 

cardiovascular disease (Kokkinos et al., 2009); and plays a profound role in weight loss and managing 

T2D (Clark et al., 2002). Thus, increased physical activity is highly recommended in the management 

of T2D in order to prevent or delay the onset of diabetes related complications. According to the 

SEMDSA guidelines, diabetic patients should perform at least 150 minutes moderately intense 

aerobic physical exercise per week (SEMDSA, 2012).   

Medical therapy for type 2 diabetes 

If dietary or medicinal nutrition therapy and physical exercise are not enough for the management of 

T2D then it is very important to go for the drug therapy. In other words, diet and exercise serve as a 

first line of therapy and when hyperglycemia persists, anti-diabetic drugs are used. Since diabetes is 

generally characterized by chronic hyperglycemia; the medications used in diabetes treatment lower 

glucose concentrations in the blood. The most popular anti-diabetic drugs for T2D are oral 

hypoglycemic agents, and these can be classified into insulin secretagogues: which improve the 

amount of insulin secreted by the β-cells of the pancreas; insulin sensitizers: which improve the 

sensitivity of target tissues to insulin; and alpha-glucosidase inhibitors: which decrease the absorption 

rate of glucose in the gastrointestinal tract. There are many other oral hypoglycemic drugs available in 

the market but the above-mentioned drugs are widely used for the management of T2D. 
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Insulin secretagogues 

As stated above these types of anti-diabetic drugs increase the amount of insulin secreted by the β-

cells. The most popular class of insulin secretagogues are sulfonylurea compounds. According to 

Thulѐ and Umpierrez (2014), these compounds were the first antidiabetic drugs to be used by type 2 

diabetic patients. Their mechanism of action involve stimulating the secretion of insulin by the  β-

cells, as well as having extrapancreatic effects, such as reducing hepatic insulin clearance and 

decreasing release of glucagon (Thulѐ and Umpierrez, 2014). Although sulfonylureas are useful in 

lowering blood glucose in individuals with T2D, these compounds are associated with greater risks of 

hypoglycemia, as well as weight gain (Rendell, 2004). The other groups of insulin secretagogues can 

be classified as nonsulfonylureas; and these include meglitinides which also acts by stimulating 

insulin release from the pancreas but at a binding site different to that of sulfonylureas (Rendell, 

2004).  

Insulin sensitizers  

These oral hypoglycemic drugs lower blood glucose by increasing insulin sensitivity or by decreasing 

insulin resistance. The most common drugs in this group are biguanides and thiazolidinediones.  

The mechanism of action of biguanides include preventing the liver from metabolizing amino acids 

into glucose (Smith, 2014), and activating adenosine monophosphate kinase, an enzyme that improve 

the sensitivity of cells to the insulin hormone (SEMDSA, 2012). However, the presence of 

endogenous insulin is necessary for these mechanisms of action to work (Miller et al., 2013). Under 

this group of sensitizers, metformin is the most commonly used as it has been found to have less 

unfavourable side effects compared to  other similar drugs (Pernicova and Korbonits, 2014). 

Biguanides such as phenformin and buformin were used in the past, but were subsequently withdrawn 

due to undesirable side effects such as the risk of lactic acidosis (Verdonck et al., 1981; Fimognari et 

al., 2006). 

Thiazolidinediones reduce insulin resistance in the insulin sensitive tissues (adipose, muscle and liver) 

by increasing glucose utilization and decreasing glucose production (Hauner, 2002). Although, the 
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mechanism by which these compounds exert their effects remains to be fully elucidated; studies have 

shown that they bind peroxisome proliferate-activated receptor gamma (PPARγ), a regulatory protein 

involved in the transcription of glucose and lipid metabolism (Lehmann et al., 1995). Additionally, 

thiazolidinediones may also improve glucose homeostasis through preservation of β-cell function 

(Buchanan, 2003). The use of these compounds in the treatment of T2D has been significantly 

reduced due to the number of adverse health effects. These compounds have been associated with 

negative cardiovascular outcomes, as well as decreased bone density and increased risks of skeletal 

fractures (SEMDSA, 2012; Smith, 2014).  

Alpha-glucosidase inhibitors 

Alpha-glucosidase inhibitors are saccharides that act as competitive inhibitors of alpha-glucosidases, 

enzymes that are found in the brush boarder of the small intestine and catalyse the digestion of starch 

and disaccharides into glucose (Kalra et al., 2014). Thus, alpha-glucosidase inhibitors act by delaying 

the digestion of carbohydrates in the small intestine, thus reducing and slowing the absorption of 

glucose (SEMDSA, 2012). These compounds can be classified as anti-diabetic drugs, but they are not 

necessarily hypoglycemic agents, as they do not act directly on insulin action or sensitivity. Examples 

of these compounds include acarbose, miglitol and voglibose. According to Kalra et al. (2014), 

arcabose inhibits both alpha-amylase, as well as other alpha-glucosidase enzymes; whilst miglitol and 

voglibose inhibit disaccharide-digesting enzymes and do not affect alpha-amylase (Chen et al., 2006). 

These compounds are used in the management of T2D because they delay carbohydrate absorption in 

the intestine, and ultimately reduce postprandial blood glucose concentrations (Kalra et al., 2014). In 

addition, intake of alpha-glucosidase inhibitors has been associated with increased serum insulin, 

glucagon-like peptide and incretin hormones, as well as reduced body weight (Hoffmann and 

Spengler, 1997).  

Although diet, physical exercise and medical therapy are all important in the management of T2D; 

excess intake of sugar can cause significant detrimental effects even when the above mentioned 

factors are well controlled (Johnson et al., 2007). Thus, a number of NNSs are used by diabetic 
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individuals not only to reduce their total calorie intake but also maintain their blood glucose 

concentrations at physiologically safer level. 

1.1.7 Commonly Used Sweeteners  

Although a number of different sweeteners exist, commonly used sweeteners can be classified into 

natural and artificial sweeteners. Natural sweeteners can further be divided into high and low calorie 

sweeteners. The details of all types of sweeteners are discussed below. 

Natural sweeteners 

High calorie natural sweeteners 

High calorie sweeteners are a class of natural sweeteners that are associated with high calories per 

gram; and these include sucrose, fructose and high fructose corn syrup, which provide approximately 

4 kcal/g. As indicated earlier, high consumption of these sweeteners has been consistently associated 

with a great number of metabolic disorders; such as weight gain, dyslipidemia, insulin resistance and 

finally T2D. 

Previous studies have consistently linked the consumption of high calorie containing sweeteners, 

especially in the liquid form, with increased weight gain and obesity in children (Ludwig et al., 2001), 

adolescents and adults (Schulze et al., 2004; Hu and Malik, 2010). Although, the mechanism by 

which dietary sugar causes weight gain has not been fully established; animal studies have shown that 

consumption of high calorie sweeteners suppressed the secretion of insulin and production of leptin 

(Stanhope and Havel, 2010). Thus is has been proposed that consumption of sugar in liquid form in 

humans may not adequately stimulate secretion of insulin and production of leptin, and thus 

promoting weight gain (Teff et al., 2004).  

Moreover, high calorie sweeteners have also been previously associated with visceral adiposity 

(Dhingra et al., 2007; Hu and Malik, 2010), and risk of developing T2D, cardiovascular disease and 

metabolic syndrome (Schulze et al., 2004; Dhingra et al., 2007; Hu and Malik, 2010). Other previous 

clinical and animal studies have indicated that these metabolic disorders occur because, consumption 
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of high calorie sweeteners increases serum triglycerides (Raben et al., 2002), blood pressure, glucose 

intolerance and insulin resistance (Johnson et al., 2007).   

It has been reported that the active ingredient in causing the above mention disorders is fructose rather 

than glucose (Nakagawa et al., 2006). It has been reported that fructose may not effectively stimulate 

insulin and leptin release, and inhibit ghrelin (Stanhope and Havel, 2010); parameters that affect 

satiety in the central nervous system (Johnson et al., 2007). These changes can significantly increase 

energy intake, visceral adiposity, and ultimately increase the risk for developing T2D and other 

metabolic disorders (Dhingra et al., 2007). 

Therefore, since high calorie natural sweeteners have been consistently reported to lead cardio-

metabolic disorders in animal and clinical studies. Low or calorie natural sweeteners are gaining more 

popularity.  

Low or no calorie natural sweeteners  

Low or no calorie natural sweeteners provide sweetness with the benefit of the lower amount calorie 

per gram; and include sugar alcohols and stevia. A number of sugar alcohols exist and their caloric 

content ranges from 0.2-2.4 kcal/g; whilst stevia is known to be virtually non-caloric.  

Sugar alcohols  

Sugar alcohols are a class of polyols, and can be defined as saccharide derivatives that contain 

multiple hydroxyl groups (Ghosh and Sudha, 2012). These substances are differentiated based on the 

number of saccharide units present in each molecule (Figure 1.3). Although sugar alcohols are 

naturally found in minute quantities in some fruits and vegetables, they can be commercially 

synthesized through hydrogenation of some sugars (Wolever et al., 2002). Figure 1.3 shows the 

structures of some of the commonly used sugar alcohols: erythritol, isomalt, maltitol, sorbitol, 

mannitol, and xylitol (Lipinski, 2013). In general, most sugar alcohols are not as sweet as sucrose and 

have lower caloric content. Moreover, they are partially absorbed in the small intestine and thus have 

lesser influence on blood glucose compared to sucrose. Additionally, unlike sucrose, sugar alcohols 

are not cariogenic due to the fact that they are rarely metabolized by microorganisms and far less 
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insulin is required for their metabolism (Hayes, 2001). Most sugar alcohols have lower sweetness than 

sucrose and thus larger amounts are required to obtain sweetness levels of sugar. Moreover, majority 

of these sugar alcohols are associated with laxative effects when used at high concentrations, and 

according to Ghosh and Sudha (2012), in order to prevent gastrointestinal discomfort, the allowed 

daily intake for adult is 40-50 g per day and 30 g per day for children.  

 

Figure 1.3: Chemical structures of commonly used sugar alcohols (www.intechopen.com)   

 

Erythritol 

Erythritol is a four-carbon polyol that was discovered in the year 1848 by John Stenhouse. This sugar 

alcohol occurs naturally in fruits such as watermelon, pear and grape, and some fermented foods 

(Shindou et al., 1989). For commercial use as a sweetener, it is produced via fermentation of glucose 

using either Trichosporonoides megachiliensis or Moniliellapollinis (Scientific Committee on Food, 

2003). The sweetness of erythritol is approximately 60-80% that of sucrose (Scientific Committee on 

Food, 2003), and has a very low caloric value of 0-0.2 kcal/g (Livesey, 1992). Moreover, more than 

90% of erythritol is not metabolized by humans and is excreted unchanged in the urine (Boesten et al., 

2013) making it virtually very low-caloric.  
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Previous studies have suggested that orally-administered erythritol does not influence acute serum 

glucose and insulin concentrations (Noda et al., 1994). Other studies have shown that this sugar 

alcohol has hydroxyl radical scavenging activity (den Hartog et al., 2010), reduces lipid peroxidation 

(Yokozawa et al., 2002) and has endothelial protective effects in diabetic rats (den Hartog et al., 

2010). Thus erythritol seems to be suitable for individuals with diabetes. Moreover, erythritol is the 

only sugar alcohol that has not been associated with laxative side effects (Storey et al., 2007).  

Isomalt 

Isomalt is chemically composed of a mixture of polyols and hydrolysis of this sugar alcohols yields 

glucose, mannitol and sorbitol (Dills, 1989). Although this sugar alcohol is derived from sucrose, it 

has low caloric value which is approximately 2 kcal/g (Livesey et al., 2000). Though not many studies 

have been conducted to assess the suitability of isomalt for diabetic patients; Gostner et al. (2005) 

investigated the effects of isomalt consumption in healthy volunteers in a randomized, double-blind, 

cross-over clinical trial, which had two one month test periods. Their study revealed that consumption 

of 30 g/kg BW/ day isomalt in diet did not influence serum lipids, fructosamine and leptin (Gostner et 

al., 2005). According to Gostner et al. (2005), isomalt can serve as a potential sugar substitutes for 

diabetic patients as its consumption results in reduced postprandial glucose concentrations compared 

to sucrose. Although issues concerning the laxative effects of isomalt at high concentrations have 

been reported (Burkitt et al., 1972), further studies suggested that laxative side effects of isomalt only 

occur at very high concentrations which cannot be matched with typical consumption behaviour 

(Marteau and Flourie, 2001).   

Maltitol 

Maltitol is a sugar alcohol derived from maltose and has about 75-90% sweetness of sucrose (Pratt et 

al., 2011). Commercially, maltitol is usually obtained as maltilol syrup, which is composed of about 

50-80% maltitol by weight. Food energy value of this particular sugar alcohol is only 2.1 kcal/g, 

which is approximately half of that of the high calorie natural sweeteners. Previous studies have 

shown that substituting sucrose with maltitol lowers glycemic response, glycemic index and insulin 

concentrations (Quilez et al., 2007) and therefore may be suitable for diabetic patients. Further studies 
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have reported that the consumption of maltitol reduces fecal pH and increases fecal volume in animal 

models of male rats (Quilez et al., 2007). Although maltitol is generally safe as sweetener, as with 

most sugar alcohols, laxative side effects during high consumption remain highly undesirable.  

Sorbitol 

Sorbitol is a sugar alcohol that is metabolized slowly in the human body and only has 50% the 

sweetness of sucrose with an energy value of about 2.6 kcal/g. This sugar alcohol is commercially 

used in a number of sugar-free products, such as baked cakes and cookies (Ghosh and Sudha, 2012). 

The benefits of sorbitol consumption include: increasing absorption of vitamin B12 and iron in the 

intestine (Chow et al., 1958; Loria et al., 1962). Other previous studies have also reported that large 

amounts of sorbitol intake can lead to abdominal discomfort, and mild to severe diarrhea (Islam and 

Sakaguchi, 2006). A study by Oku and Okazaki (1996) revealed that the laxative threshold of sorbitol 

for male subjects is 0.66 g/kg body weight, whilst females have a threshold of 0.24 g/kg body weight.    

Mannitol 

Mannitol is a sugar alcohol that occurs naturally in many fruits and vegetables; e.g. mushrooms, 

onions, pumpkins etc. (Saha and Racine, 2011) and it is also commercially produced through various 

chemical and biological methods (Wisselink et al., 2002). Its energy value is 1.6 kcal/g, has 

approximately 50% sweetness intensity when compared to sucrose, and is widely applied in the 

medical, pharmaceutical and food industries (Saha and Racine, 2011). According to Shawkat et al. 

(2012), medical applications of mannitol include management of conditions such as rhabdomolysis as 

well as raised intracranial pressure. These medical applications are based on studies that have 

indicated that mannitol has osmotic diuretic properties (Yallop et al., 2008). Mannitol is also a 

common sweetener and texturing agent in the food and pharmaceutical industries. This sugar alcohol 

is commonly used in chewing gum as well as chewable tablets due to its low caloric value and ability 

to mask the unpleasant taste of drugs (Saha and Racine, 2011). 
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Xylitol 

Xylitol is a naturally-occurring sugar alcohol that is found in many fruits and vegetables. This 

particular polyol is as sweet as sucrose but with lower energy value of 2.5 kcal/g (Rahman and Islam, 

2014). Previous studies have suggested that xylitol has a number of beneficial effects, particularly for 

diabetic patients. Recent studies have shown that consumption of xylitol can ameliorate most of the 

diabetes related parameters in both normal and T2D rat models (Islam, 2011; Islam and Indrajit 2012), 

suggesting that this sugar alcohol can be effective in the management of T2D. According to a very 

recent study by Rahman and Islam (2014), xylitol has also the ability to improve the morphology of 

pancreatic islets, serum insulin concentration and glucose tolerance level in type 2 diabetic rats. 

Moreover, other studies have reported that this sugar alcohol is highly effective in the reduction of 

visceral fat, and therefore improves insulin sensitivity and reduce chances of developing insulin 

resistance (Amo et al., 2011). In addition, xylitol was also found to have the ability to prevent insulin 

resistance, induced by non-esterified fatty acid (NEFA) in rats. These studies suggest that xylitol may 

be effective in preventing or delaying the development of T2D.   

Stevia 

Stevia is a naturally occurring NNS that is extracted from the leaves of a plant species called Stevia 

rebaudiana. According to Misra et al. (2011), this plant species has been extensively used by Gaurani 

Indians for more than 150 decades. However, extensive research only began in 1931 when two 

chemists from France isolated glycosides which give the plant its sweet taste. These compounds can 

be up to 300 times sweeter than sucrose and the major steviol glycosides include: stevioside, 

rebaudioside A, rebaudioside C and dulcoside A. Glycosides were first commercialized as sweeteners 

in 1971, by a Japanese company called Morita Kagaku. Although the whole-leaf and extract of stevia 

are not approved as generally recognized as safe (GRAS) food additives, steviol glycosides have been 

approved for use by FDA as food additives, at an ADI of 4 mg/ kg BW/ day.   

Stevia and weight gain 

Majority of studies have assessed the potential health benefits of stevia in diabetes management.  

Clinical studies using healthy subjects have indicated that stevia does not influence appetite and food 
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intake (Anton et al., 2010). Moreover in a study by Melis (1999), administration of 66.7% aqueous 

stevia extract to normal rats for two months had no influence on body weight gain. Other animal 

studies in diabetic rats have also reported similar results. In a recent study, 4% stevia whole leaf 

extract was administered to STZ-induced diabetic rats for five weeks, and revealed no significant 

differences regarding food intake and body weight gain (Shivanna et al., 2013). On the contrary, 

according to Figlewicz et al. (2009) 12.5% stevia in drinking water at night, 3 nights/ week for 10 

weeks  decreases calorie intake, but has no effect on body weight gain in rats. Since the rats were 

given stevia only at night (3 nights/ week), the authors hypothesized that the treated rats may have 

been overeating on days when they were not given stevia, and therefore compensated for overall food 

intake. Therefore, majority of studies indicate that stevia consumption is not associated with changes 

in body weight.  

Effect of stevia on glucose homeostasis 

Stevia has been consistently shown to have hypoglycemic effects in both clinical and animal studies. 

An acute clinical study by Anton et al. (2010b) assessed the effects of preloads containing stevia 

before meal on postprandial serum glucose and insulin concentrations. The results of their study 

indicated that eating crackers sweetened with stevia prior to the main meal, lowers both postprandial 

glucose and insulin concentrations when compared to sucrose (Anton et al., 2010). Animal studies 

have previously indicated that consumption of stevia extracts and stevia whole leaf powder at both 

low and high concentrations reduces serum glucose concentrations and improves glucose tolerance in 

both diabetic and normal rats (Sharma et al., 2012; Mohd-Radzaman et al., 2013; Shivanna et al., 

2013). It has been suggested that stevia reduces blood glucose by its strong antioxidant properties 

(Mohd-Radzaman et al., 2013). Moreover, an in vitro study recently assessed the effect of four 

different stevia extracts on glucose transport activity in HL-60 human leukaemia and SH-SY5Y 

human neuroblastoma cells. The results indicated that stevia is able to enhance glucose uptake in both 

cell lines as efficiently as insulin (Rizzo et al., 2013). On the contrary, in a chronic animal study by 

Figlewicz et al. (2009), rats were administered with beverages sweetened with 12.5% stevia and 

results showed no significant difference in terms of fasting insulin concentrations and intravenous 
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glucose tolerance test, when compared to the water consuming control group (Figlewicz et al., 2009).  

The differences in the results of the above-mentioned studies might be due to different experimental 

conditions. However, it has no doubt that stevia has strong hypoglycemic as well as anti-diabetic 

effects. Although a number of previous studies reported the effects of various extracts and compounds 

from stevia on normal and diabetic rats, the effects of commercially available stevia in these regards 

are still unknown. 

Stevia and diabetes-related complications  

Since stevia is anti-hyperglycemic and has antioxidant properties, it is expected that this natural NNS 

has significant potential in preventing diabetes-related complications. The effects of stevia 

administration on kidney function in normal animals have been reported. In a very recent study, 

Hashemi et al. (2013) assessed the potential effects of stevia administration on oxidative stress in 

kidney of BALB/c mice. The mice were acutely treated with 700 mg/kg BW Rebadioside A (Reb A), 

the main component of stevia extract. The results suggested that a single dose of Reb A has protective 

effects against oxidative stress in the kidney (Hashemi et al., 2013). On the contrary, Melis (1995) 

reported that chronic intake of stevia at 66.7% may have detrimental effects. The study evaluated the 

effects of 66.7% stevia extract (66.7 g dried leaves/ 100 ml water) in normal rats for eight weeks, on 

renal function and blood pressure. Treatment with stevia induced systemic and renal vasodilation 

leading to hypotension (Malis, 1995).  

A recent study investigated the effect of stevia aqueous extract on oxidative stress in alloxan-induced 

type 2 diabetic rats. The rats were administered with 250 mg/ kg BW for 28 days, and the results of 

hepatic antioxidant enzymes activity and lipid peroxidation levels clearly demonstrated that stevia 

extract has significant antioxidant potential in diabetic rats (Sharma et al., 2012). In a more recent 

study, Shivanna et al. (2013) evaluated the influence of stevia in the treatment of diabetes. 

Administration of stevia to the diabetic rats improved liver and kidney histology (Shivanna et al., 

2013).  The results of the most of the above-mentioned studies have clearly shown that consuming 

stevia is beneficial in the management of diabetes. 
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1.1.8 Artificial sweeteners 

Although a number of alternative sweeteners exist, artificial sweeteners have become the most 

popular amongst diabetic individuals (Sylvetsky et al., 2012). The sweetness of artificial sweeteners is 

known to range from 30 to 13000 times in comparison to sucrose (Shanker et al., 2013). Thus, due to 

their intense sweetening power, very small proportions are required to obtain the sweetness of 

sucrose, allowing their products to be labelled as non-nutritive (Zygler et al., 2011). Artificial 

sweeteners are extensively used in numerous drinks and food products including diet yogurts, soft 

drinks and chewing gum (Gardner et al., 2012). Moreover, artificial sweeteners are also widely used 

as commercially available sugar substitutes, where they are often used as a blend of different 

sweeteners in order to obtain a sweetness profile similar to the table sugar, sucrose (Gardner et al., 

2012). Since other sweeteners are often associated with adverse health outcomes when used in excess 

and require large amounts to obtain the sweetness level of sucrose, both food manufacturers as well as 

consumers are increasingly becoming interested in the use of artificial sweeteners as alternative sugar 

substitutes (Sylvetsky et al., 2012). Five artificial sweeteners have been approved by the United States 

Food and Drug Administration (USFDA) for use as food additives and these include: aspartame, 

sucralose, saccharin, acesulfame potassium (Ace-K) and neotame (Neacsu and Madar, 2014). 

Although, several studies have been conducted to assess whether artificial sweeteners are safe for 

consumption by humans; majority of the studies have reported conflicting results. Nonetheless, 

artificial sweeteners are strongly recommended for both obese and diabetic individuals in order to 

avoid excessive intake of calories. Thus, a number of diabetic patients are increasingly substituting 

calorie-containing sweeteners with artificial sweeteners (Gougeon et al., 2004). The principle behind 

the use of artificial sweeteners is that the patients can enjoy a wide variety of sweetened products 

without the adverse impact on blood glucose control, which is associated with sugar. The effects of 

each commonly used artificial sweetener on different diabetes related parameters are discussed in 

detail below. 
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Saccharin 

Saccharin is the oldest artificial sweetener and was first synthesized by Constantin Fahlberg in 1878, 

at Johns Hopkins University (Kauffman and Priebe, 1978). The United States Department of 

Agriculture (USDA) began investigating saccharin as early as 1907, and presently this sweetener is 

used in more than 100 countries, including South Africa, with an ADI of 5 mg/ kg BW/ day as set by 

the USFDA. Saccharin is approximately 300 times sweeter than sucrose, and is used to sweeten many 

food products, drinks, toothpastes, medicines, and as a table top sweetener (Touyz, 2011). According 

to Singh (2013), this artificial sweetener is highly popular due to stability at high temperatures, long 

shelf life and low cost. 

Saccharin and weight gain 

Although saccharin is one of the most studied artificial sweeteners in relation to its effects on body 

weight, reports have been largely conflicting. A number of previous animal studies have suggested 

that administration of saccharin increases body weight. In some previous studies, yogurt sweetened 

with 0.3% saccharin was associated with higher body weight gain compared to yogurt sweetened with 

either 20% sucrose or glucose in male Sprague-Dawley rats (Swithers and Davidson, 2008; Swithers 

et al., 2009; Swithers et al., 2013). In these studies, increased weight gain was linked to increase in 

food and caloric intake, and diminished caloric compensation (Swithers and Davidson, 2008). 

However, a study by Feijo et al. (2013) also revealed that yogurt sweetened with 0.3% saccharin 

caused more weight gain in rats, compared to 20% sucrose. In their study, caloric intake was similar 

among the groups and it was suggested that more weight gain in saccharin consuming group might be 

due to lower energy expenditure. Moreover, in a study by Andrejic et al. (2013), six weeks feeding of 

0.0005% saccharin solution ad libitum, in male and female rats, increased body weight, but decreased 

food intake compared to normal drinking water. In contrary, supplementation of 0.1% saccharin in 

drinking water for two hours a day for three weeks did not show any effect on food intake and weight 

gain, in both male and female Sprague-Dawley rats (Park et al., 2010). Thus the effects of saccharin 

on food intake, body weight gain and glucose homeostasis remains unclear.  
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Effect of saccharin on glucose homeostasis 

Although studies have extensively assessed both acute and chronic effects of saccharin on blood 

glucose, insulin and other parameters related to glucose homeostasis; it is still unclear whether 

saccharin intake is effective in glycemic control. Majority of clinical studies have suggested that 

saccharin is biologically inert and does not affect glucose homeostasis (Bryant et al., 2014). 

Nonetheless, Just et al. (2008) examined whether taste stimulation by saccharin has any effect on 

cephalic phase insulin release, and revealed that saccharin intake increases plasma insulin 

concentration in healthy humans (Just et al., 2008).  

Interestingly, in a series of studies conducted by Swithers and others, it was revealed that 0.3% 

saccharin solutions/sweetened yogurt impairs more glucose homeostasis when compared to 20% 

glucose or sucrose solutions/sweetened yogurt (Swithers and Davidson, 2008; Swithers et al., 2009; 

Swithers et al., 2010; Swithers et al., 2013). This has been recently shown to be dependent on taste 

stimulation and to occur through impairing glucagon-like peptide-1 (GLP-1) release (Swithers et al., 

2012; Swithers et al., 2013). In contrary, some studies have also reported that saccharin intake causes 

a decrease in blood glucose concentrations in normal female albino rats (Abdelaziz and Ashour, 

2011). Thus, the authentic effects of saccharin intake on glucose homeostasis and diabetes related 

complications are remained highly debatable.  

Saccharin and diabetes-related complications 

The acute and long-term toxicological effects of saccharin have also been conducted in several animal 

and clinical studies. In a previous study, administration of 35 mg/kg BW/ day of saccharin for 35 days 

decreased serum triglycerides, cholesterol, albumin and total protein concentrations in female rats. 

Moreover, saccharin intake was also associated with increased inflammatory biomarkers, namely 

creatinine, alkaline phosphatase, alanine transaminase and aspartate transaminase in the serum 

(Abdelaziz and Ashour, 2011). In accordance with the above mentioned study, several studies have 

suggested that oral administration of saccharin can elevate serum ALT, AST and ALP in normal rats 

and normal humans (Negro et al. 1994; Adbelaziz and Ashour, 2011; Andrejic et al. 2013). These 

abnormalities in serum enzymes might be due to abnormally high doses (e.g. 35 mg/kg BW/ day) of 
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saccharin used in these studies, which led to changes in liver histology and ultimately leakage of these 

enzymes to the blood (Andrejic et al. 2013). Thus, high intake of saccharin seems to cause tissue 

damage in animals and this ultimately increases inflammatory biomarkers in the serum. 

Aspartame 

Aspartame is a dipeptide artificial sweetener that is trademarked by different companies like 

NutraTaste, NutraSweet and Equal (Ashok et al., 2014). This particular artificial sweetener was first 

synthesized in 1965 and was approved by the USFDA in 1981 at an ADI of 50 mg/ kg BW/ day 

(Rencuzogullari et al., 2004). Unlike other artificial sweeteners aspartame is metabolized to produce 

methanol, aspartic acid and phenylalanine; common dietary metabolites (Butchko et al., 2002). 

Although aspartame has the same calories as sucrose on weight to weight basis, it is considered 

virtually calorie-free because it is approximately 200 times sweeter than sucrose. Thus, almost 200 

times less amount is needed to obtain the same sweetness level (Magnuson et al., 2007). Currently, 

aspartame is one of the most popular artificial sweeteners in the world and is used in more than 6000 

different food products and drinks, and in many pharmaceutical products (Rencuzogullari et al., 

2004). The detailed effects of aspartame on body weight gain, glucose homeostasis and diabetes-

associated complications are discussed below. 

Aspartame and weight gain 

Similar to saccharin, aspartame has been studied extensively but its effects on food intake and body 

weight gain remain unclear. A study by Hunty et al. (2006) reviewed clinical evidences for the 

influence of aspartame on energy intake, weight loss and weight maintenance in normal humans. In 

their review, it was concluded that aspartame administration is strongly associated with reduced 

energy intake and decreased weight gain when compared to sucrose control, but not compared to 

water (Hunty et al., 2006). Nonetheless, majority of the previous animal studies have reported 

contrary results. Collison et al. (2012) recently conducted a long term study which aimed at 

investigating the effects of lifetime exposure of aspartame beginning in utero. In their study, normal 

mice were administered with a 0.25 g/L aspartame in drinking water ad libitum and the results 

suggested that aspartame exposure increased food intake and body weight gain at 17 weeks of age 
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(Collison et al., 2012). In a more recent study by Feijo et al. (2013), administration of yogurt 

sweetened with 0.3% aspartame in normal rats for 12 weeks caused a significant elevation of body 

weight compared to the control rats receiving yogurt sweetened with 20% sucrose. Interestingly, in 

their study caloric intake was similar in both groups (Feijo et al., 2013). Thus, the effects of aspartame 

on food intake and body weight gain are still conflicting.  

Effect of aspartame on glucose homeostasis 

Clinical studies have indicated that aspartame intake does not alter serum glucose and insulin 

concentrations (Carlson and Shah, 1989; Anton et al., 2010), when some previous animal studies have 

reported different results. In a recent study, Collison et al. (2012a) investigated the effects of chronic 

lifetime consumption of aspartame in C57BL/6J mice, beginning at utero. The study reported that the 

consumption of 50 mg/kg BW aspartame per day increased fasting blood glucose concentrations and 

decreased insulin sensitivity during an insulin tolerance test, at 17 weeks of age (Collison et al., 

2012a). Further experiment also suggested that the presence of monosodium glutamate worsen the 

glucose-insulin homeostasis of aspartame in C57BL/6J mice (Collison et al., 2012b).  

Aspartame and diabetes-related complications 

Although majority of studies have focused on the effects aspartame on neurotoxicity (Bergstrom et 

al., 2007; Ashok et al., 2014), Abhilash et al. (2011) reported that chronic consumption of aspartame 

may damage the liver, when administered at 1000 mg/kg BW for 180 days in rats. The liver damage 

in their study was also confirmed by increased concentrations of liver function enzymes which were 

corroborated with histopathological findings (Abhilash et al., 2011). Since aspartame is metabolized 

into phenylalanine, aspartate and methanol (Christian et al., 2004); tissue damage may be attributed to 

increase of methanol in the serum.  Methanol has been previously shown to cause changes in the 

surface charge density as well as oxidative stress, leading to leakage of cellular enzymes 

(Parthasarathy et al., 2006). Hence, consumption of aspartame may not be suitable after a certain dose 

level. 
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Sucralose 

Sucralose was discovered in 1976 during research collaboration between Tate & Lyle and the Queen 

Elizabeth College in London. Sucralose was first approved for consumption in Canada in 1991 and 

was approved by the USFDA in 1998 at an ADI of 5 mg/ kg BW/ day (FDA, 1998). By the year 2008, 

this NNS was approved as a food additive in more than 80 countries including South Africa 

(Schiffman and Rother, 2013). Sucralose is a NNS that is synthesized by selectively substituting the 

hydroxyl groups of sucrose with chlorine groups. The resulting product is a molecule that is 

approximately 600 times sweeter than sucrose (Binns, 2003). Sucralose is advantageous because its 

high heat-stability allows it to be useful as a sweetener during cooking and baking. Moreover, 

sucralose remains stable even at low pH allowing it to be used in products with long periods of 

storage (Binns, 2003). Effects of sucralose on body weight gain, glucose homeostasis and diabetes-

related complications are given below. 

Sucralose and weight gain 

 A number of clinical studies have been conducted to assess whether sucralose affects food intake, 

appetite and ultimately body weight gain or not. Baird et al. (2000) conducted a study aimed to assess 

the sucralose tolerance in healthy subjects. In their study, healthy human subjects were given 

sucralose at a dose of up to 500 mg/kg/day, for a period of 13 week. The results of the study indicated 

that consumption of sucralose has no effect on food intake and weight gain (Baird et al., 2000). Other 

clinical trials have also reported similar results. In an acute study, where 0.1% sucralose in drinking 

water was given to female human subjects before a meal, there were no significant differences with 

regards to appetite and food intake (Brown et al., 2011). Moreover, Ford et al. (2011) conducted an 

acute randomized, single-blind, crossover study in healthy human subjects. The subjects were 

administered with 50 ml of 0.083% sucralose before a buffet meal, and the study revealed no 

influence on appetite ratings and food intake (Ford et al., 2011). Thus, the acute and chronic studies 

conducted on human subjects suggest that sucralose consumption has no influence on appetite, energy 

intake and ultimately body weight gain.  
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Effect of sucralose on glucose homeostasis 

Although, a number of clinical studies have consistently suggested that both acute and chronic 

consumption of sucralose has no effects on insulin, GLP-1, glucagon, and glucose homeostasis; recent 

animal studies have reported contradictory results (Grotz et al., 2003; Brown et al., 2011; Ford et al., 

2011). Saada et al. (2013) recently investigated the effects of sucralose administration in normal and 

STZ-diabetic rats at a daily dose of 11 mg/kg BW for six weeks. Their results indicated that sucralose 

administration reduces serum glucose and has no effects on serum insulin concentrations (Saada et al., 

2013). On the contrary, other studies using rats have reported that sucralose consumption enhances 

glucose absorption and ultimately increase blood glucose concentrations, via stimulating apical 

availability of GLUT-2 (Ma et al., 2010). Hence, the effects of sucralose on glucose homeostasis are 

still contradictory. 

Sucralose and diabetes-related complications  

The toxicological and carcinogenic effects of chronic consumption of sucralose have been evaluated 

in several previous studies (Mann et al., 2000; Rodero et al., 2009). However, the studies directly 

evaluating the effects of sucralose administration on diabetes-related parameters are limited. In a 

chronic study, normal rats were given sucralose in the diet ranging from 750-300 mg/kg BW/ day for 

26 weeks, the treated rats were subjected to relative increase in kidney weight, and weight and size of 

the cecum. Interestingly, there were no changes in inflammatory biomarkers and the rats showed no 

signs of toxicity (Rodero et al., 2009). On the other hand, the effects of sucralose on serum lipid 

profile are conflicting. The clinical trial by Baird et al. (2000) reported that supplementation of 

sucralose diet at 500 mg/kg BW/ day for 13 week has no effects on serum lipid profile in normal 

human subjects, when some animal studies have reported the opposite results. In a  recent study by 

Saada et al. (2013), supplementation of sucralose at a dose of 11 mg/kg BW/ day to diabetic rats  

decreased triglycerides, and elevated total cholesterol, LDL-cholesterol and HDL-cholesterol. From 

the results of this study, it has been suggested that the changes in serum triglycerides may be 

attributed to the deactivation of lipoprotein synthase due to insulin deficiency, whilst increase in 

cholesterol might be caused by increased intestinal absorption of dietary cholesterol (Saada et al., 
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2013). The differences in the results of these previous studies may be due to different experimental 

designs and doses used.   

Cyclamate  

Cyclamate was discovered by Michael Sveda from the University of Illinois, in the year 1937. It is 

synthesized via sulfonation of cyclohexylamine to yield a product that is about 30 to 50 times the 

sweetness of sucrose. Thus, cyclamate is the least potent NNS and therefore greater amounts are 

added to achieve similar sweetness levels compared to the other artificial sweeteners.  

Although cyclamate was approved as a food additive in the United States in 1958, safety issues began 

in 1969 when a study reported that the high doses of cyclamate (10:1 ratio with saccharin) increases 

the incidence of bladder cancer in male rats (Price et al., 1970). This was followed by banning of 

cyclamate by the United States Food and Drug Administration (USFDA) in 1970, thus this artificial 

sweetener is still banned in the USA and other parts of the world to this day. Nonetheless, the 

mechanism by which cyclamate causes cancer in rats was identified to be a rat specific phenomenon 

(Oser et al., 1976). Thus, since no studies have reported an association between cyclamate and cancer 

in humans, this NNS has been approved by the European Scientific Committee on Food (SCF) and the 

Joint FAO/WHO Expert Committee on Food Additives (JECFA) at an acceptable daily intake of 11 

mg/kg, and is used as a food additive in more than 50 countries, including South Africa (Yang, 2010). 

Studies evaluating the safety of cyclamate  

Cyclamate is not approved by the USFDA and thus studies assessing the safety of this artificial 

sweetener are greatly limited. After cyclamate was banned in the USA and other parts of the world, 

majority of studies began to focus on the mechanism by which cyclamate causes cancer in rats. 

Previous studies have shown that although cyclamate is not toxic, it can be converted by bacterial 

flora in the gastrointestinal tract into cyclohexylamine, a very toxic metabolite which is responsible 

for causing cancer in rats (Price et al., 1970). Oser et al. (1976) reported that cyclamate is converted 

into cyclohexylamine at a much higher rate in rats than in rabbits and humans due to the different 

types of microorganisms in the gut of each species. According to Oser et al. (1976), cyclamate is 
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mainly metabolized into cyclohexylamine by clostridia in rats, by enterobacteria in rabbits, and 

enterococci in humans (Oser et al., 1976).  

Subsequent studies in humans have shown that conversion of cyclamate into cyclohexylamine varies. 

Some people are quick converters, whilst the majority convert cyclamate at a very lower rate (Buss et 

al., 1992). In a clinical study by Buss et al. (1992), conversion of cyclamate into cyclohexylamine was 

investigated in healthy human subjects provided with 1 g cyclamate per day for one week, and 

cyclohexylamine was measured in the urine. The results showed that more than 78% of volunteers did 

not convert cyclamate to cyclohexamine (Buss et al., 1992).  

Although majority of people do not convert cyclamate, there is concern about the small percentage of 

people who are quick converters. Thus, Renwick et al. (2004) evaluated the effect of long-term 

administration of cyclamate on its conversion into cyclohexylamine, using high converters as 

subjects. The subjects were supplied with cyclamate 250 mg/kg BW three times daily for 13 week. 

The results showed no toxic effects on the volunteers and it was concluded that cyclamate is not toxic 

in humans when consumed at the recommended daily intake level (Renwick et al., 2004).  

Thus, the toxic effect of cyclamate appears to be a rat-specific phenomenon. In support of this 

statement, a study by Martins et al. (2005) investigated the effects of consuming cyclamate during 

pregnancy on the rat foetal liver. The pregnant rats were supplied with cyclamate at 60 mg/kg BW for 

5 days, and it was revealed that cyclamate is highly toxic in the liver of rat foetuses (Martins et al., 

2005). From the information of the above-mentioned studies, the toxicological effect of cyclamate is 

still conflicting. 

1.2 Rationale of the study 

Non-calorie or non-nutritive sweeteners (NNSs) (artificial sweeteners and stevia) have gained a lot of 

popularity in the food in industry because they are many times sweeter than sugar and thus only 

require relatively smaller amounts to achieve the sweetness level of sucrose. Moreover, NNSs are 

strongly recommended for use as sugar substitutes for individuals with T2D (SEMDSA, 2012) simply 
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because unlike sugar these type of sweeteners theoretically do not influence blood glucose 

concentrations when ingested. Nonetheless, previous animal studies have reported conflicting results, 

and thus the authentic effect of consuming artificial sweeteners in T2D remains highly debatable. 

Moreover, most previous studies have used NNS in their pure form and not in the form that is 

consumed by people. Recent animal studies have indicated that NNSs may have synergistic or 

additive effects when used with other food additives (Collison et al., 2012; Lau et al., 2006). 

Therefore, since commercially available NNSs are used in combination to achieve the sweetness 

profile of sucrose, and sometimes contain other biologically active ingredients such as lactose and 

glucose; we hypothesized that commercially available NNSs may have different effects to what has 

been previously reported.   

1.3 Aims of the study 

I. The present study primarily aimed at investigating the effects of commercially available 

NNSs in an experimentally-induced rat model of T2D. 

II. The study also assessed toxicological effects of these NNSs at a higher dose in normal rats. 

1.4 Objectives 

I. Determination of the effects commercially available NNSs on food and fluid intake, and body 

weight gain. 

II. Investigating the effects of commercially available NNSs on glucose homeostasis and other 

diabetes-related parameters. 

III. Assessing the effects of commercially available NNSs on diabetes-related complications 

organ tissue damage. 
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CHAPTER TWO 

Materials and methods 

2.1 Animals, housing and feeding 

Seven-week-old male Sprague-Dawley rats were procured and maintained at the Biomedical Resource 

Unit (BRU) of the University of KwaZulu-Natal at Westville Campus, Durban, South Africa. The rats 

were randomly divided into eleven groups, as follows: Normal Control (NC), Diabetic Control 

(DBC), Diabetic Aspartame (DASP), Toxicological Aspartame (TASP), Diabetic Sucralose (DSCL), 

Toxicological Sucralose (TSCL), Diabetic Cyclamate (DCLM), Toxicological Cyclamate (TCLM), 

Diabetic Saccharin (DSAC), Toxicological Saccharin (TSAC) and Diabetic Stevia (DSTV) with 5-7 

rats in each group (Table 2.1). Animal groups in the diabetic study (DASP, DSCL, DCLM, DSAC, 

DSTV) were administered with their respective NNS solutions at concentrations equivalent to the 

sweetness of 10% sucrose solution, whilst the animal groups in the toxicity study (TASP, TSCL, 

TCLM, TSAC) received their respective NNS solutions at concentrations equivalent to the sweetness 

of 20% sucrose solution. The toxicological groups were supplied with a two times higher 

concentration of NNS compared to the diabetic groups because diabetic rats have been reported to 

drink approximately twice the volume of normal rats (Wilson and Islam, 2012). Thus, different 

concentrations were used in order to maintain similar level of consumption in treated groups. The rats 

were housed as maximum of two per medium-sized polycarbonated cage, in a room with 12 hour 

light-dark cycle, and well controlled temperature and humidity. They were fed commercially available 

standard rat pellet diet ad libitum throughout the 13 week experimental period. Animal procedures in 

the present study were performed in accordance with the rules and regulations of the University of 

KwaZulu-Natal Animal Ethics Committee (Ethical approval number: 003/13/Animal). 
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Table 2.1: Grouping of rats and types of NNS solutions  

Group Name Number of rats Drinks (% Sucrose 

equivalent) 

NC Normal Control Six Water 

DBC Diabetic Control Five Water 

DASP Diabetic Aspartame  Six  Aspartame (10% equivalent) 

TASP Toxicological Aspartame  Five Aspartame (20% equivalent) 

DSCL Diabetic Sucralose Seven Sucralose (10% equivalent) 

TSCL Toxicological Sucralose Five  Sucralose (20% equivalent) 

DCLM Diabetic Cyclamate Six Cyclamate (10% equivalent) 

TCLM Toxicological Cyclamate Five  Cyclamate (20% equivalent) 

DSAC Diabetic Saccharin Six Saccharin (10% equivalent) 

TSAC Toxicological Saccharin Five Saccharin (20% equivalent) 

DSTV Diabetic Stevia  Six Stevia (10% equivalent) 

 

2.2 Induction and confirmation of diabetes 

Insulin resistance and β-cell dysfunction are the major characteristics of Type 2 Diabetes (T2D). 

Thus, T2D was induced as described previously by Wilson and Islam (2012). Briefly, the rats were 

administered with 10% fructose (Nature’s choice, Wholefood Specialist, Meyerton, South Africa) 

solution ad libitum, for two weeks to induce insulin resistance. Then they were fasted overnight for 12 

hours and injected (i.p.) with a freshly prepared streptozotocin (STZ) (Sigma-Aldrich, St. Louis 

Missouri, USA) solution (40 mg/kg bw) dissolved in 0.1 M citrate buffer (pH 4.4) to induce partial β-
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cell destruction. Rats in the normal control and normal toxicological groups were supplied with 

normal drinking water and injected with vehicle buffer instead of 10% fructose and STZ solution, 

respectively. One week after the STZ injection, blood was collected from the tail vein of each animal, 

and blood glucose was measured using a portable glucometer (GlucoPlus, Quebec, Canada). Rats with 

three hour fasting blood glucose (3h-FBG) concentrations ≥300 mg/dl were considered as diabetic.  

2.3 Measurement of food and fluid intake, and body weight gain 

Food and fluid intake were measured daily throughout the 13 week experimental period. Both daily 

food and fluid intake were determined by subtracting the amount left at the end of each day from the 

given amount, and then divided by the number of rats in each cage to calculate the consumption of 

each animal per day. Body weight of each animal was measured weekly, and weight gain of each 

animal at the end of the 13 week experimental period was calculated by subtracting the initial body 

weight from the final body weight.  

2.4 Non-fasting blood glucose and the oral glucose tolerance test 

Non-fasting blood glucose was measured weekly over the 13 week experimental period. In this 

regard, all rats were fasted for 3 hour and blood glucose was measured from the tip of the tail vein 

using a portable glucometer (Gluco-Plus, Quebec, Canada). During the 3 hour fasting period, the rats 

were supplied with normal drinking water, and food was immediately returned to the rats after 

glucose measurement.  

The oral glucose tolerance test (OGTT) was performed at the 12th week of the experimental period. A 

D-glucose solution was prepared by dissolving into distilled water at a concentration of 1 g/ml. In 

order to perform the test, all rats were fasted overnight for 12 hours and then orally administered a D-

glucose solution (2 g/kg bw). Subsequently, blood glucose was measured at 0 (prior to oral glucose 

administration), 30, 60 and 120 min after the oral glucose dose.  During the 12 hour fasting period, the 

rats were supplied with normal drinking water, and food was supplied immediately after the OGTT.  
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2.5 Collection of blood and tissue samples 

At the end of the experimental period, rats were fasted overnight for 12 hours and then sacrificed 

using halothane anaesthesia. Whole blood sample of each animal was collected via cardiac puncture 

into 14 ml Falcon tubes (BD Biosciences, Franklin Lakes, NJ, USA) and immediately stored on ice 

for 3 hours to coagulate. After this period, the blood was centrifuged at 3000 rpm for 15 minutes and 

serum was separated immediately and stored at -30 ⁰C for further analysis.   

The heart, liver, brain and kidney of each animal was collected, washed in normal saline (0.9% 

sodium chloride), wiped and weighed when the pancreas was only collected and weighed. A small 

piece of each organ sample was cut and immediately stored in 10% phosphate buffered formalin at 

room temperature, for histopathological examination. The formalin was replaced every week during 

the entire period of preservation.  

2.6 Serum analysis 

The serum stored at -30 ⁰C was slowly thawed by placing the samples on ice. An Automated 

Chemistry Analyzer (Labmax Plenno, Labtest Co. Ltd., Lagoa-Santa, Brazil) was used to determine 

the concentrations of serum alanine transaminase (ALT), aspartate transaminase (AST), alkaline 

phosphatase (ALP), lactate dehydrogenase (LDH), creatine kinase (CK-MB), creatinine, 

fructosamine, uric acid and serum lipids. The principles of analyses for the above-listed parameters 

are briefly described below.  

2.6.1 Serum lipid profile 

Total cholesterol: Total cholesterol was measured directly in the serum according to the following 

reactions: 

i. Cholesterol ester               Cholesterol + Fatty acids 

       

ii. Cholesterol + O2       Cholest-4-en-one + H2O2 

                

Cholesterol oxidase 

Cholesterol esterase 
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iii. H2O2 + Phenol + 4-aminoantipyrine                        Quinonemine + 4H2O 

 
Cholesterol ester was hydrolysed, by an enzyme called cholesterol esterase, into cholesterol and free 

fatty acids (I). The cholesterol was then oxidized into Cholest-4-en-one and hydrogen peroxidase, by 

cholesterol oxidase (II). The resulting hydrogen peroxidase reacted with phenol and 4-

aminoantipyrine, in a reaction catalysed by peroxidase to produce quinonemine (III). Quinonemine is 

a red coloured complex that absorbs maximum light at a wavelength of 500 mn. Thus, the intensity of 

the red colour is directly proportional to the cholesterol concentration in the serum sample.  

 

Triglycerides: The principle for measuring serum triglyceride involved the following reactions:  

iv. Triglyceride                         Glycerol  + Fatty acids 

   

v. Glycerol +ATP    Glycerol-3-phosphate + ADP 

 

vi. Glycerol-3-phosphate + O2                  Dihydroxyacetone + H2O2 

 

vii. 2H2O2 + Chlorophenol + 4-aminoantipyrine                        Quinoineimine +                 
 

                                                                                                                   4H2O 
 

As shown in reaction (IV), serum triglyceride was metabolized by lipoprotein lipase into glycerol and 

free fatty acids. The resulting glycerol was phosphorylated into glycerol-3-phosphate in the presence 

of ATP and magnesium ions, by the enzyme glycerokinase (V). Glycerol-3-phosphate was then 

oxidized into dihydroxyacetone and hydrogen peroxide, catalyzed glycerol-3-phosphate oxidase (VI). 

Finally, the resulting hydrogen peroxide was reacted with chlorophenol and 4-aminoantipyrine and 

produced quinonemine and water, and this reaction was catalysed by peroxidase (VII). The resulting 

quinonemine was then used to determine the concentration of serum triglyceride, as described for total 

cholesterol above.  

Peroxidase 

Glycerokinase/Mg2+ 

Glycerol-3-phosphate          

oxidase 

Peroxidase 

Lipoprotein lipase 
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HDL-Cholesterol: HDL-cholesterol was measured by selectively precipitating LDL-cholesterol and 

very low density lipoproteins (VLDLs) in the serum, using phosphotungstic acid and magnesium 

chloride. The supernatant was then separated via centrifugation at 3500 rpm for 15 minutes. HDL-

cholesterol was then measured using the same principle described above for total cholesterol.  

LDL-cholesterol was calculated using the following formula: LDL-Cholesterol (mg/dl) = [Total 

Cholesterol (HDL Cholesterol + triglycerides/5)] when ‘triglycerides/5’ is equivalent to the VLDL-

cholesterol. 

2.6.2 Enzymes in the serum  

Alkaline phosphatase (ALP): The following reaction is involved in the determination the 

concentration of serum alkaline phosphatase (ALP): 

 

viii. p-Nitrophenolphosphate + H2O          p-Nitrophenol +   

                                                                                                            phosphate 

ALP hydrolysed p-Nitrophenolphosphate under alkaline condition and yieled p-Nitrophenol and 

phosphate, the level of p-Nitrophenol produced was proportional to the concentration of the enzyme 

and the absorbance was read at 405 nm.  

Alanine transaminase (ALT): Serum alanine transaminase was measured according to the following 

test principle: 

ix. L-Alanine + α-Ketoglutarate     Pyruvate + L-Glutamate 

         

x. Pyruvate + NADH                        L-Lactate+ NAD+ 

 

As presented in reaction (IX) Alanine transaminase (ALT) transfered the amino group from alanine to 

α-Ketoglutarate and yielded pyruvate and L-glutamate. The resulting pyruvate was then converted to 

      Alkaline phosphatase 
(ALP) 

 

Hexokinase 

  Alanine transaminase 
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L-lactate in the presence of NADH which was oxidized and yielded NAD+ (X). The absorbance of 

NAD+ was thus directly proportional to the concentration of ALT. 

Aspartate transaminase (AST): Determination of aspartate transaminase used the following 

reactions: 

xi. L-aspartate + α-Ketoglutarate    Oxaloacetate + L-Glutamate 

 

xii. Oxaloacetate + NADH                       Malate + NAD+ 

Reaction XI shows that AST transfered the amino group from aspartate to α-Ketoglutarate to form 

oxaloacetate and L-glutamate. The produced oxaloacetate was then converted by the malate 

dehydrogenase enzyme to malate in the presence of NADH, resulting to the oxidation of NAHD to 

NAD+ (XII).  Thus, the absorbance of NAD+ was thus directly proportional to the concentration of 

AST.  

Lactate dehydrogenase (LDH): The following test principle was used to determine the concentration 

of serum lactate dehydrogenase (LDH):  

 

xiii. L-Lactate + NAD+              NADH + pyruvate 
 

Pyruvate or lactate can be used as a substrate in this test (XIII). LDH catalyzed the oxidation of lactate 

to pyruvate in the presence of NAD+. The absorbance of the resulting NADH was measured at 340 nm 

and was directly proportional to LDH concentration.  

Creatine kinase (CK-MB): The principle of the procedure for measuring Creatine Kinase (CK-MB) 

was as follows:  

xiv. Creatine phosphate + ADP                                       Creatine + ATP 

 

xv. Glucose + ATP                                    Glucose-6-phosphate + ADP 

 

Aspartate transaminase 

Malate dehydrogenate 

Lactate dehydrogenase 

CK-MB 

Hexokinase 
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xvi. Glucose-6-phosphate + NADP                                                       gluconate-6-phosphate +  

                                                                                                             NADPH 

 

As shown in reaction XIV, creatine kinase catalyzed the conversion of creatine phosphate to creatine. 

In this first reaction ATP was produced and used in the phosphorylation of glucose which yielded 

glucose-6-phosphate (XV). Finally, this product was reduced to gluconate-6-phosphate, with the 

production of NADPH, in a reaction catalyzed by glucose-6-phosphate dehydrogenase. The amount of 

NADPH produced was detected by spectrophotometric absorption at 340 nm, and was proportional to 

the concentration of CK-MB in the serum sample.    

 

2.6.3 Serum fructosamine, creatinine and uric acid  

Serum fructosamine: Serum fructosamine was determined using the following test principle:  

At alkaline pH fructosamine converted to an enolic form which reduced nitro blue tetrazolium to a 

“purple formazan” complex (XVII). The absorbance difference after incubation for 10 minutes and 15 

minutes was directly proportional to the level of fructosamine in the serum sample. 

xvii. Fructosamine                          enolic form  

                          

                                  Nitro blue tetrazolium             Purple formazan complex 

 

Serum creatinine: The following test principle was used to measure serum creatinine concentration: 

xviii. Creatinine + alkaline picrate   Creatinine picrate 

The test involved the above reaction which yielded creatinine picrate complex (XVIII). This complex 

was red in colour and its intensity measured at 510 nm was directly proportional to the concentration 

of serum creatinine. 

Glucose-6-phosphate 
dehydrogenase 

OH- 
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Serum uric acid: The following two reactions are involved in determining the concentration of serum 

uric acid: 

xix. Uric acid +2H2O + O2            Allantoin + CO2 + H2O2 

xx.   2H2O2 + DHBS + 4-aminoantipyridine    Quinonemine + 4H2O 

The quinonemine yielded a red coloured product and the absorbance was measured between 490-540 

nm. The colour intensity was directly proportional to the concentration of serum uric acid. 

 

2.6.4 Serum insulin 

Principle 

Serum insulin was measured using an Ultrasensitive Rat Insulin ELISA kit (Mercodia, Uppasala, 

Sweden). The technique was based on the use of two monoclonal antibodies (Abs) that are directed 

against separate sites on the insulin molecule. During the incubation period, insulin in the rat serum 

reacted with peroxidase-conjugate and anti-insulin antibodies present in the microtitration well. 

Subsequently, the plate was subjected to several washing steps which removed unbound enzyme 

labelled antibody. The bound conjugates were then detected using 3,3’,5,5’-tetramethylbenzidine 

(TMB). Addition of acid stopped the reaction and a colorimetric endpoint was read at 450 nm 

spectrophotometrically. 

Procedure 

A serum insulin standard curve was developed using a range of calibrators. A volume 50 µl of each 

calibrator or sample was added in separate wells, and this was followed by addition of an enzyme 

conjugate to each well. The plate was then incubated for 2 hours, on a shaker set at 700-900 rpm, at 

room temperature. Subsequently, the solutions were aspirated and this was followed by six wash steps 

with 350 µl of 1x wash buffer. Finally, the plate was inverted and then tapped against paper towel. 

Subsequently, a 200 µl substrate TMB was added to each well and the plate was incubated for 30 

minutes to allow for blue colour to develop. Thereafter, a 50 µl of the stop solution (0.5 M H2SO4) 

Uricase 

Peroxidase 
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was added to each well. The absorbance was then read at 450 nm using a multi-plate reader with 5 sec 

prior shaking for adequate mixing (Biorad-680, BIORAD Ltd., Japan). 

 

2.7 Histopathological examination of the tissue samples 

2.7.1 Sample tissue processing and sectioning  

After fixation in 10% phosphate buffered formalin the samples were dehydrated as follows; 70% 

ethanol for 24 hours, 90% ethanol for 2 hours and 100% for 1 hour, at room temperature. After 

dehydration, the samples were stored in xylene for 1 hour at room temperature in order to remove the 

ethanol from the tissue. Thereafter, the tissue samples were submerged in wax at 58 oC overnight in 

order to allow penetration of the wax into the tissue. The tissues were then placed in embedding 

molds, arranged into the desired positions and then embedding cassettes were placed on top. The 

embedding molds were then placed in a cold plate to allow for the wax to solidify. The samples were 

than stored at room temperature until sectioning. All samples were sectioned at 4 µm, using a 

microtome, and then attached on normal slides. 

2.7.2 Slide staining and viewing  

The slides were stained with haematoxylin and eosin, and then scanned with a Slide Scanner Leica 

SCN400 (Leica Microsystems, Wetzlar, Germany). All snap shots presented in the results section 

were taken at 400X total magnification.   

2.8 Statistical Analysis 

All data are expressed as mean ± SD of 5-7 rats. The data were analyzed with a statistical software 

package (IBM SPSS statistics, version 21), using using paired t-test separately for the two groups of 

normal (normal control versus respective toxicological group) and two groups of diabetic rats 

(diabetic control versus diabetic treated) for chapters 3-6, whilst Tukey’s HSD multiple range post-

hoc test was used for chapter 7. The values were considered statistically different at p<0.05. *(asteric) 
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and #(hash) signs were used to show significance of differences between two groups of normal and 

two groups of diabetic rats, respectively in chapters 3-6; whilst abc letters were used for chapter 7. 
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3.1 Abstract  

The present study investigated the effects of commercially available sucralose both in non-diabetic 

and type 2 diabetes (T2D) rat model. Seven-week-old male Sprague-Dawley rats were randomly 

divided into four groups, namely: Normal Control (NC), Toxicological Sucralose (TSCL) Diabetic 

Control (DBC) and Diabetic Sucralose (DSCL). T2D was induced experimentally in the DBC and 

DSCL groups only and rats with blood glucose concentrations >300 mg/dl were considered as 

diabetic. During the 13 week experimental period, the two control groups were administered with 

normal drinking water, whilst TSCL and DSCL groups received sucralose-containing NNS solutions, 

ad libitum, at concentrations equivalent to the sweetness of 20% and 10% sucrose solution, 

respectively. Administration of sucralose   increased (p < 0.05) fluid intake and serum LDL-

cholesterol, decreased serum HDL-cholesterol and fructosamine, and caused histological changes in 

normal rats whilst consumption of sucralose significantly (p < 0.05) increased serum cholesterol and 

alkaline phosphatase, and deteriorated organ tissue histopathology in type-2 diabetic rats. The results 

of this study indicate that uncontrolled consumption of commercially available sucralose containing 

NNSs may worsen lipid profile, some inflammatory biomarkers and organ tissue histopathology both 

in normal and diabetic conditions. Thus, it is recommended that individuals consuming sucralose limit 

their daily intake. 

3.2 Introduction 

Diabetes mellitus (DM) is the most common endocrine disorder and affects more than 382 million 

people globally (IDF Atlas, 2013). There are two major forms of diabetes, type-1 and type-2. The 

type-2 accounts for 90-95% of all diabetes cases and is characterized by chronic hyperglycaemia, as 

well as insulin resistance and β-cell dysfunction (Nyenwe et al., 2011). Chronic hyperglycaemia in 

type-2 diabetes (T2D) is known to cause disorders in the metabolism of carbohydrates, lipids and 

proteins, ultimately leading to diabetic vascular complications (Abou-Seif et al., 2004). Long-term 

vascular complications are the major cause of mortality and morbidity in type-2 diabetic individuals; 

and include retinopathy, neuropathy, nephropathy and cardiovascular disease.  Management of T2D 



43 
 

requires lifestyle changes such as healthy diet and physical exercise in order to prevent these long-

term complications (Ripsin et al., 2009). Moreover, several studies have clearly demonstrated that 

reducing calorie intake in the diet is highly effective in obtaining glycaemic control (Ajala et al., 

2013; Kirk et al., 2008). Thus, individuals with this form of diabetes are increasingly substituting high 

calorie-sweeteners such as sucrose with non-nutritive sweeteners (NNSs), when sucralose is widely 

used in this regard.     

Sucralose is a NNS synthesized by selectively substituting the hydroxyl groups of sucrose with 

chlorine, to produce a molecule that is approximately 600 times sweeter than sucrose (Binns, 2003). 

This NNS was approved by the Food and Drug Administration in 1998 at an acceptable daily intake 

(ADI) of 5 mg per kilogram body weight (FDA, 1998). Sucralose has become highly popular as a 

sugar substitute because of its favourable taste like sucrose and stability at higher temperatures and 

lower pH, when compared to other NNSs (Binns, 2003). Although both clinical and animal studies 

have reported that sucralose is poorly absorbed in the small intestine, there is no evidence that this 

NNS is not metabolized by humans. (Roberts et al., 2000; Wood et al., 2000; John et al., 2000a; Johan 

et al., 2000b; Sims et al., 2000). Another recent study reported that sucralose sweetener was capable 

to alter the activity percentage of the radiopharmaceuticals in different organs of rats (Rocha et al., 

2011). 

Although a number of animal and clinical trials have been conducted to investigate the safety of 

sucralose for human consumption, the results of these studies are conflicting. Some studies have 

demonstrated that sucralose is a biologically inert compound and does not affect appetite, glucose 

homeostasis, glucagon-like protein-1 (GLP-1), and serum insulin (Brown et al., 2011; Ford et al., 

2011; Grotz et al., 2003). Other studies suggest that sucralose consumption alters serum glucose, 

insulin, GLP-1 and lipid profile (Schiffman and Rother, 2013; Saada et al., 2013). Additionally, in 

most studies sucralose has been used in its pure form, and not in the form in which it is used by 

people as a sugar substitute. Apart from sucralose, lactose, microcrystaline cellulose, flavours and 

cross linked sodium carboxymethyl cellulose are present in the commercially available sucralose-

containing NNSs with calorie content about 342 kcal per 100 g of sweetener (Canderel website, 2014) 

which may have different effects compared to pure sucralose. Although Saada et al. (2013) recently 
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used sucralose in the form in which it is available commercially, to assess the biological effects in 

diabetic rats; their investigation was different from the present study. The objective of their study was 

to evaluate the impact of sucralose on oxidative stress in the brain and testis, in addition to the effect 

on blood glucose, serum insulin and lipid profile using an STZ-induced rat model, which resembles 

type-1 diabetes. However, many other different organ specific inflammatory biomarkers and organ 

tissue histopathology were not conducted in their study. Regular assessment of inflammatory 

biomarkers is extremely important in the monitoring of the progression of diabetes in patients. 

Hence, the aim of the present study was to determine the effects of commercially available sucralose 

on diabetes related parameters, some organ specific inflammatory biomarkers and organ tissue 

histopathology in an experimentally induced rat model of T2D along with normal rat to examine if 

there any toxicological effects. 

 

3.3 Materials and methods  

Please refer to chapter 2 of this thesis (pages 30-39) for details. 

3.4 Results 

3.4.1 Calculation of the human equivalent dose of sucralose 

According to the data presented in the Table 3.1, the concentrations and corresponding consumption 

of sucralose by the TSCL (20%) and DSCL (10%) groups were 12.41 and 24.82 mg/dl and 11.2 and 

18.66 mg/rat/day respectively. However, according to the FDA recommended ADI of sucralose (5 

mg/kg bw), the calculated human equivalent dose (ADI) for rats was 30.86 mg/kg bw while the actual 

sucralose consumption for TSCL group was slightly lower (25.88 mg/kg bw) and for DSCL group 

was higher (68.82 mg/kg bw) compared to the human equivalent dose (ADI) (Table 3.1).  
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Table 3.1: Calculation of the human equivalent dosages and actual consumption of sucralose by 

normal and diabetic rats via drinking water 

Animal 

groups 

Mean fluid 

intake 

(ml/rat/day) 

Mean 

body 

weight (g) 

Concentration 

of sucralose 

(mg/dl) 

Consumption 

of sucralose 

(mg/rat/day) 

Human ADI 

equivalent 

(mg/kg bw)1 

Actual 

consumption 

(mg/kg bw)2 

TSCL 45.32 434.29 24.82 11.24 30.86 25.88 

DSCL 150.38 271.11 12.41 18.66 30.86 68.82 

 

Data are presented as mean of 5-6 rats. 

1 Human dose (mg/kg bw) = [Animal dose (mg/kg bw) x [Animal Km / Human Km]) , where human 

dose (ADI) is 5 mg/kg bw and Km is 37 and rats Km is 6. Km is a correction factor represents the 

relation bewtween body weight and body surface area (Natural Health Research Institute). 

2Actual consumption (mg/kg bw) = [Consumption of sucralose (ml/rat/day) x 1000] / Mean body 

weight (g). 

ADI, Acceptable Daily Intake; TSCL, Toxicological Sucralose; DSCL, Diabetic Sucralose. 

 

 

 

3.4.2 Food and fluid intake, 3h-FBG and OGTT 

Administration of commercially available sucralose-containing sweetener to normal rats (TSCL) 

provoked a significant increase in fluid intake (27%) with no significant effect on food intake and 

body weight gain when no significant difference was observed for diabetic rats regarding above-

mentioned parameters (Fig. 3.1). Although no significant effects were recorded for weekly 3h-FBG 

and OGTT, when compared to respective values of the control groups or normal and diabetic rats that 

received normal drinking water (Fig. 3.2 and Fig. 3.3), sucralose treatment resulted in a significant 

decrease (-28%) in serum fructosamine and corresponding insulin concentration in normal but not in 

diabetic rats (Table 3.2).  
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Figure 3.1: Mean food and fluid intake and body weight gain during the entire experimental 

period. Data presented as mean ± SD of 5-6 rats.* Significantly different compared to NC group, 

(Paired t-test, p < 0.05). NC, Normal Control; TSCL, Toxicological Sucralose; DBC, Diabetic 

Control; DSCL, Diabetic Sucralose.  

 

 

 

 

 

 

 

 

 

Figure 3.2: Mean weekly non-fasting blood glucose in different rat groups over the 13 week 

experimental period. Data are presented as mean ± SD of 5-6 rats. NC, Normal Control; TSCL, 

Toxicological Sucralose; DBC, Diabetic Control; DSCL, Diabetic Sucralose. 
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Figure 3.3: Oral glucose tolerance test (OGTT) in different animal groups at week 12 of the 13 

week experimental period. Data are presented as mean ± SD of 5-6 rats. NC, Normal Control; TSCL, 

Toxicological Sucralose; DBC, Diabetic Control; DSCL, Diabetic Sucralose. 

 

 

3.4.3 Serum lipid profile 

The data of serum lipid profile are presented in Fig. 3.4. The sucralose treatment significantly 

increased serum LDL-cholesterol (71%) and decreased serum HDL-cholesterol (-34%) in normal rats 

and increased total cholesterol in diabetic rats (42%) compared to their respective controls. 

Triglyceride concentration was not affected by sucralose treatment neither in normal nor in diabetic 

rats (Fig. 3.4).  
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Figure 3.4: Serum lipid profile in the different animal groups at the end of the experimental 

period. Data are presented as mean ± SD of 5-6 rats.* and # Significantly different compared to NC 

and DBC groups, respectively (Paired t-test, p < 0.05). NC, Normal Control; TSCL, Toxicological 

Sucralose; DBC, Diabetic Control; DSCL, Diabetic Sucralose; HDL, High Density Lipoproteins, 

LDL, Low Density Lipoproteins. 

 

3.4.3 Serum ALP and liver function enzymes  

The data for serum alkaline phosphatase (ALP) and two major liver function enzymes, alanine 

transaminase (ALT) and aspartate transaminase (AST), are presented in Fig. 3.5. Data shows that 

feeding of sucralose significantly and drastically increased the level of ALP in the diabetic rats but not 

in normal rats. Although the concentration of ALT was significantly increased in the diabetic rats 

compared to normal rats, sucralose did not affect the concentrations of ALT and AST both in normal 

and diabetic rats.  
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Figure 3.5: Concentrations of alkaline phosphates and liver function enzymes in the serum of 

different animal groups at the end of the experimental period. Data are presented as mean ± SD of 

5-6 rats.* Significantly different compared to NC groups (Paired t-test, p < 0.05). NC, Normal 

Control; TSCL, Toxicological Sucralose; DBC, Diabetic Control; DSCL, Diabetic Sucralose; ALP, 

Alkaline phosphatase; ALT, Alanine transaminase; AST, Aspartate transaminase.  

 

3.4.4 Serum insulin, fructosamine, LDH, CK-MB, uric acid and creatinine 

Table 3.2 shows the concentrations of serum insulin, fructosamine, lactate dehydrogenase (LDH), 

Creatine kinase (CK-MB), uric acid and creatinine in the different group of rats. Although serum 

insulin and corresponding serum fructosamine concentrations were decreased in the sucralose 

consuming normal and diabetic rats compared to their corresponding controls, the significant 

reduction was only observed in TSCL group (p < 0.05) and nearly significant in the DSCL group (p = 

0.071) (Table 3.2). Serum CK-MB and LDH concentrations were significantly increased in the 

sucralose consuming diabetic rats (DSCL group) compared to the DBC group when no significant 

difference was observed for normal rats (Table 3.2). Consumption of sucralose did not significantly 

affect the concentration of serum creatinine either in normal or diabetic rats (Table 3.2).      
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Table 3.2: Serum LDH, uric acid, fructosamine, CK-MB, creatinine and insulin at the end of the 

experimental period 

 
NC TSCL DBC DSCL 

     

Insulin (ng/L) 152.51 ± 56.18  115.91 ± 56.91  74.74 ± 8.08  67.71 ± 14.03  

Fructosamine 

(µmol/L) 
505.40 ± 31.39  365.20 ± 19.43 * 588.80 ± 30.34  555.00 ± 20.03  

LDH (U/L) 1129.00 ± 295.00  1084.25 ± 467.91  2270.5 ± 1183.71  3085.00 ± 1080.75  

CK-MB (U/L) 1331.98 ± 669.40  1196.55 ± 415.41  1926.52 ± 587.81  3007.58 ± 627.79  

Uric acid (mg/dL) 9.44 ± 3.46  7.84 ± 1.69  9.74 ± 0.98  12.47 ± 1.79  

Creatinine (mg/dL) 4.73 ± 0.87 3.63 ± 1.08 3.89 ± 0.87 3.91 ± 0.62 

Data presented as mean ± SD of 5-6 rats. * Significantly different compared to NC groups (Paired t-

test, p < 0.05).  NC, Normal Control; TSCL, Toxicological Sucralose; DBC, Diabetic Control; DSCL, 

Diabetic Sucralose; LDH, Lactate dehydrogenase; CK-MB, Creatine kinase (heart specific).
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3.4.5 Histopathological findings 

Results from the histopathological examination are shown in Fig. 3.6. It is observed that diabetes 

caused noticeable changes to the tissues of the liver, heart, kidney and pancreas. The histology of the 

brain did not seem to be affected by diabetes. In comparison to the normal groups, the pancreases in 

the two diabetic groups (Figure 3.6.19 & 20) appeared to have degenerative changes and reduced 

cellularity in the islets of Langerhans, and the consumption of sucralose appeared to enhance the 

damage of the islets both in normal and diabetic rats (Figure 3.6.18 & 20). The consumption of high 

dose sucralose appears to lead to severe degenerative changes in the brain tissue of normal rats 

(Figure 3.6.2) when opposite results were observed in the diabetic rats (Figure 3.6.4) fed a lower dose 

of sucralose. Hepatic degenerations also appeared to be improved by the consumption sucralose both 

in normal and diabetic rats (Figure 3.6.6 & 8). The kidneys of the two diabetic groups (Figure 3.6.15 

& 16) showed morphological changes in the glomeruli when compared to the normal groups (Figure 

3.6.13 & 14). Administration of sucralose for 13 week had apparent effect on the histology of the 

kidney tissues in both the diabetic and normal rats (Figure 3.6.14 & 16) and the consumption of 

sucralose may cause slight degeneration of cardiac tissues both in normal (Figure 3.6.10) and diabetic 

rats (Figure 3.6.12) compared to their corresponding controls (Figure 3.6.9 & 11).  
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Figure 3.6:  Histological examinations of the brain (1-4), liver (5-8), heart (9-12), kidney (13-16) and pancreas (17-20) of 

different animal groups at the end of the experimental period; at X400 total magnification. NC, Normal Control; TSCL, 

Toxicological Sucralose; DBC, Diabetic Control; DSCL, Diabetic Sucralose.
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3.5 Discussion 

Sucralose is a popular NNS used in a number of food products as it provides more sweetness than 

sugar without the undesired calories. Majority of studies have reported contradicting results and have 

used sucralose in its pure form which is not consumed by people. The present study was conducted to 

examine the effects of commercially available sucralose-containing sweeteners both in normal and 

type 2 diabetic rats. Since the sweetener was supplied to rats with drinking water and diabetic rats 

usually consume significantly higher amount of water compared to normal rats so a lower 

concentration (10%) was used for diabetic rats compared to the normal rats (20%) to keep their 

consumption at a similar level. According to the calculation, the normal rats consumed slightly less 

and diabetic rats consumed bit higher amount of sucralose compared to the FDA recommended 

human equivalent dose due to the higher consumption of water (Table 3.1). 

The administration of commercially available sucralose ad libitum for 13 week in normal rats 

increased fluid intake (Figure 3.1) and serum LDL-cholesterol, decreased serum HDL-cholesterol 

(Figure 3.4) and fructosamine (Table 3.2), and caused histological changes in the brain, liver, heart 

and pancreas (Figure 3.6). On the other hand, the sucralose consuming diabetic rats presented with 

increased serum cholesterol (Figure 3.4) and serum alkaline phosphatase (Figure 3.5), lactate 

dehydrogenase and creatine kinase (Table 3.2) in addition to the damage to the tissue of major 

metabolic organs including pancreas (Figure 3.6), an organ which is first affected before the early 

onset of diabetes. 

According to the American Diabetes Association (ADA, 2007), common symptoms of diabetes 

include polyphagia, polydipsia and unexplained weight loss. In this study, the diabetic rats showed 

increased food and fluid intake, in addition to decreased body weight, compared to the respective 

values in the normal control group. Additionally, T2D is characterized by chronic hyperglycaemia, as 

well as insulin resistance and β-cell dysfunction (Nyenwe et al., 2011). In the current study, the 

diabetic rats exhibited significantly increased weekly 3h-FBG, glucose intolerance and significantly 

reduced serum insulin concentration, indicative of the major characteristics of T2D.  Administration 

of sucralose to both diabetic and normal rats did not alter food and fluid intake, body weight gain and 
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glucose homeostasis in the present study. These results corroborate with previous studies which 

suggest that sucralose consumption may have no effect on glucose homeostasis, body weight gain and 

energy metabolism, when compared to control groups consuming water (Baird et al., 2000; Brown et 

al., 2011; Grotz et al., 2003). Nevertheless, conflicting to our results, Saada et al. (2013) recently 

reported that sucralose administration at a dose of 11 mg/kg body weight in diabetic rats resulted in a 

significant decrease in serum glucose concentrations after 6 weeks. The differences in the effect on 

blood glucose in their investigation and the current study may be attributable to different animal 

models, experimental designs and type of commercially available sucralose used. In their study, 

sucralose was used as Splenda containing glucose and maltodextrin, in addition to 1.10% sucralose 

which was administered with as a single oral dose once daily to type-1 diabetic rats; whereas in the 

present study, Canderal yellow was used and contains lactose, microcrystalline cellulose and carboxy 

methyl cellulose, in addition to 7.3% sucralose and was administered with to normal or type-2 

diabetic rats ad libitum with drinking water at an equivalent dose of the sweetness of 10% sugar 

which is equivalent to 0.0126% sucralose solution. Hence, due to the very lower dose of sucralose 

used in our study it was not effective in reducing blood glucose concentrations.  

It is well established that dyslipidaemia is one of the major metabolic complications of diabetes 

(Mooradian, 2009). In the present study, induction of T2D led to significantly increased serum 

triglycerides, without affecting serum total cholesterol, HDL cholesterol and LDL cholesterol, 

compared to respective values in the normal control group. During T2D, insulin resistance in the 

adipose tissue leads to defective storage of fatty acids. Thus, more fatty acids are channelled into the 

liver and disturb insulin signalling, ultimately increasing de novo lipogenesis by activating key 

transcription factors, such as SREBP1-c (Matikainen and Taskinen, 2012). Thus, it can be observed 

that sucralose consumption induces and worsens dyslipidaemia in normal and type 2 diabetic rats, 

respectively. The findings of the current study are in accordance with the recent study by Saada et al. 

(2013), which suggested that sucralose administration to diabetic rats alters the serum lipid profile.  

Elevated total cholesterol in the serum of diabetic rats treated with sucralose may have resulted from 

increased absorption in the small intestine and increased de novo synthesis. Increased serum LDL-

cholesterol due to administration of sucralose in both diabetic and normal rats might be caused by 
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elevated lipolysis of very low density lipoproteins (VLDL), precursors for LDL production, by 

lipoprotein lipase. In contrast to our results, some studies have demonstrated that sucralose 

consumption does not alter total cholesterol in human subjects (Baird et al., 2000). The difference in 

the findings might be not only due to the different experimental design and dose but also due to the 

different metabolic patters of sucralose in different species. Further studies are needed to confirm this 

hypothesis. 

Abnormalities in liver function tests are more common in type 2 diabetic patients than non-diabetic 

individuals, and usually indicate liver tissue damage.  According to Harris (2005), the excess fatty 

acids found in the liver during an insulin resistance state induce direct hepatocyte damage. The 

mechanism by which hepatocytes are damaged is not well established but a number of theories have 

proposed and these include: disruption to the cell membrane, dysfunction of the mitochondria, 

formation of toxins and disruption of key steps involved in regulation of metabolism (Neuschwander-

Tetri and Caldwell, 2003). In our study, significantly increased ALT and ALP concentrations in the 

diabetic groups (Figure 3.5) were consistent with the histopathological findings (Fig. 3.6) which 

showed liver and some other organ tissue damage as a result of diabetes.   

Lactate dehydrogenase (LDH) and ALP are enzymes extensively expressed in body tissues and are 

thus released to the blood during tissue damage. Studies on the influence of diabetes in serum LDH 

have reported conflicting results. A number of investigations, including the present study, have 

suggested that serum LDH is not affected by diabetes (Oliver et al., 1993). On the other hand, other 

studies have indicated that LDH is significantly increased as a result of diabetes.  A study by Celik et 

al. (2002) revealed that LDH is elevated in alloxan-induced diabetic rabbits. Theories that have been 

proposed to explain elevated LDH include: insulin resistance in tissues liver and muscle tissue, 

infection, hepatic anoxia and malnutrition (Celik et al., 2002). Although sucralose consumption did 

not influence serum LDH significantly in diabetic rats, elevated ALP was indicative of tissue damage 

in the diabetic rats. The toxicological effect of this commercially available sweetener in the different 

tissues of both normal and diabetic rats might be due to bioaccumulation of this NNS in these organs. 

Sucralose is an organochlorine compound, and it has been reported that organochlorines 

bioaccumulate in tissues of animals (Aronson et al., 2000; Weisbrod et al., 2001). According to 
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Schiffman and Rother (2013), sucralose is a lipophilic and hydrophilic compound and thus is 

potentially bioaccumulative. Therefore, it is possible that sucralose or its metabolites accumulates in 

the organs to cause tissue damage. Further studies are required to confirm this hypothesis.   

3.6 Conclusions 

It can be concluded from the results obtained from the present study that uncontrolled consumption of 

commercially available sucralose increases fluid intake and serum alkaline phosphatase while 

worsening lipid profile and morphology of metabolic organs in normal and diabetic rats. Thus, it is 

recommended that daily consumption of sucralose must be limited under both normal and diabetic 

conditions.  

 

3.7 References  

Please refer to the reference section at the end of this thesis (pages 126-144). 
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4.1 Abstract 

Non-nutritive sweeteners (NNSs) such as saccharin are becoming more popular as sugar substitutes 

for diabetic patients. Although saccharin has been extensively studied, majority of studies have 

reported contradictory results and have used saccharin in its pure form. In the present study, 

commercially available saccharin is used to assess its effects in normal and type 2 diabetes (T2D) 

model of rats.  Seven-week-old male Sprague-Dawley rats were randomly divided into four groups, as 

follows: Normal Control (NC), Toxicological Saccharin (TSAC), Diabetic Control (DBC) and 

Diabetic Saccharin (DSAC). T2D was induced in the DBC and DSAC groups only and rats with 3 

hour fasting blood glucose (3h-FBG) concentrations ≥300 mg/dl were considered as diabetic. During 

13 week experimental period, control groups were administered with normal drinking water, when 

TSAC and DSAC groups were receiving saccharin-containing NNS solutions, ad libitum, at 

concentrations equivalent to the sweetness of 20% and 10% sucrose solution, respectively. 

Administration of 20% saccharin to normal rats; increased fluid intake, serum lactate dehydrogenase 

and reduced serum fructosamine and most lipid concentrations and did not affect the histology in 

normal rats. Similarly, administration of 10% saccharin to diabetic rats; reduced fructosamine and 

serum lipids but increased serum alkaline phosphatase and worsened the tissue morphology of liver, 

kidney and pancreas in diabetic rats. These results indicate that although saccharin-containing NNS 

may be beneficial for normal humans, it may not be suitable for the people with T2D. Further clinical 

study is needed to confirm this hypothesis.  

4.2 Introduction 

Diabetes Mellitus is a global health problem and affects more than 382 million people worldwide 

(IDF Atlas, 2013). There are two major forms; type 1 and type 2, when type 2 diabetes (T2D) 

contributes about 90-95% of all diabetes cases. T2D is basically characterized by the progressive 

decline in insulin action or insulin resistance and reduced ability of β-cell to compensate for insulin 

resistance or partial β-cell dysfunction (ADA, 2013). Chronic hyperglycemia leads to metabolic 

changes of lipids, carbohydrates, and proteins; ultimately causing vascular complications such as 
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diabetic neuropathy, retinopathy, nephropathy and cardiovascular disease (Abou-Seif et al., 

2004).Consumption of sucrose sweetened food and drinks may worsen the concentrations as well as 

the management of blood glucose in type 2 diabetic individuals, as previous studies confirmed that the 

consumption of sugar, especially in liquid form, increases energy intake and weight gain, visceral 

adiposity, lipid dysregulation, insulin resistance and the risk of developing T2D (Schulze et al., 2004; 

Dhingra et al., 2007; Malik et al., 2009; Stanhope et al., 2009; Malik, 2010). Thus diabetic patients are 

increasingly substituting sucrose with alternative sweeteners in their everyday meals. Although a 

number of different forms of sweeteners with different sweetness levels and calorie content exist, non-

nutritive sweeteners (NNSs) have gained a lot of popularity due to their significantly higher sweetness 

levels compared to sugar without any undesired calories. 

Saccharin is the oldest and most extensively studied NNS in relation to its biological effects as a food 

additive. This NNS is widely used in many countries due to its stability at high temperatures, long 

shelf life and low cost (Singh, 2013). Previous studies on the biological effects of saccharin have been 

largely conflicting  and thus the safety of this NNS for human consumption remains debatable (Park 

et al. 2010; Swithers et al., 2010; Abdelaziz and Ashour 2011; Swithers et al., 2012; Andrejic et al., 

2013; Swithers et al., 2013). Abdelaziz and Ashour (2011) reported that supplementation of 35 mg/kg 

BW of saccharin for 35 days exhibited significantly reduced blood glucose, serum triglycerides and 

serum cholesterol in female rats. In contrast, a recent study by Andrejic et al., (2013) revealed that 

0.0005% saccharin in drinking water, administered to rats for 6 weeks increased blood glucose and 

body weight but reduced food intake compared to the control, which received normal drinking water. 

According to the authors, effects on metabolic parameters might be caused by hormonal and neural 

changes, particularly in the female subgroup since both male and female groups were compared. 

Another study suggested that 0.1% saccharin solution administered to rats for 3 weeks did not show 

any significant effect on food intake and weight gain (Park et al., 2010). Additionally, some studies 

have revealed that 0.3% saccharin-sweetened yogurt given to rats, causes impaired glucose 

homeostasis, diminished caloric compensation, increased food intake and more elevated weight gain 

when compared to 20% glucose-sweetened yogurt (Swithers et al., 2012; Swithers et al., 2013). 
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Hence, from the contradictory data of the above-mentioned studies it is still not clear the actual effects 

of saccharin consumption either in normal or diabetic condition. 

Moreover, majority of these studies have used saccharin in its pure form and not in the form that is 

consumed by people. Thus, the present study was primarily aimed at assessing the effects of 

commercially available saccharin-containing NNS on diabetes-related parameters and its associated 

complications, in an experimentally induced rat model of T2D. The study also simultaneously 

investigated the toxicological effects of saccharin with a higher dose in non-diabetic rats.   

 

4.3 Materials and methods 

Please refer to chapter 2 of this thesis (pages 30-39) for details. 

 

4.4 Results 

4.4.1 Daily food and fluid intake, and body weight gain 

Administration of a commercially available saccharin-based NNS solution, at a high dose, to normal 

rats increased fluid intake (51%). Although daily food intake was not affected, the results show that 

body weight gain after 13 week of treatment was non-significantly elevated (49%) in the diabetic rats 

treated with a low dose of saccharin (Figure 4.1).  
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Figure 4.1: Mean food and fluid intake and body weight gain during the entire experimental 

period. Data presented as mean ± SD of 5-6 rats.* Significantly different compared to NC group, 

(Paired t-test, p < 0.05). NC, Normal Control; TSAC, Toxicological Saccharin; DBC, Diabetic 

Control; DSAC, Diabetic Saccharin. 

 

4.4.2 Non-fasting blood glucose and oral glucose tolerance test 

Administration of saccharin to normal rats caused a significant reduction in serum fructosamine (-

26%) and non-significant reduction in serum insulin (-27%); whilst administration to diabetic rats 

caused a significant reduction in serum fructosamine (-16%), without affecting serum insulin 

concentrations (Table 4.1). 
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Figure 4.2: Mean weekly non-fasting blood glucose in different rats groups over the 13 week 

experimental period. Data are presented as mean ± SD of 5-6 rats. NC, Normal Control; TSAC, 

Toxicological Saccharin; DBC, Diabetic Control; DSAC, Diabetic Saccharin. 
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Table 4.1: Serum insulin, fructosamine, ALP, ALT, AST, LDH, CK-MB, uric acid, and 

creatinine at the end of the experimental period 

 NC TSAC DBC DSAC 

          

Insulin (ng/L) 152.51 ± 56.18  111.72 ± 36.29  74.74 ± 8.08  75.50 ± 12.29  

Fructosamine 
(µmol/L) 505.40 ± 31.39  372.20 ± 34.43 * 588.80 ± 30.34  494.83 ± 34.50 # 

ALP (U/L) 96.40 ± 20.84  92.25 ± 7.41  591.00 ± 160.53  1195.20 ± 303.67 # 

ALT (U/L) 75.80 ± 4.97 a 59.80 ± 5.81 * 115.60 ± 28.40  129.67 ± 15.00  

AST (U/L) 101.00 ± 10.93 111.20 ± 19.10 118.80 ± 26.41 115.57 ± 18.47 

LDH (U/L) 1129.00 ± 295.00  2118.60 ± 772.67 * 2270.5 ± 1183.71  
 
1162.00 ± 133.62  
  

CK-MB (U/L) 1331.98 ± 669.40 1364.96 ± 414.43 1926.52 ± 587.81 1262.17 ± 251.39  

Uric acid (mg/dL) 9.44 ± 3.46 12.46 ± 1.28 9.74 ± 0.98 9.90 ± 3.45 

Creatinine (mg/dL) 4.73 ± 0.87 5.36 ± 1.54  3.89 ± 0.87 3.38 ± 0.70 

Note: Data presented as mean ± SD of 5-6 rats.* and # Significantly different compared to NC and 

DBC groups, respectively (Paired t-test, p < 0.05). NC, Normal Control; TSAC, Toxicological 

Saccharin; DBC, Diabetic Control; DSAC, Diabetic Saccharin; ALP, Alkaline Phosphatase; ALT, 

Alanine Transaminase (ALT); AST, Aspartate Transaminase; LDH, Lactate dehydrogenase; CK-MB, 

Creatine kinase (heart specific). 
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Figure 4.3: Oral glucose tolerance test (OGTT) in different animal groups at week 12 of the 13 

week experimental period. Data are presented as mean ± SD of 5-6 rats. NC, Normal Control; 

TSAC, Toxicological Saccharin; DBC, Diabetic Control; DSAC, Diabetic Saccharin. 

 

4.4.3 Serum lipid profile 

The high dose of saccharin administration for 13 week to normal rats resulted in a significant decrease 

in serum HDL-cholesterol (-41%) and serum triglycerides (-47%), and a significant increase in serum 

LDL-cholesterol (113%), without affecting total cholesterol.  Administration of a low dose saccharin 

to diabetic rats non-significantly reduced serum LDL-cholesterol and serum triglycerides, without 

affecting serum HDL- and total Cholesterol (Figure 4.4) which revealed the beneficial effects 

saccharin consumption in diabetic condition.  
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Figure 4.4: Serum lipid profile in the different animal groups at the end of the experimental 

period. Data are presented as mean ± SD of 5-6 rats.* Significantly different compared to NC group, 

(Paired t-test, p < 0.05). NC, Normal Control; TSAC, Toxicological Saccharin; DBC, Diabetic 

Control; DSAC, Diabetic Saccharin. 

 

4.4.4 Serum insulin, fructosamine, ALP, ALT, AST, LDH, CK-MB, uric acid, 

and creatinine 

Normal rats treated with a high dose of saccharin exhibited significantly decreased serum alanine 

transaminase (-21%) (Table 4.1) and significantly increased lactate dehydrogenase (88%) (Table 4.1). 

On the other hand, diabetic rats treated with a low dose of saccharin showed significantly and 

drastically increased serum alkaline phosphatase (102%) at the end of the experimental period (Table 

4.1). Heart specific creatine kinase (CK-MB), uric acid and creatinine concentrations in the serum 

were not affected by saccharin treatment (Table 4.1).  
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4.4.5 Histopathological findings 

The histopathological findings are shown in Figure 4.5. Administration of saccharin provoked 

morphological changes in the tissue of the heart, kidney and pancreas in both normal and diabetic rats. 

Examination of the heart tissue (Figure4.5.9-12) revealed that saccharin led to noticeably reduced 

tissue damage in the heart (yellow arrows), in diabetic rats. After saccharin treatment, in the kidneys, 

the Bowman’s capsule (BC) appeared to be increased and there was vacuolation of the convoluted 

tubules in control (Figure 4.5.14) and diabetic rats (Figure 4.5.16). Interestingly, saccharin 

administration also appeared to reduce the islet sizes in control rats (Figure 4.5.18). The histology of 

the brain and liver appeared normal after saccharin treatment in both control groups (Figure 4.5.2 for 

the brain and Figure 4.5.6 for the liver).   
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Figure 4.5: Histological examinations of the brain (1-4), liver (5-8), heart (9-12), kidney (13-16) and pancreas (17-20) of 

different animal groups at the end of the experimental period; at 400x total magnification. NC, Normal Control; TSAC, 

Toxicological Saccharin; DBC, Diabetic Control; DSAC, Diabetic Saccharin; BS, Bowmans Space; G, Glomerulus; A, Acini; IL, 

Islets of Langerhans.
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4.5 Discussion 

Several studies have been conducted to assess the safety of saccharin consumption by humans, when 

majority of the studies have reported conflicting results and used saccharin in its pure form and not in 

the commercially available form, which is consumed by people. Thus, the present study was aimed at 

investigating the pharmacological and toxicological effects of commercially available saccharin-

containing NNS in an experimentally induced rat model of T2D and normal rats, respectively. The 

key findings suggest that saccharin containing NNS may have unfavorable effects on serum lipid 

profile both in normal and diabetic rats; additionally, significant changes in the kidney and pancreatic 

tissue histopathology in both normal and diabetic rats and corresponding drastically increased serum 

alkaline phosphatase (ALP) concentration and increased body weight in diabetic rats raised question 

about the safety of the saccharin-containing NNS, at least for type 2 diabetic patients. The data of our 

study are discussed below in more details.  

In our study, the diabetic rats exhibited increased food and fluid intake, and decreased weight gain 

compared to the normal rats. Several studies have demonstrated that saccharin treatment leads to 

increased weight gain, food intake, decreased GLP-1 release and impaired glucose homeostasis 

(Swithers et al., 2009; Swithers et al., 2010; Swithers et al., 2012; Feijό et al., 2013), whilst others 

have reported that saccharin does not affect these parameters (Park et al., 2010; Bryant et al., 2014). 

The differences in the reported results may be due to different experimental designs that were used. 

Most studies that reported negative effects on energy metabolism compared saccharin to calorie-

containing sugars; either glucose or sucrose. It has been reported that intake of high calories before 

main meal leads to reduce food intake, a process known as caloric compensation (Allison, 2013). 

Thus, it is possible that when saccharin consumption led to increased food intake and ultimately 

elevated weight gain; the results were rather due to decreased food intake in the control groups due to 

caloric compensation, which ultimately caused reduced weight gain when compared to the treated 

groups. In our study, no caloric compensation occurred in the control groups as the rats were 

receiving normal drinking water, and thus no significant differences in food intake and weight gain 
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were observed (Figure 4.1), although the blood glucose level was relatively high in the saccharin 

consuming diabetic group (Figure 4.2).  

Insulin resistance and β-cell dysfunction lead to chronic hyperglycemia, the clinical hallmark of T2D 

(Nyenwe et al., 2011). The type 2 diabetic rats in the present study had increased weekly blood 

glucose, reduced serum insulin and impaired oral glucose tolerance. Although treatment with 

saccharin did not alter these parameters; serum fructosamine level was significantly reduced in both 

normal and diabetic rats. Serum fructosamine reflects of average glucose concentration over 2-3 

weeks (Shin et al., 2013). Since 3h-FBG and fasting blood glucose (before OGTT) were not affected, 

it is possible that saccharin reduces formation of serum fructosamine during the postprandial state 

which was not assessed in this study, and this would ultimately decrease the serum level of 

fructosamine in the treated rats. Further studies are required to confirm this contradictory finding. 

However, the non-significantly reduced serum insulin concentration and apparently reduced 

pancreatic islets sized in saccharin consuming normal and diabetic rats support the results of lower 

fructosamine concentrations in our study (Table 4.1).  Additionally, serum fructosamine 

concentrations might also be increased due to the significant damage of kidney and pancreatic tissues 

(Figure 4.6). 

Diabetic dyslipidemia is very common in patients with T2D, and studies have indicated that serum 

lipid abnormalities are associated with increased risks of cardiovascular events in both diabetic and 

non-diabetic individuals (Turner et al., 1998; ADA, 2004). Although the most common pattern of 

dyslipidemia in T2D is increased serum triglycerides and decreased HDL-cholesterol; in our study, 

T2D provoked increased triglycerides without affecting HDL-cholesterol. The results also indicate 

that saccharin treatment in both diabetic and normal rats influences the serum lipid profile of these 

rats. These findings are in good accordance with the study by Adbelaziz and Ashour (2011), which 

reported decreased serum triglycerides and total cholesterol in response to saccharin administration. It 

is possible that saccharin administration decreases serum lipids by acting directly or indirectly to lipid 

metabolism or lipid peroxidation (Abdelaziz and Ashour 2011). Interestingly, in the present study 

significant reduction in the serum lipids of the treated groups led to the improvement of the liver and 
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heart tissue morphology, particularly in the diabetic group. However, considering other data of this 

study, saccharin consumption may be beneficial for normal individual but may not be for people with 

T2D. 

Although, abnormally elevated liver function enzymes (ALT and AST), ALP and LDH in the serum 

of type 2 diabetic patients have been reported (Celik et al., 2002; Harris, 2005), some reports 

including the present study have suggested that LDH is not always affected by diabetes (Oliver et al., 

1993). Induction of these serum enzymes usually indicates tissue damage during diabetic condition 

(Shaheen et al., 2009). In our study, the elevated serum ALP and LDH concentrations in diabetic and 

normal rats, respectively, in response to saccharin administration could have resulted from changes in 

the kidney cellular morphology that was observed, ultimately causing leakage of these enzymes into 

circulation. In contrast to the current study, some reports have suggested that oral administration of 

saccharin can also elevate serum ALT, AST and ALP in normal rats and patients (Negro et al., 1994; 

Adbelaziz and Ashour, 2011; Andrejic et al., 2013). These abnormalities in serum enzymes may have 

been due to abnormally high doses of saccharin used in the previous studies, which led to changes in 

liver histology and ultimately leakage of these enzymes to the blood (Andrejic et al., 2013). 

4.6 Conclusions 

The results of the present study indicate that the consumption of commercially available saccharin 

may not have favourable effects with regards to serum lipid profile, organ histology and inflammatory 

biomarkers in both normal and diabetic rats. However, further clinical study is needed to confirm 

these effects in humans.   
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5.1 Abstract  

Non-nutritive sweeteners (NNS) such as aspartame have become highly popular as sugar substitutes 

for diabetic patients. Majority of studies have reported conflicting results and have used aspartame in 

its pure form which is not consumed by people. Hence, the present study primarily aimed at 

investigating the effects of commercially available aspartame-based sweetener on diabetes related 

parameters and its associated complications in both normal and type 2 diabetes rat model. Seven-

week-old male Sprague-Dawley rats were randomly divided into four groups, namely: Normal 

Control (NC), Toxicological Aspartame (TASP), Diabetic Control (DBC) and Diabetic Aspartame 

(DASP). Type 2 diabetes was induced experimentally in the DBC and DASP groups only and rats 

with blood glucose concentrations >300 mg/dl were considered as diabetic. During the 13 week 

experimental period, the control groups received normal drinking water, whilst TASP and DASP 

groups were administered with aspartame-containing NNS solutions, ad libitum, at concentrations 

equivalent to the sweetness of 20% and 10% sucrose solution, respectively. Treatment with 

toxicological aspartame resulted in significantly reduced serum fructosamine and creatinine 

concentrations in normal rats, when brain, heart, liver, kidney and pancreatic tissue morphologies 

were significantly damaged in both normal and diabetic rats. The data of this study suggest that 

although aspartame-based NNS may not have higher degree of detrimental effects on diabetes 

associated parameters, the significantly damaged morphology of the major organ tissues as well 

related serum biomarkers both in normal and diabetic conditions raised a big concern of its use as a 

NNS and also in various food and food products. 
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5.2 Introduction 
Diabetes Mellitus (DM) is a global health problem and affects more than 382 million people 

worldwide (IDF Atlas, 2013). This disease is classified into two major forms; type 1 and type 2, when 

type 2 accounts for 90-95% of all diabetes cases. According to Ripsin et al. (2009), patients with type-

2 diabetes (T2D) should implement healthy lifestyle changes; such as reducing calorie intake in their 

diet and increasing physical activity to manage the disease. Moreover, high dietary intake of sucrose 

and fructose, especially in the form of liquid, has been consistently linked to increased energy intake 

and body weight gain, increased risk of developing T2D, decreased insulin sensitivity, lipid 

dysregulation, and visceral adiposity (Schulze et al., 2004; Dhingra et al., 2007; Stanhope et al., 2009; 

Hu and Malik, 2010). Thus, non-nutritive sweeteners (NNSs) have become highly popular as sugar 

substitutes for individuals with diabetes, since these substances have high sweetening power without 

any undesired calories. Several studies have been conducted to assess whether NNSs possess health 

risks as food additives or not (Benton, 2005; Whitehouse et al., 2008; Brown et al., 2010; Yang 2010; 

Brown and Rother, 2012) and reports of these studies have been largely conflicting , with conclusions 

ranging from safe at all concentrations to unsafe at any concentration. 

Aspartame is a dipeptide NNS that is used in many food and drinks as a sugar substitute and has been 

subject to a number of controversies (Renwick and Nordmann, 2007; Tandel, 2011). Although this 

NNS has been approved in more than 90 countries, it has been banned in some countries due to 

concerns about long-term carcinogenic effects and side effects such as headaches that have been 

frequently reported in humans (Halldorsson et al., 2010). Studies that have been conducted recently 

on aspartame have largely focused on the effect on body weight gain (Feijo et al., 2013), 

hepatotoxicity (Abhilash et al., 2011), neurotoxicity (Christian et al., 2004; Bergstrom et al., 2007), 

and cancer (Soffritti et al., 2006; Gallus et al., 2007). However, the research on the effect of this NNS 

on diabetes-related parameters is very limited, although it is mainly being consumed by diabetic 

individuals. Moreover, the majority of studies have been carried out using aspartame in its pure form, 

which is not what people are consuming. Recently, it has been reported that aspartame may have an 

additive or synergistic effect when used in combination with other food additives (Lau et al., 2006; 
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Collison et al., 2012). Given that aspartame is usually used in combination with other NNSs to 

achieve the sweetness profile similar to sucrose, we hypothesized that the effect of aspartame in the 

form in which it is consumed by people has different effects to what has been previously reported.  

Therefore, the primary objective of this study was to assess the effects of commercially available 

aspartame that is used as a sugar substitute, on diabetes related parameters and its associated 

complications. The study also aimed at investigating the toxicological effects of aspartame in normal 

rats. 

5.3 Materials and methods 

Please refer to chapter 2 of this thesis (pages 30-39) for details. 

 

5.4 Results 

5.4.1 Food and fluid intake, and body weight  

Figure 5.1 shows the mean food and fluid intake and body weight gain for the 13 week experimental 

period. Although, aspartame did not affect daily food and fluid intake, administration of a high dose 

of this NNS for 13 week provoked a non-significantly (p > 0.05) increased weight gain in the normal 

rats, whilst the diabetic rats were not affected by the low dose of aspartame treatment (Figure 5.1).  
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Figure 5.1: Mean food and fluid intake and body weight gain during the entire experimental 

period. Data presented as mean ± SD of 5-6 rats. NC, Normal Control; TASP, Toxicological 

Aspartame; DBC, Diabetic Control; DASP, Diabetic Aspartame. 

 

5.4.2 Weekly Blood Glucose and OGTT 

Figure 5.2 shows weekly blood glucose concentrations of all groups over the 13 week experimental 

period. During the entire experimental period the diabetic groups had significantly elevated blood 

glucose compared to the normal groups. No significant differences were caused by treatment with the 

aspartame-containing NNS, in both diabetic and normal groups (Figure 5.2), which has been further 

confirmed by the calculated area under the curve (AUC) presented in Fig. 5.3.  

The OGTT was performed at week 12 and data are shown in Fig. 5.4. The oral glucose tolerance was 

not significantly affected by aspartame administration, in both diabetic and normal rats as well (Figure 

5.4). 
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Figure 5.2: Mean weekly non-fasting blood glucose in different rats groups over the 13 week 

experimental period. Data are presented as mean ± SD of 5-6 rats. NC, Normal Control; TASP, 

Toxicological Aspartame; DBC, Diabetic Control; DASP, Diabetic Aspartame.  

 

Figure 5.3: Calculated area under the curve (AUC) for weekly non-fasting blood glucose in 

different rats groups over the 13 week experimental period. Data are presented as mean ± SD of 

5-6 rats. NC, Normal Control; TASP, Toxicological Aspartame; DBC, Diabetic Control; DASP, 

Diabetic Aspartame.  
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Figure 5.4: Oral glucose tolerance test (OGTT) in different animal groups at week 12 of the 13-

week experimental period. Data are presented as mean ± SD of 5-6 rats. NC, Normal Control; 

TASP, Toxicological Aspartame; DBC, Diabetic Control; DASP, Diabetic Aspartame.  

 

5.4.3 Serum lipid profile  

The serum lipid profile at 13 weeks is shown in Figure 5.5. There was no significant difference when 

comparing all groups for serum total cholesterol and HDL cholesterol. The diabetic control group 

only had significantly increased serum triglycerides, whilst both triglycerides and LDL cholesterol 

were significantly elevated in the diabetic rats treated with aspartame compared to their corresponding 

normal groups (Figure 5.5). 
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Figure 5.5: Serum lipid profile in the different animal groups at the end of the experimental 

period. Data are presented as mean ± SD of 5-6 rats. NC, Normal Control; TASP, Toxicological 

Aspartame; DBC, Diabetic Control; DASP, Diabetic Aspartame.  

 

5.4.4 Liver function enzymes in the serum 

Figure 6 represents the concentrations of serum alkaline phosphatase (ALP), alanine aminotransferase 

(ALT) and aspartate aminotransferase (AST) of all groups at 13 weeks. The results indicated that 

administration of aspartame has no influence on these enzymes (Figure 5.6).  
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Figure 5.6: Concentrations of alkaline phosphates and liver function enzymes in the serum of 

different animal groups at the end of the experimental period. Data are presented as mean ± SD 

of 5-6 rats. NC, Normal Control; TASP, Toxicological Aspartame; DBC, Diabetic Control; DASP, 

Diabetic Aspartame.  

 

5.4.5 Serum insulin, fructosamine, LDH, CK-MB and creatinine 

High dose of aspartame administration provoked a non-significant reduction in serum insulin but a 

significant decrease in serum fructosamine, whilst a low dose aspartame in the diabetic group did not 

cause any changes. Although diabetes did not significantly affect serum LDH and CK-MB, 

administration of a low dose aspartame provoked insignificant increases in these enzymes. 

Administration of a high dose aspartame to normal rats caused a significant reduction in the serum 

creatinine, without affecting serum uric acid when these parameters were not affected by the 

supplementation of lower dose of aspartame to diabetic rats (Table 5.1). 
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Table 5.1: Serum insulin, fructosamine, LDH, CK-MB, uric acid, and creatinine concentrations 

at the end of the 13-week experimental period 

Data presented as mean ± SD of 5-6 rats.* Significantly different compared to NC group, (Paired t-

test, p < 0.05). NC, Normal Control; TSCL, Toxicological Sucralose; DBC, Diabetic Control; DASP, 

Diabetic Sucralose; LDH, Lactate dehydrogenase; CK-MB, Creatine kinase (heart specific).

  NC TASP DBC DASP 

Insulin (ng/L) 152.51 ± 56.18 104.44 ± 33.77 74.74 ± 8.08 72.15 ± 3.44 

Fuctosamine (µmol/L) 505.40 ± 31.39 428.80 ± 30.9
*
 588.80 ± 30.34 582.00 ± 48.25 

LDH (U/L) 1129.00 ± 295.00 1070.00 ± 142.41 2270.5 ± 1183.71 3434.4 ± 524.87 

CK-MB (U/L) 1331.98 ± 669.40 1112.26 ± 323.79 1926.52 ± 587.81 2618.98 ± 646.11 

Uric acid (mg/dL) 9.44 ± 3.46 11.88 ± 2.48 9.74 ± 0.98 10.84 ± 2.67 

Creatinine (mg/dL) 4.73 ± 0.87 2.34 ± 0.53
*
 3.89 ± 0.87 4.66 ± 0.59 
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5.4.6 Histopathological findings 

Administration of an aspartame-containing NNS to both diabetic and non-diabetic rats for 13 week, 

led to histological changes in the liver, heart, kidney and pancreatic tissues (Figure 5.7,. 5-20) along 

with the brain of diabetic rats (Figure 5.7, 3 & 4). The histolopathological findings show that 

administration of aspartame led to enhanced tissue damage to the liver (Figure 5.7, 5-8) and heart 

(Figure 5.7, 9-12) organs, in both diabetic and normal rats. Moreover, aspartame also provoked 

increased vacuolation in the renal tubules (yellow arrows) and size of the Bowmans space (BS) in the 

kidneys (Figure 5.7.13-16) of both normal and diabetic rats. In addition, aspartame treatment resulted 

in reduced size of the islets of Langerhans (IL) in the non-diabetic rats, and improvements in the 

histology of the pancreatic acini (A) in both diabetic and normal rats (Figure 17-20).    
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Figure 5.7:  Histological examinations of the brain (1-4), liver (5-8), heart (9-12), kidney (13-16) and pancreas (17-20) of different 

animal groups at the end of the experimental period, at X400 total magnification. NC, Normal Control; TASP, Toxicological 

Aspartame; DBC, Diabetic Control; DASP, Diabetic Aspartame; BS, Bowmans Space; G, Glomerulus; IL, Islet of Langerhans; A, Acini. 
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5.5 Discussion 

Although aspartame is one of the most widely used NNSs particularly by diabetic and obese 

individuals, use of this NNS has not been approved in some countries due concerns about long-term 

carcinogenic effects and frequently reported side effects (Halldorsson et al., 2010). Thus, its safety for 

consumption by humans remains highly debatable. Additionally, studies that have been conducted to 

date have used aspartame in its pure form, and not in the form in which it is consumed by people. 

Hence this study primarily aimed at assessing the effects of aspartame in the form in which it is 

available commercially, in normal and T2D rat model. The key findings of the study was that 

consumption of aspartame may not have significant effects on major diabetes related parameters but 

causes severe organ damage both in normal and type 2 diabetic rat model. . 

The most common symptoms of untreated diabetes include polyuria, polydipsia, polyphagia, 

unexplained weight loss, and sometimes impaired vision (ADA, 2007). Some studies have suggested 

that aspartame consumption can lead to increased food intake and body weight gain in animal models 

(Kim et al., 2011; Collison et al., 2012b; Feijo et al., 2013). In this study, aspartame consumption did 

not significantly affect food and fluid intake, and body weight gain (Figure 5.1), after 13 weeks of 

treatment. Nonetheless, the non-significantly elevated body weight gain, in normal rats treated with 

high dose aspartame, might suggest that treatment with aspartame over longer periods or using a 

higher dose could have resulted to a statistically significant increase in body weight. It is important to 

note that food intake was not affected by aspartame treatment and thus could not be related to the non-

significantly elevated weight gain observed (Figure 5.1).  Feijó et al. (2013) also reported an increased 

body weight gain in rats receiving yogurt sweetened with aspartame for 12 weeks compared to rats 

receiving sucrose sweetened yogurt. Both groups were receiving a similar caloric intake and it was 

speculated that weight gain may have resulted from a decrease in energy expenditure. Moreover, a 

recent study revealed that, administration of an aspartame-containing sweetener to obese mice causes 

a decrease in oxygen consumption, which ultimately leads to increased adiposity after 4 weeks of 
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administration (Mitsutomi et al., 2014). Hence, aspartame-based NNS may have body weight gaining 

effects which supports our findings.  

Diabetes is a disease characterized by chronic hyperglycemia, which leads to changes in metabolites 

of lipids, carbohydrates and blood coagulation factors, and ultimately resulting in complications such 

as diabetic cardiomyopathy, nephropathy, neuropathy and retinopathy. It is well established that 

glycemic control plays a major role in the prevention of these complications. Thus a number of 

diabetic patients substitute sucrose with NNSs such as aspartame in order to achieve better glycemic 

control. Although acute and short term studies have reported that aspartame does not affect glucose 

homeostasis (Anton et al., 2010), some long term studies have demonstrated that aspartame exposure 

may promote increased blood glucose and insulin intolerance (Collison et al., 2012a; Collison et al., 

2012b). In our study, the results indicate that consumption of the commercially available aspartame-

based sweetener for 13 weeks did not alter non-fasting blood glucose (Figure 5.2), in normal and 

diabetic rats. This was also confirmed by calculated area under the curve (Figure 5.3) and supported 

by the results of oral glucose tolerance test (Figure 5.4) which showed no effect of aspartame 

treatment on glucose tolerance. The results were also corroborated with serum insulin which was 

decreased as a result of type-2 diabetes and not aspartame treatment, in the diabetic rats (Table 5.1). 

Although, these results indicate that aspartame does not influence blood glucose concentrations, the 

reduced serum fructosamine and non-significantly reduced serum insulin show that a high dose of 

aspartame in normal rats reduces these parameters in the blood.  

According to the American Diabetes Association (2004), diabetic dyslipidemia is very common in 

individuals with T2D. Decreased HDL-cholesterol level and elevated triglycerides concentration in 

the serum is the most common dyslipidemia pattern in patients with T2D. Additionally, increased 

LDL-cholesterol concentrations may also be present in this form of diabetes (ADA, 2004). In this 

study, non-significantly increased total cholesterol, LDL-cholesterol and triglyceride in the aspartame 

consuming diabetic group compared to DBC group confirmed the induction of diabetic more 

dyslipidemia in this group (Figure 5.5). Relatively more elevated serum LDL-cholesterol due to 

aspartame treatment in the diabetic may have been caused by increased lipolysis of very low density 
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lipoproteins (VLDL), which serve as LDL precursors, by the lipoprotein lipase enzyme. Hence, long-

term consumption of aspartame-based NNS may worsen dyslipidemia particularly in diabetic 

condition along with other organ specific complications. 

Tissue damage is strongly associated with diabetes and increases in serum enzymes such as lactate 

dehydrogenase (LDH), alkaline phosphatase (ALP), alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) have been reported in diabetic condition (Celik et al., 2002; Harris, 2005; 

Shaheen et al., 2009). Elevated serum ALP level is usually used as a marker for tissue damage 

(Shaheen et al., 2009). Additionally, chronic elevation of these enzymes is common in T2D (Harris, 

2005; Shaheen et al., 2009). In this study, although not-significantly but markedly elevated serum 

ALP in the diabetic rats treated with aspartame (Figure 5.6) was indicative of tissue damage, as 

confirmed by the histopathological examination (Figure 5.7). The results indicate that consumption of 

aspartame causes major organ tissue damage which worsens in diabetic condition. Abhilash et al. 

(2011) reported that chronic consumption of aspartame caused hepatic damage, when administered at 

1000 mg/kg BW for 180 days in non-diabetic male Wistar rats. In their study, liver damage was also 

indicated by increased liver function enzymes and this was corroborated with the histopathological 

findings as well, which revealed leukocyte infiltration in rats treated with aspartame. The results of 

our study indicate that the increased serum LDH and CK-MB enzymes in the diabetic rats receiving 

aspartame due to enhanced organ tissue damage (Table 5.1). Since aspartame is rapidly metabolized 

into phenylalanine, aspartate and methanol (Christian et al., 2004); it is possible that the tissue 

damage observed in all organs examined could have resulted from increases in serum methanol. 

Methanol has been previously reported to cause changes in the surface charge density as well as 

oxidative stress, leading to leakage of some enzymes (Parthasarathy et al., 2006). Finally, lower 

creatinine level in the blood has been proposed as a risk factor for insulin resistance and T2D (Harita 

et al., 2009). In our study, significantly reduced creatinine concentrations were seen in the TASP 

group (Table 5.1), indicating that excess consumption of aspartame might increase the risk of 

developing insulin resistance and T2D.   
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5.6 Conclusions 

In conclusion, the data of this study suggest that although aspartame-based NNS may not adversely 

affect diabetogenic parameters, the damaged morphology of metabolic organs and altered serum 

biomarkers both in normal and diabetic rats suggests caution for the use of aspartame in food 

products. 

5.7 References 

Please refer to the reference section at the end of this thesis (pages 126-144). 
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6.1 Abstract 

Studies on the effects of cyclamate have largely focused on the potential toxic effects on bladder and 

testicular cancers, and have used in its pure form. The present study aimed at evaluating the biological 

and toxicological effects of the commercially available cyclamate in diabetic and normal rats, 

respectively. Seven-week-old male Sprague-Dawley rats were randomly divided into four groups, as 

follows: Normal Control (NC), Toxicological Cyclamate (TCLM), Diabetic Control (DBC) and 

Diabetic Cyclamate (DCLM). Type 2 diabetes was induced experimentally in the DBC and DCLM 

groups only and rats with non-fasting blood glucose concentrations >300 mg/dl were considered as 

diabetic. During the 13 week intervention period, the control groups (NC and DBC) were provided 

with normal drinking water, whilst TCLM and DCLM groups received cyclamate-containing NNS 

solutions, ad libitum, at concentrations equivalent to 20% and 10% sucrose solution in terms of 

sweetness, respectively. Treatment with a toxicological dose of cyclamate in normal rats influenced 

the serum lipid profile, significantly (p < 0.05) reduced serum ALT, fructosamine, insulin and sizes of 

the pancreatic islets, and non-significantly reduced serum AST, ALP, LDH and CK-MB. Conversely, 

treatment with a low dose cyclamate in diabetic rats, led to significantly (p < 0.05) increased serum 

ALT and non-significantly elevated AST, ALP, LDH and CK-MB in the serum. Additionally 

treatment commercially available cyclamate also caused significant changes in the histology of the 

examined organs in both normal and diabetic rats. The results of the present study demonstrate that 

uncontrolled consumption of commercially available cyclamate can profoundly influence diabetes 

related parameters and its related complications. Individuals consuming this sweetener are advised to 

limit their daily intake. 

6.2 Introduction  

Excessive intake of sugar in the diet has been consistently associated with a number of detrimental 

health conditions. Some studies have reported that consumption of sugar decreased insulin sensitivity, 

lipid dysregulation and increased food intake, visceral adiposity, and risk of developing T2D (Dhingra 

et al., 2007; Malik et al., 2010; Schulze et al., 2004; Stanhope et al., 2009). Thus, there has been an 
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upsurge for the use of alternative sweeteners as sugar substitutes. Although a great number of 

sweeteners exist, non-nutritive sweeteners (NNSs) have gained more popularity because they are 

many times sweeter than sucrose and are not associated with undesired calories. According to 

Sylvetsky et al. (2012), in the United States intake of NNSs had increased from 6.1% to 12.5% among 

children and from 18.7% to 24.1% among adults, from 1999 to 2008.   

Moreover, since NNSs are recommended for use by diabetic patients, a number of diabetic patients 

are substituting sugar with these types of sweeteners (Gougeon et al., 2004). The principle behind the 

use of NNSs by diabetic individuals is that the patients can enjoy a number of sweetened foods and 

drinks without negative impact on blood glucose control. 

The high use of NNSs brings the issue of safety especially with regards to uncontrolled daily 

consumption. The earliest NNS-related safety issue started in 1969 when a study reported that high 

doses of cyclamate when administered in a 10:1 ratio with saccharin increased the incidence of 

bladder cancer in male rats (Price et al., 1970). Subsequently, cyclamate was banned by the United 

States Food and Drug Administration (USFDA) in 1970, which is still banned in the USA and other 

parts of the world till today. Nonetheless, since no studies have reported an association between 

cyclamate and cancer in humans, this NNS has been approved by the European Scientific Committee 

on Food (SCF) and the Joint FAO/WHO Expert Committee on Food Additives (JECFA) at an 

acceptable daily intake of 11 mg/kg, and is used as a food additive in more than 50 countries at the 

moment (Yang, 2010). Studies on the effects of cyclamate have largely focused on the toxicity in 

testes and urinary bladders (Creasy et al., 1990; Takayama et al., 2000).  

However, since cyclamate is also consumed in sugar-free drinks and products, and sugar substitute by 

diabetic patients, investigations on the effects on glucose homeostasis and other diabetes related 

parameters are necessary. Moreover, majority of the studies have used cyclamate in its pure form and 

not in the form that is consumed by people. Additionally, recent studies have reported that NNS may 

have synergistic or additive effects when used with other food additives (Collison et al., 2012; Lau et 

al., 2006).  Since cyclamate is usually used in combination with other NNSs such as acesulfame 

potassium (Ace-K), and contains other ingredients such as maltodextrin and anticaking agents; we 
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hypothesized that the commercially available form of cyclamate may have different effects to what 

have been previously reported. Therefore, in the present study, the biological and toxicological effects 

of commercially available cyclamate are investigated in an experimentally induced rat model of type 

2 diabetes and in normal rats.  

6.3 Materials and methods 

Please refer to chapter 2 of this thesis (pages 30-39) for details. 

 

6.4 Results 

6.4.1 Daily food and fluid intake, and body weight gain 

Figure 6.1 presents the data for daily food and fluid intake, and body weight gain at the end of the 

experimental period. Although, diabetes induction provoked the induction of daily food and fluid 

intake, and reduction of body weight gain; treatment with cyclamate did not result in any significant 

differences in these parameters. Nonetheless, cyclamate markedly increased fluid intake and body 

weight gain both in normal and diabetic rats (Figure 6.1).  
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Figure 6.1: Mean food and fluid intake and body weight gain during the entire experimental 

period. Data presented as mean ± SD of 5-7 rats. NC, Normal Control; TCLM, Toxicological 

Cyclamate; DBC, Diabetic Control; DCLM, Diabetic Cyclamate.  

 

6.4.2 Weekly blood glucose and oral glucose tolerance test 

The data for weekly blood glucose over the 13 week experimental period are presented in Figure 6.2. 

The graph shows that diabetes caused an elevation in blood glucose concentrations throughout the 

entire study period, when compared to the non-diabetic groups (NC and TCLM). Cyclamate 

administration did not affect the blood glucose concentration almost entire experimental period except 

week 6. Administration of a high dose of cyclamate to the normal rats also did not have any 

significant effect on blood glucose concentration when compared to the respective normal control 

group (Figure 6.2). 
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Figure 6.2: Weekly non-fasting blood glucose in different rat groups over the 13 week 

experimental period. Data are presented as mean ± SD of 5-6 rats. # Significantly different compared 

to NC and DBC groups, respectively (Paired t-test, p < 0.05).  NC, Normal Control; TCLM, 

Toxicological Cyclamate; DBC, Diabetic Control; DCLM, Diabetic Cyclamate. 

 

The OGTT was done at the 12th week of the intervention period and Figure 6.3 shows the data from 

this test. Although, blood glucose was increased in the diabetic groups (DBC and DCLM) in 

comparison to the non-diabetic groups; treatment with cyclamate had no significant effects on the 

blood glucose concentrations during the entire period of the OGTT (Figure 6.3). 
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Figure 6.3: Oral glucose tolerance test (OGTT) in different animal groups at week 12 of the 13 

week experimental period. Data are presented as mean ± SD of 5-7 rats. NC, Normal Control; 

TCLM, Toxicological Cyclamate; DBC, Diabetic Control; DCLM, Diabetic Cyclamate. 

 

6.4.3 Serum lipid profile and serum enzymes 

Data for lipid profile and enzymes in the serum are shown in Figure 6.4. Although a low dose of 

commercially available cyclamate had no effect on serum lipid profile in the diabetic rats, a high dose 

of this sweetener led to significantly (p<0.05) increased serum LDL-cholesterol and significantly 

(p<0.05) reduced serum triglyceride concentrations, in the normal rats. Total cholesterol and HDL-

cholesterol were not influenced by cyclamate consumption (Fig. 6.4).  
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Figure 6.4: Serum lipid profile in the different animal groups at the end of the experimental 

period. Data are presented as mean ± SD of 5-6 rats. *Significantly different from normal control 

group (Paired t- test, p < 0.05). NC, Normal Control; TCLM, Toxicological Cyclamate; DBC, 

Diabetic Control; DCLM, Diabetic Cyclamate; HDL, High-Density Lipoprotein; LDL, Low-Density 

Lipoprotein.  

Interestingly, treatment with cyclamate for 13 week significantly (p<0.05) reduced ALT in normal 

rats when significantly (p<0.05) elevated in diabetic rats compared to their respective controls Table 

6.1. Serum AST, ALP, LDH and CK-MB concentrations were not significantly affected by the 

consumption of cyclamate either in normal or in diabetic rats Table 6.1.   
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Table 6.1: Serum lipid profile and serum enzymes at the end of the experimental period  

      

Serum Enzymes NC TCLM DBC DCLM 

     

ALT 75.80 ± 4.97 62.60 ± 5.77* 115.60 ± 28.40 151.14 ± 20.61# 

AST 101.00 ± 10.93 89.40 ± 14.54 118.80 ± 26.41 133.40 ± 22.77 

ALP 96.40 ± 20.84 81.40 ± 14.66 591.00 ± 160.53 851.80 ± 256.86 

LDH 1129.00 ± 295.00 723.40 ± 211.23 2270.50 ± 1183.71 3184.20 ± 387.21 

CK-MB 1331.98 ± 669.40 614.00 ± 108.33 1926.52 ± 587.81 2144.94 ± 767.45 

 

Data presented as mean ± SD of 5-7 rats.* and # significantly different compared to NC and DBC 

groups, respectively (Paired t-test, p < 0.05). NC, Normal Control; TCLM, Toxicological Cyclamate; 

DBC, Diabetic Control; DCLM, Diabetic Cyclamate; ALT, Alanine Transaminase; AST, Aspartate 

Transaminase; ALP, Alkaline Transaminase; LDH, Lactate Dehydrogenase; CK-MB, Creatine Kinase 

(Heart Specific). 
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6.4.4 Serum insulin, fructosamine, uric acid and creatinine concentrations 

Consumption of a high dose commercially available cyclamate in normal rats resulted in significantly 

(p<0.05) reduced serum insulin and fructosamine, with no significant effects on serum uric acid and 

creatinine. Conversely, treatment with a low dose of cyclamate in diabetic rats had no influence on 

these parameters (Figure 6.5).   

 

 

Figure 6.5: Serum insulin, fructosamine, uric acid and creatinine concentrations of different 

animal groups at the end of the experimental period. Data expressed as mean ± SD of 5-7 rats. *  

Significantly different compared to NC and DBC groups, respectively (Paired t-test, p < 0.05). NC, 

Normal Control; TCLM, Toxicological Cyclamate; DBC, Diabetic Control; DCLM, Diabetic 

Cyclamate. 

 

6.4.5 Histopathological findings 

The results from histopathological studies are shown in Figure 6.6. Examination of the liver tissue 

(Figure 6.6.5-8) revealed that cyclamate consumption induced hepatic tissue damage in both diabetic 

and non-diabetic rats, when compared to their respective controls. In addition, cyclamate increased 

tissue damage in the kidney (Figure 6.6.13-16), as marked by increased sizes of the Bowman’s spaces 
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(BS) and vacuolation in the convoluted tubules (Shown with yellow arrows). Regarding the pancreatic 

tissue, cyclamate led to noticeably reduced sizes of the Islets of Langerhans (IL) in normal rats only, 

and significantly reduced cellularity in the IL in both normal and diabetic rats (Figure 6.6.17-20). 

Supplementation of cyclamate had no effect on the cellular morphology of the brain tissue (Figure 

6.6.1-4) in this experiment.  
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Figure 6.6: Histological examinations of the brain (1-4), liver (5-8), heart (9-12), kidney (13-16) and pancreas (17-20) of different animal 

groups at the end of the experimental period; at 400x total magnification. NC, Normal Control; TCLM, Toxicological Cyclamate; DBC, Diabetic 

Control; DCLM, Diabetic Cyclamate.
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6.5 Discussion 

Although several studies have assessed the safety of cyclamate, majority of the studies have used 

cyclamate in its pure form. The main aim of the current study was to investigate the biological effects 

of commercially available cyclamate in an experimentally induced rat model of T2D. The study also 

assessed the toxicological effects of this sweetener at a higher dose in normal rats.  

Diabetes is generally characterized by chronic hyperglycemia, which leads to polydipsia, polyphagia 

and unexplained weight loss, some of the most common symptoms of this disease (ADA, 2013). In 

our study the diabetic rats exhibited chronic hyperglycemia during the entire experimental period 

(Figure 6.2), which resulted in increased food and fluid intake, as well as reduced body weight gain 

(Figure 6.1). Additionally, T2D is a form of diabetes that is characterized by progressive decline in 

insulin action (insulin resistance) and inability of β-cells to compensate for insulin resistance (β-cell 

dysfunction) (Nyenwe et al., 2007). In this study, impaired glucose homeostasis, as marked by 

glucose intolerance (Figure 6.3) and significantly reduced serum insulin concentrations (Figure 6.4) in 

the diabetic groups, were indicative of the major characteristics of type 2 diabetes.  

Although no significant differences were observed with regards to polydipsia, polyphagia and body 

weight among the normal and diabetic rats; the non-significant elevation of fluid and food intake, and 

body weight gain due to cyclamate supplementation suggest that longer intervention period could 

have significantly increased these parameters. Previous studies have shown that bacterial flora of the 

gastrointestinal tract in rats can convert cyclamate into cyclohexylamine, a metabolite that was 

associated with changes in water intake and body weight in monkeys when administered at 34 mg/kg 

for 4 weeks (Takayama et al., 2000). Thus it is possible that the non-significantly elevated fluid intake 

and weight gain in rats treated with cyclamate was due to the presence of cyclohexylamine, although 

further studies are required for confirmation.  

Interestingly, consumption of cyclamate had no influence on weekly blood glucose, but significantly 

and non-significantly reduced serum fructosamine in normal and diabetic rats, at a toxicological and 

low dose, respectively. According to Shin et al. (2013), serum fructosamine can be used to determine 
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average blood glucose concentrations over 2-3 weeks. Since in this study only 3h-FBG and overnight 

fasting blood glucose (during OGTT) were assessed, it is possible that cyclamate may reduce blood 

glucose at a different state such as postprandial. Reduction of blood glucose during the postprandial 

state could have ultimately reduced the amount of fructosamine production in the blood and the 

concentration of insulin produced by the pancreas since a similar pattern was observed with regards to 

serum insulin concentration.   

 It is well documented that type 2 diabetes can lead to a number of complications and these include 

dyslipidemia and organ tissue damage which leads to leakage of enzymes into circulation. Thus 

diabetic patients  are encouraged to eat healthy and reduce calorie intake in their diets in order to 

avoid these complications (Ripsin et al., 2009). In the present study, the type 2 diabetes led to 

dyslipidemia which was marked by significantly increased triglycerides and non-significantly 

elevated LDL-cholesterol in the serum (Figure 6.4). Significantly reduced serum triglycerides and 

significantly increased serum LDL-cholesterol in the normal rats only (treated with a toxicological 

dose) indicated that cyclamate administration for 13 week either influences serum lipid profile only in 

normal rats or only at a higher dose. Although a dose dependent study is required to confirm this 

hypothesis, but it is possible that cyclamate elevated LDL-cholesterol by increasing the synthesis of 

very low density lipoproteins, which act as precursors for LDL-cholesterol.   

Although several animal and human studies have suggested that cyclamate has no toxic effect 

(Renwick et al., 2004; Takayama et al., 2000), some reports including the current study have indicated 

detrimental effects of this sweetener at cellular or tissue level (Martins et al., 2005; Sasaki et al., 

2002). In the present study administration of the commercially available cyclamate for 13 week 

caused noticeable changes in the histology of the examined tissues (Figure 6.6), and this ultimately 

influenced the enzyme concentrations in the serum (Table 6.1).  The tissue damage may have been 

due to the conversion of cyclamate into cyclohexylamine, a toxic metabolite that has been extensively 

studied in animals and humans (Buss et al., 1992; Creasy et al., 1990; Renwick et al., 2004). In a 

previous study, Martins et al. (2005) observed the cellular alterations in fetal liver of rats after 

intraperitoneal administration of cyclamate (60 mg/kg bw) during pregnancy. In our study, the 
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damage of the liver tissue in cyclamate consuming groups is in accordance with the results obtained 

by Martins et al. (2005). Additionally, Creasy et al. (1990) reported that high doses of 

cyclohexylamine can cause vacuolation in some sensitive tissues in male rats. The vacuolations in the 

renal tissue of cyclamate consuming groups are also in line with the above-mentioned study. 

6.6 Conclusion 

The present study demonstrated that commercially available cyclamate containing sweetener 

influences some of the diabetes-related parameters in both normal and diabetic rats, at toxicological 

and low dose, respectively. Uncontrolled consumption of this non-nutritive sweetener appears to 

induce and worsen organ tissue injury in both normal and diabetic rats, respectively, and ultimately 

influence serum enzyme concentration. Thus, individuals using cyclamate are advised to limit their 

daily intake. 

6.7 References  

Please refer to the reference section at the end of this thesis (pages 126-144).
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7.1 Abstract 

The use of non-nutritive sweeteners as sugar substitutes by overweight, obese and diabetic individuals 

has been increased rapidly in recent years, when Stevia is the most popular one not only due to its 

natural source of origin but also for it anti-diabetic potential. However, the effects commercially 

available stevia-based NNS are not investigated at all.  The present study was investigated the effects 

of the ad libitum consumption of commercially available stevia-based NNS in an experimentally-

induced rat model of type 2 diabetes (T2D). Seven-week-old male Sprague-Dawley rats were 

randomly divided into three groups, namely: Normal Control (NC), Diabetic Control (DBC) and 

Stevia (STV). T2D was induced in the DBC and STV groups only. The control groups were received 

normal drinking water, whilst rats in the STV group were administered with stevia-containing NNS 

solution, at a concentration equivalent to the sweetness of 10% sucrose. After 13 week intervention, 

although food and fluid intake, body weight, weekly blood glucose, glucose tolerance, serum insulin, 

fructosamine, ALT, ALP, creatinine and brain, liver and pancreatic histopathology were not 

significantly affected;  serum AST, LDH and CK-MB as well as heart and kidney histopathology 

were significantly deteriorated in stevia-based NNS consuming group compared to the DBC group.  

The data of this study suggest that uncontrolled consumption of stevia-based NNS has no significant 

anti-diabetic effect but have some toxicological effects in an animal model of T2D. Hence, diabetic 

patients consuming stevia-based NNS should limit their daily intake.  

 

7.2 Introduction 

Excessive dietary intake of high-calorie sweeteners, such as sucrose and fructose, has been 

consistently associated with a number of detrimental health outcomes, such as elevated food intake, 

body weight gain and visceral adiposity, reduced insulin sensitivity, lipid dysregulation and risk of 

developing type 2 diabetes (T2D) (Schulze et al., 2004; Dhingra et al., 2007; Stanhope et al., 2009; 

Malik et al., 2010). Therefore, there has been an upsurge on the use of alternative sweetening agents, 

such as non-nutritive sweeteners (NNSs), as sugar substitutes. NNSs have gained great popularity, 
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especially to overweight, obese and diabetic individuals, due to their extremely higher sweetness 

levels with no undesired calories compared to sucrose. The most widely used NNSs are aspartame, 

saccharin, acesulfame-potassium (Ace-K), sodium cyclamate, sucralose, neotame and stevia.     

Majority of these NNSs are chemically synthesized and several studies have reported conflicting 

results in terms of their safety for human consumption. Although previous clinical studies have 

suggested that NNSs have no adverse biological effects when consumed at concentrations below the 

acceptable daily intake (ADI), the effects of the chronic consumption of these NNS on food intake, 

body weight and adiposity, impaired glucose homeostasis, bladder cancer, and liver toxicity are still 

conflicting  (Whitehouse et al., 2008; Yang, 2010).  However, according to data from number of 

recent studies, the natural originated NNSs are becoming more popular to consumers not only due to 

their sweetening power but also for their beneficial effects on health.        

Stevia is a naturally-occurring NNS that has been reported to have a number of health benefits in both 

humans and experimental animals (Gregersen et al. 2004; Saravanan et al. 2012) when most of these 

studies were investigated its anti-diabetic potentials. Anti-oxidative, anti-diabetic and renal protective 

effects of stevia leaves and its various extracts and extracted polyphenols and fibers have been 

reported in streptozotocin- and alloxan-induced diabetic rats (Shivanna et al. 2013; Kujur et al. 2010). 

Rebaudoside A, a major constituent of Stevia rebaudiana, has been reported to have beneficial effects 

on glucose homeostasis in STZ-induced diabetic rats (Saravanan et al. 2012) and stimulated insulin 

secretion in isolated mouse islets (Abudula et al. 2004), however it did not improve glycemic control 

or blood pressure in spontaneously diabetic Goto-Kakizaki rats (Dyrskog et al. 2005). Although a 

number of previous studies assessed the effects of stevia on metabolic parameters in diabetic animals, 

the animals were not consuming commercially available stevia containing sweetener (Gregersen et al. 

2004; Chang et al. 2005).  

On the other hand, recent animal studies have indicated that some food additives may have synergistic 

or additive effects when used in combination (Lau et al., 2006; Collison et al., 2012). According to the 

Canderel website (2014), commercially available stevia tablet is composed of lactose, steviol 

glycosides, favourings, emulsifier (croscarmellose sodium), anticaking agents (calcium salts of fatty 
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acids, silicon dioxide). Thus, due to these constituents, stevia in the form in which it is consumed by 

people is composed of approximately 68% carbohydrates and 3% fat on weight to weight bases, and 

has about an energy value of 1286 KJ per 100 g (Canderel website, 2014). According to Savita et al. 

(2004), stevia in its pure form is composed of 52% carbohydrates, 3% fat, and has an energy value of 

270 KJ. 

Thus due to these differences, we hypothesized that stevia in the commercially available form would 

have different effects to what has been previously reported. As per our knowledge, no study on the 

detailed effects of stevia or it glycosides has been conducted on different organ histopathology and 

organ specific blood parameters until today. Therefore, the aim of the present study was to assess the 

effects of long-term uncontrolled consumption of commercially available stevia-based NNS in an 

experimentally induced rat model of T2D.   

 

7.3 Materials and methods 

Please refer to chapter 2 of this thesis (pages 30-39) for details. 

 

7.4 Results 

7.4.1 Calculation of the human equivalent dose of stevia glycosides 

According to the results shown in Table 7.1, the concentration and corresponding consumption of 

stevia by the treated animals were 0.0462% and 75.06 mg per rat per day. The FDA recommends 

acceptable daily intake (ADI) of steviol is 4 mg/kg BW/ day which is equivalent to 12 mg/kg BW 

stevia glycosides (Beverage Institute for Health and Wellness), and the calculated human equivalent 

dose (ADI) for rats was determined to be 74.07 mg/kg BW, whilst the calculated actual consumption 

was 261.12 mg/kg BW.  
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Table 7.1: Calculation of the human equivalent dosages and actual consumption of stevia by the 

rats in drinking water 

Mean fluid intake 

(ml/rat/day) 

Mean body 

weight (g) 

Concentration of 

stevia glycosides (%) 

Consumption of 

stevia (mg/rat/day) 

Human equivalent 

acceptable daily intake 

(ADI) (mg/kg/BW) 

Actual 

Consumption 

(mg/kg BW) 

162.47 287.45 0.0462 75.06 74.07 261.12 

 

Data are presented as mean of 5-6 rats.  

Human dose (mg/kg BW) = animal dose (mg/kg BW) x (animal Km/ human Km), where translated 

acceptable daily intake (ADI) of stevia glycosides for human is 12 mg/kg BW (The Beverage Institute 

for Health and Wellness) and Km is 37 and rat Km is 6. Km is a correction factor which represents the 

relation between body weight and body surface area (Natural Research Institute).  

Actual consumption (mg/kg BW) = [Consumption of sucralose (ml/rat/day) x 1000]/ Mean body 

weight (g)  

 

7.4.2 Food and fluid intake, and weekly body weight change  

The data for mean daily food and fluid intake over the 13 week experimental period are shown in 

Figure 7.1. The results showed that both food and fluid intake were significantly increased by the 

induction of diabetes and the consumption of stevia-based NNS did not significantly affect these 

parameters. Figure 7.2 shows the weekly body weight change over the 13 week experimental period. 

During the first three weeks (-3 to -1), there was no significant difference in body weight among all 

groups. After STZ injection, the body weight of diabetic groups (DBC and STV) was significantly 

reduced compared to the normal control group, which continued throughout the entire experimental 
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period. Although there was no significant difference between the body weight of DBC and STV 

group, the body weight of the STV-treated group was relatively better compared to the DBC group for 

the entire intervention period.    

     

                 

 

Figure 7.1: Mean food and fluid intake over the 13 week experimental period. Data presented as 

mean ± SD of 5-6 rats. abDifferent letters over the bars for a given parameter are significantly different 

from each other groups of rats (Tukey’s HSD multiple range post-hoc test, p < 0.05). NC, Normal 

Control; DBC, Diabetic Control; STV, Stevia.  
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Figure 7.2: Mean weekly body weight during the entire experimental period. Data expressed as 

mean ± SD of 5-6 rats. abDifferent letters over the lines for a given week are significantly different 

from each other groups of rats (Tukey’s HSD multiple range post-hoc test, p < 0.05). NC, Normal 

Control; DBC, Diabetic Control; STV, Stevia.  

7.4.3 Weekly non-fasting blood glucose and oral glucose tolerant test 

Figure 7.3 represents the results of weekly blood glucose for the entire 13 week experimental period. 

Although there was no significant difference of blood glucose between the DBC and STV group in 

most of the weeks, the blood glucose of STV group was consistently lower in the treated group for the 

entire intervention period.  

The oral glucose tolerance test (OGTT) was performed at week 12 of the 13-week experimental 

period and the results of this test are shown in Figure 7.4. Blood glucose concentrations were 

significantly increased in the diabetic groups compared to the normal control, during the entire 

experimental period. Treatment with stevia did not significantly influence the glucose tolerance level 

during the entire test period.    
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Figure 7.3: Mean weekly non-fasting blood glucose in different rat groups over the 13 week 

experimental period. Data are expressed as mean ± SD of 5-6 rats. abcDifferent letters presented 

above the lines for a given week are significantly different from each other group of rats (Tukey’s 

HSD multiple range post-hoc test, p < 0.05).  NC, Normal Control; DBC, Diabetic Control; STV, 

Stevia. 
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Figure 7.4: Oral glucose tolerance test (OGTT) in different animal groups at week 12 of the 13 

week experimental period. Data are presented as mean ± SD of 5-6 rats. abDifferent letters presented 

above the lines for a given time are significantly different from each other group of rats (Tukey’s 

HSD multiple range post-hoc test, p < 0.05). NC, Normal Control; DBC, Diabetic Control; STV, 

Stevia. 
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7.4.4 Serum insulin, fructosamine, uric acid and creatinine concentrations 

Figure 7.5 represents the concentrations of serum insulin, fructosamine, uric acid and creatinine 

concentrations in the different animal groups at the end of the experimental period. Diabetes caused a 

significant decrease in insulin concentrations and a significant increase in fructosamine in the serum, 

without significant changes in serum uric acid and creatinine concentrations. Supplementation of 

stevia-based NNS did not significantly influence any of these serum parameters except serum uric 

acid was markedly higher in the stevia-consumed group compared to the DBC group (Fig. 7.5). 

 

 

Figure 7.5: Serum insulin, fructosamine, uric acid and creatinine concentrations of different 

animal groups at the end of the experimental period. Data expressed as mean ± SD of 5-6 rats. 

abDifferent letters presented above the bars for a given time are significantly different from each other 

group of rats (Tukey’s HSD multiple range post-hoc test, p < 0.05). NC, Normal Control; DBC, 

Diabetic Control; STV, Stevia. 
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7.4.5 Serum lipid profile and serum enzyme concentrations 

Although induction of diabetes provoked a significant increase in the level of serum triglycerides, 

supplementation of a stevia-based NNS markedly reduced it almost to a normal level (Fig. 7.6). Other 

lipids were not affected by the treatment of stevia-based NNS. 

The concentrations of serum enzymes at the end of the experimental period are shown in Table 7.2. 

Diabetes caused significant increases in serum ALT and ALP without affecting the other enzymes. On 

the contrary, treatment with stevia markedly but not significantly ameliorated these parameters when 

serum AST, LDH and CK-MB concentrations were significantly increased in the stevia consuming 

group compared to the DBC group (Table 7.2).  

 

 

Figure 7.6: Serum lipid profile in different animal groups at the end of the 13 week 

experimental period. Data are presented as mean ± SD of 5-6 rats. abDifferent letters presented above 

the bars for a given parameter are significantly different from each other group of rats (Tukey’s HSD 

multiple range post-hoc test, p < 0.05). NC, Normal Control; DBC, Diabetic Control; STV, Stevia. 
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Table 7.2: Serum enzymes at the end of the experimental period 

Serum enzymes NC DBC STV 

 Concentrations (U/L) 

ALT 75.80 ± 4.97a 115.60 ± 28.40b 94.60 ± 14.69b 

AST 101.00 ± 10.93a 118.80 ± 26.41a 136.50 ± 18.59b 

ALP 96.40 ± 20.84a 591.00 ± 160.53b 432.50 ± 123.83b 

LDH 1129.00 ± 295.00a 2270.50 ± 1183.71a 4702.33 ± 773.76b 

CK-MB 1331.98 ± 669.40a 1926.52 ± 587.81a 3424.80 ± 905.54b 

 

Data presented as mean ± SD of 5-6 rats. abDifferent letters presented above the lines for a given time 

are significantly different from each other group of rats (Tukey’s HSD multiple range post-hoc test, p 

< 0.05). NC, Normal Control; DBC, Diabetic Control; STV, Stevia; ALT, Alanine Transaminase; 

AST, Aspartate Transaminase; ALP, Alkaline Transaminase; LDH, Lactate Dehydrogenase; CK-MB, 

Creatine Kinase (Heart Specific). 

 

 

 

 

 



114 
 

7.4.6 Histopathological examination of organ tissues   

The histopathological findings of the study are shown in Figure 7.7. Induction of diabetes led to 

noticeable changes in the histology of the liver, heart, kidney and pancreas (Figure 7.7.4-14). Diabetes 

did not seem to affect the cellular morphology of the brain tissue in the present study (Figure 7.7.1-2). 

In comparison to the normal control, severe damage to the liver and heart tissue, vacuolation and 

increased size of Bowmans space (BS) and convoluted tubules in the kidneys, and reduced size of the 

islets of Langerhans (IL) and damage to the acini in the pancreas was observed in the DBC group 

(Figure 7.7.4-14). On the other hand, supplementation of stevia significantly ameliorated damage to 

the liver (Figure 7.7.4-6) and acini of the pancreas (Figure 7.7.13-15), and reduced the BS in the 

kidney to its normal size (Figure 7.7.10-12). However, stevia also led to more severe cellular damage 

to the heart tissue (Figure 7.7.7-9), and vacuolation and more increased size of the convoluted tubules 

in the kidney (Figure 7.7.10-12).     
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Figure 7.7: Histological examinations of the brain (1-3), liver (4-6), heart (7-9), kidney (10-12) 

and pancreas (13-15) of different animal groups at the end of the experimental period; at 400x 

total magnification. NC, Normal Control; DBC, Diabetic Control; STV, Stevia. 
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7.5 Discussion 

Stevia is a naturally occurring NNS that has been shown in several studies to have antidiabetic 

properties (Sharma et al., 2012; Mohd-Radzaman et al., 2013; Shivanna et al., 2013). Interestingly, 

studies have used stevia in its pure form and not in the commercially available form which is 

consumed by people. The effects of the long-term uncontrolled consumption of stevia-based 

sweeteners on different organ histopathology and organ specific blood parameters have also not been 

studied in the previous studies. In the present study, we investigated the effects of a commercially 

available stevia-based NNS in an experimentally induced rat model of T2D. Although the 

supplementation of stevia-based NNS in drinking water maintained the weekly blood glucose at a 

relatively better concentration and ameliorated the histological changes caused by diabetes in the liver 

and pancreas, the treated rats displayed some heart injury with kidney vacuolation concomitant with 

elevated serum AST, LDH and CK-MB concentrations.   

Diabetes is a disease characterized by chronic hyperglycemia which is marked by a number of 

symptoms including: weight loss, polydipsia, polyuria, and sometimes polyphagia and impaired 

vision (ADA, 2013). In the present study, induction of diabetes s increased food and fluid intake 

(Figure 7.1) and weekly blood glucose (Figure 7.3), and reduced body weight (Figure 7.2) when ad 

libitum supplementation of stevia did not significantly affect the above-mentioned parameters. Our 

results are in accordance with other studies which have reported that the consumption of stevia does 

not affect food intake and weight gain in normal and diabetic subjects (Munro et al., 2000; Figlewicz 

et al. 2009; Anton et al., 2010; Shivanna et al., 2013).  

Glycemic control is critical in the management of T2D and uncontrolled hyperglycemia is strongly 

associated with diabetes-related complications (Fowler, 2008; Forbes and Cooper, 2013). A number 

recent and previous studies investigated the effects of either stevia extracts, extracted polyphenols, 

fibres or its pure glycosides such as stevia rebaudiana A, stevioside in different animal models of 

diabetes. In some previous studies, it has been reported that the daily oral administration of stevioside 

(0.5-25 mg/kg bw) for 15 d to 6 weeks significantly decreased blood glucose concentrations, 

improved insulin sensitivity, and improved glucose tolerance and pancreatic insulin content 
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respectively in experimentally induced type 1 and T2D rat model (Chen et al. 2005), fructose-fed 

insulin resistance rat model (Chang et al. 2005), spontaneously diabetic Goto Kakizakir rats (Jeppesen 

et al. 2003). In some very recent studies, the daily oral administration of another stevia glycoside, 

rebaudiana A, at the dose of 50-500 mg/kg bw significantly reduced fasting blood glucose and insulin 

resistance and protected β-cells in STZ-induced diabetic rats (Akbarzadeh et al. 2014; Saravanan et al. 

2012) when 750 mg/kg bw shown toxicological effects in STZ-induced diabetic rats (Akbarzadeh et 

al. 2014). In another study, daily oral administration of rebaudiana A at a dose of 25 mg/kg bw for 8 

weeks did not improve blood glucose, serum insulin and glucose tolerance in spontaneously diabetic 

Goto Kakizaki rats (Dyrskog et al. 2005). In our study, according to the calculation presented in Table 

7.1, although the consumption of stevia glycoside (261.12 mg/kg bw) improved liver and pancreatic 

tissue damage and blood glucose concentrations (Fig. 7.7, Fig. 7.3), it did not show any significant 

anti-diabetic effect might be due to two reasons: (1) it was not administered  as a single bolus dose 

like above-mentioned studies but at a very low concentration in water (0.0462%), (2) some of the 

anti-diabetic effects of stevia glycodises were might be compromised by its calorie containing 

additives, which might affect other parameters as well such as serum lipid profile.  

Abnormal lipid profile and various organ function-related parameters along with uncontrolled 

diabetes can ultimately lead to the development of chronic diabetic complications such as- diabetic 

nephropathy; retinopathy; peripheral neuropathy; and autonomic neuropathy with the risk of 

cardiovascular dysfunction (Fowler, 2008; Forbes and Cooper, 2013). In a recent study, it has been 

reported that dietary supplementation of 4% stevia power or equivalent polyphenol reduced serum 

AST and ALT concentrations in diabetic but increased in non-diabetic rats when no effect of stevia 

fibre was observed on these parameters either in diabetic or normal rats (Shivanna et al. 2013). In a 

more recent study, Akbarzadesh et al. (2014) reported that daily oral administration of stevia 

rebaudiana A (250, 500 and 750 mg/kg bw) significantly reduced serum triglycerides but no effects 

were observed in serum total- and HDL-cholesterol. Although results were lower compared to the 

control, the serum ALP concentrations were dose-dependently higher in the stevia treated groups and 

the results of AST were not presented at all in this article. Liver damage was evident with higher level 
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of FBG and TG in the high (750 mg/kg bw) stevia treated group compared to the groups treated with 

lower dosages (250 and 500 mg/kg bw). Although a couple of recent studies reported the beneficial 

effects of stevia extracts in improving diabetes-induced kidney damage and kidney functions in rats, 

their animal models (STZ-nicotinamed and STZ-induced models vs fructose-STZ model) and duration 

of intervention (15 days and 4 weeks vs 13 week) were completely different from us (Ozbayer et al. 

2011, Shivanna et al. 2013). Additionally, Melis (1995) reported that intake of stevia at a very high 

concentration can have detrimental histological effects on the kidney. In our study, although serum 

triglyceride, ALT and ALP and bowman space of kidney tissue were markedly reduced (Fig. 7.6, 

Table 7.2, Fig. 7.7), the significantly higher serum AST, LDH and CK-MB and marked increased 

serum uric acid concentrations (Table 7.2, Fig. 7.5) are in line with the cardiac and kidney tissue 

damage in stevia consuming group compared to the DBC group (Fig. 7.7). Results of our study are 

also supported by the results of the above-mentioned study.  

In summary, although a number of previous studies reported the anti-diabetic effects of stevia extract 

and stevia glycosides in various experimental animal models, the duration of studies were shorter than 

our study (15 days to 8 weeks vs 13 week) and none of them used commercially available stevia-

based NNS. In most of these studies, stevia was supplied either as a single oral dose or with diet when 

we have supplied with drinking water. It is important to note that the commercially available stevia 

used in the current study contains other biologically active ingredients, such as lactose which has been 

reported to have nutrient absorption enhancing activity (Kwak et al., 2012) as well as total calorie 

intake. Additionally, the total consumption of stevia glycoside per day per kg of body was 

significantly higher than the FDA approved acceptable daily intake (ADI). These factors may limit 

stevia’s anti-diabetic potential and contribute to some of its toxic effects. 

7.6 Conclusion  

In conclusion, data of this study suggest that uncontrolled consumption commercially available stevia-

based NNS at 10% sucrose equivalent dose has no significant anti-diabetic effects but have some 

toxicological effects in a T2D model of rats. Hence, diabetic individuals consuming commercially 
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available stevia-based NNS are suggested to limit their daily intake to avoid the possible toxicological 

effects.   

7.7 References 

Please refer to the reference section at the end of this thesis (pages 126-144).
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CHAPTER EIGHT 

General discussion and conclusion 

8.1 General discussion 

Although several studies have been conducted to investigate the safety of each NNS that we studied, 

the data are conflicting. Additionally, majority of studies have used NNSs in their pure form and not 

in the commercially available form which is consumed by people. Thus, the primary aim of the 

current study was to assess the effects of commercially available NNSs in an experimentally induced 

rat model of T2D. The results of this study indicate that uncontrolled consumption of commercially 

available NNSs for 13 week may influence some of the diabetes related parameters; such as serum 

lipid profile, organ histopathology  and  serum inflammatory biomarkers. Thus, individuals 

consuming NNSs are advised to limit their daily intake and check their lipid profile and inflammatory 

biomarkers in the serum.    

Although some previous animal studies have suggested that intake of NNSs may promote weight 

gain, either by increasing energy intake (Swithers et al., 2013) or by decreasing energy expenditure 

(Feijó et al., 2013); the results of the present study indicates that consumption of NNSs does not 

influence food intake and weight gain. It is important to note that some of the previous studies showed 

increased weight gain compared to control group that was fed a high calorie sweetener such as 

glucose or sucrose (Swithers et al., 2009; Swithers et al., 2010; Swithers et al., 2012).   It has been 

reported that pre-meal consumption of high calories leads to reduce food intake, a process known as 

caloric compensation (Allison, 2013). Thus, it is possible that the controls fed high calorie sugars 

were subjected to caloric compensation and consumed less food and this led to reduced weight gain 

when compared to treated groups. In support of this hypothesis, we recently conducted a pilot study in 

our lab, whereby normal rats were fed commercially available NNSs and both water and sucrose were 

used as control groups (Unpublished data). The results revealed that administration of commercially 

available NNSs to normal rats causes significantly increased weight gain only when compared to the 

sucrose control, and no difference was observed when comparing to the water control (Unpublished 
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data). Thus, no significant difference was observed in the present study because the control groups 

were administered with normal drinking water.  

Even though, majority of the commercially available NNSs used in the present study did not influence 

glucose homeostasis in both diabetic (low dose) and normal (toxicological dose) rats; it was revealed 

that treatment with most of the commercially available NNSs led to increased total- and LDL-

cholesterol and decreased triglycerides in the serum. A very recent study by Suez et al. (2014) 

revealed that treatment with NNSs leads to significant alterations of the gut microbiota. Other 

previous animal studies have shown that gut microbiota modulates host energy and lipid metabolism 

in mice (Velagapudi et al., 2010). Thus, intake of the commercially available NNSs may have altered 

the microbial composition in the gut of the rats, and ultimately favoured the absorption of dietary 

cholesterol and the increase in serum total and LDL-cholesterol. Further research is required to 

confirm this hypothesis.  

Moreover, the results showed that administration of the NNSs ad libitum for 13 week may induce 

tissue damage, which was corroborated with increased inflammatory biomarkers in the serum. 

Although some studies have reported that NNSs are biologically inert compounds, other studies have 

shown that NNSs can cause significant changes in the body by altering gut microbiota (Suez et al., 

2014), converting into more toxic compounds (Buss et al., 1992; Renwick et al., 2004), increasing 

common metabolites to toxic levels (Christian et al., 2004) or altering glucose regulating hormones 

(Swithers et al., 2012). Most of these studies used NNSs in their pure form, whereas in the present 

study NNSs were used in their commercially available form. The commercially available NNSs 

contain other biologically active ingredients which may influence the metabolic parameters, 

particularly organ damage. 

One of the active ingredients that commercially available NNSs contain is lactose. Lactose has been 

previously shown to enhance the absorption of minerals, such as calcium in the colon of rats (Kwak et 

al., 2012). Thus, there is a possibility that lactose enhanced the absorption of the NNSs which led to 

their accumulation in different tissues. Accumulation of these NNSs could have caused tissue damage 
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and ultimately leakage of inflammatory biomarkers into the serum. Further studies are required to 

confirm this hypothesis. 

8.2 General conclusion 

The results of the present study suggest that intake of commercially available NNSs significantly 

influence some of the diabetes related parameters. Table 8.1 in the results section compares the effects 

of each NNS on the different diabetes related parameters. The table shows that sucralose has the most 

detrimental effects. Although stevia showed the lowest score, it cannot be stated that it holds the most 

beneficial effects since toxicological has not yet been conducted for this NNS. . Since the NNSs 

mostly cause tissue damage which is accompanied by increased inflammatory biomarkers in the 

serum, as well as lipid profile, individuals consuming commercially available sweeteners are advised 

to limit their daily intake, and check their lipid profile and inflammatory biomarkers in the serum. At 

the same time, stevia can be considered as the safer NNS compared to all other sweeteners used in this 

study. 

8.3 Limitations and future studies 

There are several limitations in the present study. Although it could be better to use either sucrose as a 

positive control group, the diabetic groups would have died due adverse hyperglycemia and its related 

complications before the end of the study period. Hence, it has not been included. Moreover, insulin 

tolerance test, glucose clearance rates and insulin sensitivity tests could add additional information to 

the study. Assessment of the quantity of each NNS in the sugar substitutes and in the blood of rats 

could also add substantial value to the study.  

Thus, future studies will be conducted and these include: quantification of each NNS using high 

pressure liquid chromatography and assessment of the presence or accumulation of NNSs in the 

different organs.  
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Table 8.1: Comparing the effects of each NNS in the diabetes and toxicity studies 

 Aspartame Sucralose Cyclamate Saccharin Stevia 

Study Diabetes Toxicity Diabetes Toxicity Diabetes Toxicity Diabetes Toxicity Diabetes 

Fluid intake    
 

   
 

 

3h-FBG         
 

Total Cholesterol   
 

      

HDL Cholesterol          

LDL Cholesterol 
 

 
  

 
 

 
 

 

Triglycerides      
 

 
 

 

Alkaline 

Phosphatase 

       
 

  

Alanine 

Transaminase 
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Aspartate 

Transaminase 

 

       
 

Lactate 

Dehydrogenase 

         

Creatine Kinase          

Fructosamine  
 

 
 

 
   

 

Uric Acid    
 

      

Creatinine  
 

       

Brain Tissue 

Damage 

 

  
 

     

Liver Tissue 

Damage 

  

 
    

 
 

Heart Tissue 

Damage 
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Kidney Tissue 

Damage 

         

Pancreas Tissue 

Damage 

         

Score in each Study +11 +8 +14 +11 +10 +2 +2 +3 +2 

Average Score +9.5 +12.5 +6 +2.5 +2 

 

Note: Red arrow represents detrimental effect and, whilst green arrow represents beneficial effect. Each red arrow scores +1 and each green arrow 

scores -1. In the diabetes study, one arrow was given for each significant difference (p < 0.05) when compared to the NC group, when DBC did cause a 

significant change; two arrows were given when the change was significantly different (p < 0.05) when compared to the DBC group. For the toxicity 

study, one arrow was given for each significant difference (p < 0.05), when compared to the NC group. Tissue damages were scored based on the 

severity of damage compared to NC (for toxicity) and DBC (for diabetes) groups.  
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