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Abstract 

The high prevalence of obesity and related metabolic disorders due to increased consumption of 

fructose-rich diet is a serious global threat to the public’s health among children and adolescents. 

Obesity is associated with several metabolic disorders including, type-2 diabetes, insulin 

resistance, inflammation, and oxidative stress. Furthermore, obesity is characterised by impaired 

lipid metabolism in key tissues such as the liver and adipose tissue. Curcumin, a hydrophobic 

polyphenol extracted from Curcuma longa (turmeric), possesses anti-obesity, anti-diabetic, anti-

inflammatory, and antioxidant effects. Although curcumin has been reported to possess a range of 

biological activities, molecular targets of curcumin are not fully elucidated. The present study was 

also motivated by evidence suggesting that curcumin may regulate lipid metabolism, which plays 

a central role in the development of obesity and its complications.   

Therefore, the first objective of the present study reported the effect of neonatal intake of curcumin 

on key molecular biomarkers associated with lipid metabolism in the liver, namely, LKB-1, 

AMPK, CPT-1, and ACC-1. Likewise, the second objective reported the effect of neonatal intake 

of curcumin on key molecular biomarkers associated with glucose metabolism in the liver, namely, 

AKT-1, GLUT-2, GP, and PGM (AKT-1 was also considered as the biomarker for insulin 

resistance in this study). The third objective reported the effect of neonatal intake of curcumin on 

inflammatory biomarkers in the liver, viz., TNF-α and IL-6. Furthermore, the fourth objective 

reported the effect of neonatal intake of curcumin on oxidative stress by determining the 

antioxidant status of curcumin in the liver using FRAP and TEAC assays, as well as the antioxidant 

scavenging activity of curcumin using DPPH assay and the antioxidant enzyme activity of the 

SOD. Finally, the fifth objective reported the effect of neonatal intake of curcumin on levels of 

liver metabolites as well as the concentration of the lipid-bound fatty acids detected as fatty acid 

methyl esters in adipose tissues. 



v 

 

In this study, forty male Sprague Dawley rats were divided into four groups and administered with 

either a 0.5% dimethyl sulfoxide (vehicle control), 500 mg.kg-1 body mass of curcumin, fructose 

(20%, w/v) or a combination of curcumin and fructose. The study was conducted in two phases, 

the first phase was the pre-weaning which began from postnatal day 6 to day 21, and the second 

phase was the post-weaning which began from postnatal day 21 to day 63. At the end of the 

treatments on postnatal day 63, rats were euthanized. Then the liver and visceral fat tissues were 

collected for further molecular analysis. Gene expression was analysed using real-time quantitative 

polymerase chain reaction while protein expression was analysed using western blot. The 

antioxidant status was determined using the FRAP and TEAC assays while the antioxidant 

scavenging activity was determined using the DPPH radical scavenging and SOD activity assays. 

The concentration levels of hepatic metabolites and the adipose tissue lipid-bound fatty acids were 

assessed using gas-chromatography-mass spectrometry. 

Results showed upregulation in the expression of genes and proteins associated with lipid 

metabolism when the high fructose diet was administered. These include AMPK and its direct 

activator LKB-1, as well as subsequent target molecules ACC-1 and CPT-1 in the liver tissues. 

Treatment with curcumin showed to reverse the adverse effects of high fructose diet by 

upregulating the expression of genes and proteins analysed in the lipid metabolism. This study 

found that high fructose diet feeding altered hepatic insulin signalling target molecule AKT-1 by 

downregulating its gene and protein expression. In comparison, treatment with curcumin 

upregulated the expression of AKT-1. On the one hand, the upregulation of GP and PGM gene 

and protein expression in the high fructose diet group suggest that hepatic glucose production was 

promoted.  On the other hand, treatment with curcumin suppressed hepatic glucose production by 

downregulating the expression of GP and PGM.  

In this study, it was also noted that the administration of curcumin downregulated the gene and 

protein expression of TNFα and IL-6 whereas the high fructose diet abnormally upregulated their 

expression. Furthermore, treatment with curcumin showed to enhance hepatic antioxidant status. 
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This was observed by the increase in FRAP and TEAC values, as well as in DPPH level and SOD 

activity.  

Finally, it was noted that hepatic carbohydrate metabolite and hepatic organic acids were reduced 

in the high fructose diet group compared to the control group, while treatment with curcumin 

showed no significant difference. In the adipose tissue fatty acids levels analysis, results showed 

an increase in concentration level in the high fructose diet group of all SFA analysed, whereas the 

opposite had been observed in some of the MUFA and PUFA. Treatment with curcumin showed 

a decrease in the elevated concentration level of SFA respectively. Moreover, treatment with 

curcumin increased the concentration level of omega-3 PUFA (EPA and clupanodonic acid), 

though with no significant difference. 

The study concluded that curcumin elicits beneficial effects to ameliorate obesity and its related 

metabolic disorders by regulating molecular biomarkers associated with lipid metabolism through 

AMPK activation and its subsequent target molecules such as ACC-1 and CPT-1 in the liver 

tissues.  In glucose metabolism, we concluded that curcumin suppressed hepatic glucose 

production by regulating GP and PGM which are key hepatic glucose production biomarkers. The 

regulation of an insulin signalling biomarker (AKT-1) by curcumin could also be an alternative 

therapeutic target to alleviate obesity and its related metabolic disorders. We further confirmed 

that curcumin possesses anti-inflammatory potential by reducing key inflammatory biomarkers 

such as TNF-α and IL-6. Finally, using the FRAP and TEAC assays, we further confirmed that 

curcumin possesses antioxidant capacity in the liver. Similarly, DPPH and SOD activity assays 

confirmed the antioxidant scavenging activity of curcumin. Therefore, the present study 

demonstrated that neonatal intake of curcumin could prevent and protect against high fructose diet-

induced obesity and its related metabolic disorders such as type-2 diabetes, inflammation, and 

oxidative stress. 

Keywords: Obesity, Type-2 diabetes, Insulin resistance, Inflammation, Oxidative stress, Lipid 

metabolism, Glucose metabolism, High fructose diet, and Curcumin.  
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Preface 

Chapter One: This chapter introduces the study and some key concepts that will be discussed in 

detail in the subsequent chapters. This chapter also expounds on the aim of the study and articulates 

formulated study objectives we set to achieve as well as the significance of the study.  

Chapter Two: This chapter reviews relevant literature on the study, including discussions on the 

prevalence of obesity, causes of obesity, and obesity-related metabolic disorders such as type-2 

diabetes, insulin resistance, inflammation, and oxidative stress. It also reviews the metabolic 

impact of a diet rich in fructose. The metabolism of fatty acids in the adipose tissues is also 

discussed. The chapter further reviews relevant literature on Curcuma longa L or turmeric and 

curcumin. Moreover, the chapter includes the pharmacological properties of curcumin as an anti-

obesity, anti-diabetic, anti-inflammatory, and antioxidant. 

Chapter Three: This chapter describes methods and materials used in the study to address the 

objectives we set. This includes animal housing, study design, and treatment administration, as 

well as the terminal procedure. The chapter also discusses methods and materials on gene 

expression analysis with real-time quantitative polymerase chain reaction and protein expression 

with western blot. Furthermore, the chapter discusses methods and materials to measure 

antioxidant status and antioxidant activity, including FRAP assay, TEAC assay, DPPH radical 

scavenging assay, and SOD activity assay. In addition, methods and materials for analysis of 

hepatic metabolites and fatty acids using gas chromatography-mass spectrometry are discussed in 

this chapter. Finally, this chapter outlines how statistical analysis is done for data interpretation.    

Chapter Four: This chapter reports all the results obtained in this study,  including measurements 

of body weight and glucose concentration of rats, results on the effect of curcumin on genes and 

protein expression associated with lipid and glucose metabolism as well as inflammatory 

biomarkers. Furthermore, it also reports the results obtained from the antioxidant capacity of 
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curcumin and the influence of curcumin on hepatic metabolites and fatty acids in the adipose 

tissue. 

Chapter Five: This chapter discusses all the results reported in chapter four, and all results 

obtained are also compared to previous related work. 

Chapter Six: In this chapter, conclusions from the findings obtained are discussed, and study 

limitations and recommendations for future studies are presented. 

Chapter Seven: This chapter list all the references cited in the study, followed by the appendix 

including other relevant information to the study.  
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Chapter One: Introduction, aim and objectives of the study 

1.1 Introduction 

Obesity and its related metabolic disorders such as type-2 diabetes (T2D), insulin resistance, 

chronic inflammation, and oxidative stress continue to be a health burden globally (Burgos-

Morón et al., 2019). The prevalence of obesity has been increasing at an alarming rate during 

the last four decades worldwide (Haththotuwa et al., 2020). In Africa, the prevalence of obesity 

is higher in urbanised settings and about 20-50% of the urban population in Africa are grouped 

as either overweight or obese (Tulp et al., 2018). Furthermore, obesity-related metabolic 

disorders follow the same trend displayed by obesity. The prevalence of T2D has also been 

increasing tremendously worldwide. Furthermore, obesity and related metabolic disorders are 

commonly linked by the insulin resistance condition (Ormazabal et al., 2018). Several in vitro 

and in vivo studies have demonstrated that obesity and T2D are associated with chronic 

inflammation and oxidative stress (Kelany et al., 2017; You et al., 2013; Zatterale et al., 2020). 

Recently, the harmful effects of increased carbohydrates consumption as a driver of the obesity 

epidemic have attracted the attention of many researchers (Helsley et al., 2020). Globally, a 

large proportion of processed foods, canned foods, and carbonated beverages contain high 

fructose corn syrup or other fructose-derived sweeteners (Saad et al., 2016). Studies have 

shown strong evidence that increased consumption of fructose-containing added sugars, such 

as sucrose which is 50% glucose and 50% fructose, high fructose corn syrup (HFCS), most 

often 45% glucose and 55% fructose and pure fructose play a role in the worldwide epidemics 

of obesity and particularly with the development of its comorbidities (dyslipidaemia, insulin 

resistance, and fatty liver disease)  (Helsley et al., 2020; Johnson et al., 2017; Malik et al., 

2013). This evidence has been observed and supported by experimental, epidemiological and 

clinical studies. Moreover, animals fed with a high fructose diet produce a model of 
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hyperlipidaemia, insulin resistance, hyperinsulinemia, with accompanying hypertension (Shih 

et al., 2009). 

Furthermore, high fructose diet consumption causes dysregulation of lipid and glucose 

metabolism, which results in body weight and fat gain (Stanhope, 2016). The harmful effects 

of high fructose consumption in the liver include hepatic insulin resistance, inflammation and 

hepatic oxidative stress (Mortera et al., 2019). In addition, increased fructose consumption has 

been linked with increased hepatic gluconeogenesis which results in elevated hepatic glucose 

production (Ter Horst & Serlie, 2017). 

Medicinal plants are proving to be effective alternative therapeutics for metabolic syndrome 

diseases such as obesity, T2D, inflammation, and oxidative stress (Graf et al., 2010). One such 

medicinal plant that has drawn the attention of researchers is Curcuma longa L, also known as 

turmeric. This plant belongs to the Zingiberaceae family, and it has been used as a medicinal 

herb in Asian countries for various diseases including, rheumatoid arthritis, chronic anterior 

uveitis, conjunctivitis, skin cancer, smallpox, chickenpox, wound healing, urinary tract 

infections, dispelling worms, regulating menstruation, dissolving gallstones, various digestive 

disorders, and hepatic disorders (Salehi et al., 2019). The main polyphenol component found 

in the Curcuma longa L is called curcumin. Curcumin has received considerable attention from 

researchers because it possesses anti-obesity, anti-diabetic, anti-inflammatory, antioxidant, 

anti-carcinogenic and anti-proliferative effects (Mahmood et al., 2015). Moreover, it is a 

relatively safe and inexpensive compound (Zhang et al., 2013). 

Several studies have demonstrated the beneficial pharmacological effects of curcumin (El-

Moselhy et al., 2011; Kocaadam & Şanlier, 2017; Noorafshan & Ashkani-Esfahani, 2013). 

These studies include the use of in vitro and in vivo models as well as a few clinical trials to 

study the anti-obesity, anti-diabetes, anti-inflammatory, and antioxidant properties of curcumin 

(Alappat & Awad, 2010; Mahmood et al., 2015; Weisberg et al., 2008). Even though curcumin 



3 

 

has shown a range of biological activities, there is nonetheless a need for more studies to 

elucidate molecular targets of curcumin. Hence, this study investigated the effect of neonatal 

intake of curcumin on key molecular biomarkers associated with lipid metabolism, which is a 

hallmark of obesity development, as well as glucose metabolism, insulin resistance, 

inflammation, and oxidative stress key molecular biomarkers. The high fructose diet model 

was used in this study to induce metabolic syndrome in growing Sprague Dawley rats. 

The brief overview summary of the current study is shown by the schematic diagram in Figure 

1.1. The top part in green demonstrates that the increase in consumption of the high fructose 

diet increases the prevalence of obesity and its related metabolic disorders such as T2D, insulin 

resistance, inflammation, and oxidative stress. The bottom part in blue demonstrates the effect 

of neonatal intake of curcumin on the five target molecular pathways investigated in the present 

study: 

1. This study investigated the effect of neonatal intake of curcumin on the expression of genes 

and proteins associated with lipid metabolism, which plays a central role in the development 

of obesity. 

2.  It was also essential for this study to investigate the effect of neonatal intake of curcumin 

on the expression of genes and proteins associated with glucose metabolism as one of the 

pathways known to be impaired in the situation of obesity and its related metabolic disorders. 

3. Obesity and chronic inflammation are commonly linked by the insulin resistance condition. 

Therefore, this study investigated the effect of neonatal intake of curcumin on the expression 

of genes and proteins associated with inflammation. 

4. There is high production of oxidative compounds in obesity cases, which are associated with 

oxidative stress. Therefore, this study investigated the effect of neonatal intake of curcumin on 

oxidative stress by determining the antioxidant status in the liver. 
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5. The study of the endogenous metabolites that are end products of the cellular process 

provides an understanding of the therapeutic effects of the drug. Therefore, this study 

investigated the effect of neonatal intake of curcumin on the levels of liver metabolites. 

Furthermore, fatty acids production in the adipose tissue is increased in the situation of obesity 

and related metabolic disorders. Therefore, this study investigated the effect of neonatal intake 

of curcumin on the concentration of lipid-bound fatty acids in adipose tissues. 

The knowledge gained from understanding the molecular targets regulated by curcumin would 

contribute to the development of clinical research studies associated with the amelioration of 

obesity and related metabolic disorders with the use of medicinal plants. 
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High fructose diet consumption and metabolic syndrome diseases 

 

Neonatal intake  of curcumin and target pathways investigated in the present study 

 

1.2 Aim of the study  

This study aimed to investigate the influence of neonatal intake of curcumin on key molecular 

biomarkers associated with lipid metabolism, which plays a central role in the development of 

obesity as well as glucose metabolism, insulin resistance, inflammation and oxidative stress in 

Sprague Dawley rats fed a high fructose diet. Therefore, this study intended to elucidate 

molecular targets of curcumin in the amelioration of obesity and its related metabolic disorders. 
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and concentration of 
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Figure 1: Schematic diagram showing the overview summary of the current study. 
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1.3 Objectives of the study 

The specific objectives were to: 

1. a)  Determine the effect of neonatal intake of curcumin on the expression of genes 

associated with lipid metabolism (LKB-1, AMPKα, CPT-1, and ACC-1) in the liver 

using real-time quantitative Polymerase Chain Reaction (qPCR). 

b) Determine the effect of neonatal intake of curcumin on the expression of proteins 

associated with lipid metabolism (LKB-1, p-AMPK, CPT-1, and ACC-1) in the liver 

using western blot. 

2. a) Determine the effect of neonatal intake of curcumin on the expression of genes 

associated with glucose metabolism (AKT-1, GLUT-2, GP, and PGM) in the liver using 

qPCR. 

b) Determine the effect of neonatal intake of curcumin on the expression of proteins 

associated with glucose metabolism (AKT-1, GLUT-2, GP, and PGM) in the liver using 

western blot. 

3. Assess the effect of neonatal intake of curcumin on the expression of genes and proteins 

of inflammatory biomarkers (TNF-α, and IL-6) in the liver using qPCR and western 

blot. 

4. a) Measure the antioxidant status of curcumin in the liver using FRAP and TEAC assay. 

b) Measure the antioxidant scavenging activity of curcumin in the liver using DPPH 

radical scavenging activity assay and SOD activity assay. 

5. a) Assess the effect of neonatal intake of curcumin on the liver metabolites levels 

(hepatic carbohydrates and hepatic organic acids) using gas-chromatography mass-

spectrometry (GC-MS). 
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b) Assess the effect of neonatal intake of curcumin on the concentration of lipid-bound 

fatty acids (saturated fatty acids, mono-unsaturated fatty acids, and poly-unsaturated 

fatty acids) in the adipose tissue using GC-MS. 

1.4 Significance of the study  

Obesity is associated with multiple metabolic syndrome disorders, including insulin resistance, 

type-2 diabetes, inflammation, and oxidative stress. These disorders collectively are directly 

linked to molecular defects demonstrated by alteration in the expression of several metabolic 

genes and proteins in the insulin signalling pathway. In addition, metabolic syndrome disorders 

are accompanied by increased levels of inflammatory biomarkers and decreased antioxidant 

molecular activity. Furthermore, excessive consumption of diets rich in fructose has recently 

received significant attention from researchers due to evidence indicating that high fructose 

consumption plays a role in the epidemiology of obesity and related metabolic disorders. For 

instance, several in vitro and in vivo studies showed that high fructose consumption causes 

adverse metabolic effects such as dyslipidaemia, hyperglycaemia, insulin resistance, 

inflammation, and oxidative stress. Therefore, these reports call for more research studies 

investigating the effective treatment of obesity and related metabolic diseases which are public 

health challenges. Medicinal plant compounds are proving to be effective alternative 

therapeutics in obesity and related metabolic disease amelioration because they are less toxic 

and affordable. In the present study, curcumin, a hydrophobic polyphenol dietary spice from 

the dried rhizome of Curcuma longa of the ginger family Zingiberaceae was investigated. 

Several studies have indicated that curcumin possesses anti-obesity, anti-diabetic, anti-

inflammatory, and antioxidant effects, although little has been done to reveal its molecular 

targets. Therefore, as mentioned before, this study will help elucidate the effect of neonatal 

intake of curcumin on key molecular biomarkers associated with lipid metabolism (which is a 
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hallmark of obesity development), glucose metabolism, insulin resistance, inflammation, and 

oxidative stress. 

1.5 Hypothesis 

1.5.1 Hypothesis for objectives one and two. 

H0: Neonatal intake of curcumin does not have beneficial effects on the expression of key genes 

and proteins in the lipid and glucose metabolism known to be impaired by obesity-related 

metabolic syndrome disorders. 

H1: Neonatal intake of curcumin promote beneficial effects on the expression of key genes and 

protein in the lipid and glucose metabolism known to be impaired by obesity-related metabolic 

syndrome disorders. 

1.5.2 Hypothesis for objectives three and four 

H0: Neonatal intake of curcumin does not have beneficial effects on the inflammatory 

biomarkers and antioxidant status known to be compromised by obesity-related metabolic 

syndrome disorders. 

H1: Neonatal intake of curcumin promote beneficial effects on the inflammatory biomarkers 

and antioxidant status known to be compromised by obesity-related metabolic syndrome 

disorders. 

1.5.3 Hypothesis for objective five 

H0: Neonatal intake of curcumin does not have beneficial effects on the liver metabolites levels 

and lipid-bound fatty acids associated with obesity-related metabolic syndrome disorders. 

H1: Neonatal intake of curcumin promote beneficial effects on the liver metabolites levels and 

lipid-bound fatty acids associated with obesity-related metabolic syndrome disorders. 
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Chapter Two: Literature review 

2.1 Obesity 

2.1.1 Overview of obesity and its prevalence 

Obesity is defined as a condition in which fats accumulate in the body resulting in several 

chronic metabolic syndrome diseases including diabetes, and cardiovascular diseases (CVDs) 

(Tremmel et al., 2017). For instance, obesity is characterised by increased body weight and 

abnormal development of adipose tissue with excessive fat storage, accompanied by dramatic 

deregulation of the endocrine function of adipose tissue (Gary‐Bobo et al., 2007; Ranjani et 

al., 2016). It results from an energy imbalance between calorie intake and caloric expenditure 

or insufficient physical activity (Ranjani et al., 2016). However, multiple factors play a  crucial 

role in the pathogenesis of obesity,  namely genetics, socioeconomic status, environment, and 

individual decisions (lifestyle) (Smith & Smith, 2016). To measure and characterise obesity, 

the body mass index (BMI) is generally used by calculating the weight in kilogram (kg) divided 

by height in meters squared (m2) (Piché et al., 2018). Table 2.1 shows the World Health 

Organization (WHO) classification of obesity based on BMI (Schetz et al., 2019). Obesity-

related complications vary in patients with similar BMI depending on the distribution of excess 

fat (visceral and ectopic versus subcutaneous fat) (Schetz et al., 2019). To analyse the fat 

distribution in the body, the waist circumference (WC) and waist-hip ratio (WHR) are 

measured because they are also associated with obesity-related complications (Neeland et al., 

2018). 
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Table 2.1: WHO classification of obesity based on BMI (Schetz et al., 2019) 

Diagnosis  BMI (kg/m2) Disease risk 

WC (cm) 

males ≤ 94 

Females ≤ 80 

Disease risk 

WC (cm) 

males > 94 

Females > 80 

Underweight < 18.5   

Normal weight 18.5–24.9   

Overweight 25–29.9 Increased High 

Obesity class I (moderate obesity) 30–34.9 High Very high 

Obesity class II (severe obesity) 35–39.9 Very high Very high 

Obesity class III (very severe obesity) ≥ 40 Extremely 

high 

Extremely 

high 

Disease risk may vary within each BMI category depending on fat distribution reflected in waist 

circumference (WC). 

 

The prevalence of obesity has increased dramatically during the last four decades worldwide, 

and current estimates suggest that  most of the world adult population will be either overweight 

or obese by 2030 (Haththotuwa et al., 2020). The same prevalence trend observed globally is 

also seen within the African continent. Other studies have reported that the prevalence of 

obesity is more in urbanised settings in Africa, where about 20-50% of urban populations in 

Africa are grouped as either overweight or obese (Tulp et al., 2018). In Africa, the prevalence 

of overweight and obesity among children under five years of age was 5% in 2017, and there 

has been an increase of nearly 50% since 2000, from 6.6 million to 9.7 million in 2017 

(Klingberg et al., 2019). In addition, the prevalence of obesity among children under five years 

of age differs throughout the African continent, as in 2017, North Africa was at 10.3% while 

Southern Africa was at 13.7% (Klingberg et al., 2019). These reports make obesity a global 

health challenge and research studies targeting effective strategies to combat obesity are of 

great need. 
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2.1.2 Causes of obesity 

Obesity develops when an individual’s body accumulates an abnormal amount of fat. This 

accumulation happens when energy intake exceeds energy expenditure over time (Omer, 

2020). The next section will present factors that contribute to the rising obesity epidemic.  

 2.1.2.1 Genetic factors 

Genetic factors are considered to play a significant role in determining the distribution of body 

fat. Several genetic reports based on twin, adoption, and family studies lead to the conclusion 

that at least 50% of the inter-individual variance of the BMI is due to genetic factors 

(Hebebrand & Hinney, 2009). Genetic causes of obesity can be broadly classified into three 

categories (Thaker, 2017). The first one is the monogenic causes, those caused by a single gene 

mutation and primarily located in the leptin-melanocortin pathway. The second one is 

syndromic obesity, which is severe obesity associated with other phenotypes such as 

neurodevelopmental abnormalities, and other organ or system malformations. The third one is 

the polygenic obesity caused by the cumulative contribution of a large number of genes whose 

effect is amplified in a weight gain-promoting environment (Thaker, 2017). 

 Few individuals have monogenic forms of obesity, although up to 200 types of single-gene 

mutations have been found to cause obesity (Upadhyay et al., 2018). Furthermore, syndromic 

forms of obesity also make up a relatively small amount of clinical cases (Upadhyay et al., 

2018). Polygenic obesity is the most common form of obesity in modern societies, where the 

environment promotes weight gain due to food abundance and lack of physical activity 

(Albuquerque et al., 2017). Montague et al. (1997) identify the leptin (LEP) gene as the first 

gene associated with a mendelian non-syndromic form of obesity . Mutation in the leptin gene 

causes obesity through almost unsuppressed overeating (Montague et al., 1997; Rohde et al., 

2019).  The well-studied gene is the fat mass and obesity-associated (FTO) gene, which exerts 

modest effects on its own and seems to be modified by lifestyle (Upadhyay et al., 2018).   
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2.1.2.2 Low physical activity 

Lifestyle interventions such as regular physical activity and dietary modification can delay and 

even prevent the development of obesity and its related metabolic disorders (Venables & 

Jeukendrup, 2009). Furthermore, studies have demonstrated that overweight and obesity in 

children result from lower physical activity levels and higher sedentary activities (Hohepa et 

al., 2004; Lee et al., 2015). Sedentary behaviour refers to activities that do not increase energy 

expenditure substantially above the resting level and includes activities such as sleeping, 

sitting, lying down, watching television, and other forms of screen-based entertainment (Cell-

phones, movies, and playing video games) (Pate et al., 2008; Prentice-Dunn & Prentice-Dunn, 

2012). Al-Domi et al. (2019) conducted a study to identify certain risk factors associated with 

childhood obesity in schoolchildren, and their results have shown that physical activity, eating 

meals regularly and homemade food all together play a significant role in decreasing obesity 

in schoolchildren (Al-Domi et al., 2019). Another study assessed the association of sedentary 

behaviours and unhealthy food intake on the pathogenesis of obesity. Results showed that both 

sedentary behaviour and unhealthy food intake have a significant effect on the pathogenesis of 

obesity (Nurwanti et al., 2018). 

 2.1.2.3 Unhealthy diets 

Energy balance is achieved when there is equilibrium between energy intake and energy 

expenditure. Therefore, when energy intake exceeds expenditure, the excess energy is 

deposited as body fat, meaning that the stable body weight depends on the energy derived from 

food and drink being equal to total energy expenditure (Romieu et al., 2017). The globalisation 

of food systems that produce more processed affordable foods, nutrient-poor foods, and 

beverages has been identified as a major driver of the obesity epidemic (Chooi et al., 2019). 

Several studies have related different dietary patterns, nutrients, and food components with 

epigenetic processes that regulate gene expression and may contribute to increased 
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susceptibility to obesity and other metabolic disorders (Hruby & Hu, 2015; Milagro et al., 

2013). Moreover, caloric restriction, regardless of the dietary pattern, is associated with better 

weight outcomes (Hruby & Hu, 2015). Studies have demonstrated that the consumption of fast 

food is associated with the obesity epidemic (Davey, 2004; Frazier, 2007; Wu et al., 2021). 

This association is due to the reports indicating that individuals consuming fast food meals 

have higher energy intake with lower nutritional value than those not consuming fast food 

(Anderson & Butcher, 2006). Consumption of energy-containing beverages such as fruit drinks 

and soft drinks has also been reported to contribute to weight gain. Finally, consumption of 

snacks and low-quality foods are also associated with weight gain, particularly in children 

(Pereira, 2006).     

2.1.3 Childhood obesity and its resemblance in adulthood 

Childhood obesity is one of the most serious public health challenges of the 21st century 

(Simmonds et al., 2016). Childhood obesity is directly linked to adulthood obesity, hence 

childhood obesity is considered to be a precursor of adulthood obesity (Ranjani et al., 2016). 

Moreover, obesity in childhood is a stronger predictor of adult obesity with health and 

economic consequences for the individual and society (Nishtar et al., 2016). In addition, 

childhood obesity is a forerunner of metabolic syndrome, poor physical health, mental 

disorders, respiratory problems, and glucose intolerance, all of which can track into adulthood 

(Ranjani et al., 2016). Recent systemic reviews have indicated that childhood body mass index 

(BMI) is positively associated with adult diabetes and hypertension (Llewellyn et al., 2016). 

Obesity interventions may have the greatest preventive effect if begun early in life (Blake-

Lamb et al., 2016). On 25 January 2016, the commission of Ending Childhood Obesity 

(ECHO) presented its final report to the Director-General of WHO during the 138th session of 

the WHO executive board. The ECHO report obtained from global consultations demonstrated 

that childhood obesity is a complex multidimensional problem (Nishtar et al., 2016). 
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The WHO commission on ending childhood obesity has called for the low-income and high-

income countries to develop multi-sector approaches to reducing childhood obesity across the 

life course and emphasises that preconception, pregnancy, and childhood life are critical 

periods for prevention (Blake-Lamb et al., 2016). The ECHO recommendations were that 

schools offer a key opportunity for programmatic action, which focuses on eliminating 

unhealthy foods, sugar-sweetened beverages, and nutrition-poor foods in the school 

environment (Nishtar et al., 2016). In addition, the WHO recommended nutrition education as 

part of the core curriculum and ensuring levels of physical activity for all children in schools 

(Nishtar et al., 2016). 

2.2 Metabolic syndrome diseases linked to obesity 

2.2.1 Type-2 diabetes 

Diabetes mellitus (DM) is a major metabolic disorder affecting more than 400 million people 

worldwide (Padhi et al., 2020). The population of patients with diabetes has increased 

worldwide in recent decades, from 108 million in 1980 to 463 million in 2019 (Cheng et al., 

2021). In addition, estimates demonstrate that this number will exceed 700 million in 2045 

(Cheng et al., 2021). DM is defined as a group of metabolic and physiological dysfunctions 

characterised by hyperglycaemia resulting directly from insulin resistance, inadequate insulin 

secretion, or excessive glucagon secretion (Alismail & Jin, 2014; Blair, 2016; Kim et al., 2012). 

There are two main types of diabetes, namely type-1 diabetes (T1D) and type-2 diabetes (T2D). 

T1D diabetes is characterised by impaired beta-cells of the pancreas due to autoimmune 

disorder while, T2D is characterised by both pancreatic beta cells dysfunction and increased 

cellular insulin resistance (Alismail & Jin, 2014; Blair, 2016; Kim et al., 2012). T2D is the 

common type  constituting approximately 90% of all diabetes cases (Mekala & Bertoni, 2020; 

Udler, 2019). 
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Globally, T2D is one of the most common diseases that have caught the attention of 

researchers. This disease is associated with severe complications which affect the patient’s 

health, productivity, and quality of life (Sami et al., 2017). T2D complications include 

blindness, chronic renal impairment, cardiovascular events, and lower limb amputation 

(Jelinek et al., 2017; Papatheodorou et al., 2018). In addition, T2D is expected to be the seventh 

most common cause of death in the world by 2030 as a result of its rapid rise in middle-income 

and low-income countries (Jelinek et al., 2017).      

Obesity is a major risk factor for the development of several metabolic syndrome diseases, 

including T2D and cardiovascular diseases (Smith & Smith, 2016; Weisberg et al., 2008). The 

term ‘diabesity’ has been created due to the significant link and interdependence between 

obesity and diabetes (Golay & Ybarra, 2005). Obesity and T2D frequently occur together, and 

statistics show that 60-90% of all patients with T2D are or have been obese (Golay & Ybarra, 

2005). Studies have shown that obesity is strongly associated with insulin resistance which 

results in the development of T2D (Hannon et al., 2005; Maggio & Pi-Sunyer, 2003; Yaturu, 

2011). Therefore, both obesity and T2D are characterised by insulin resistance which is a 

common feature. Insulin resistance in obesity and T2D is established by decreased insulin-

stimulated glucose transport and metabolism in adipocytes and skeletal muscle and by impaired 

suppression of hepatic glucose production (Kahn & Flier, 2000).   

The majority of cases of DM among children and adolescence were immune-mediated T1D. 

However, obesity has led to a dramatic increase in the incidence of T2D among children and 

adolescents (Hannon et al., 2005; Maggio & Pi-Sunyer, 2003). In addition, studies have shown 

that the increasing prevalence of overweight and obesity among children in developing 

countries is associated with the risk of T2D in adulthood (Tuei et al., 2010).     

T2D is characterised by abnormalities of insulin action in the adipose tissue, liver tissues, and 

muscle tissues (Kido et al., 2000). These tissues are insulin-dependent and are considered to 
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be major insulin-responsive tissues (Scheen, 2003; Su et al., 2015). Under normal conditions, 

insulin promotes glucose uptake and inhibits lipolysis in adipose tissues (Su et al., 2015). In 

the situation of T2D, the glucose uptake is reduced, and lipolysis is promoted, yet fatty acid 

oxidation is suppressed. Furthermore, adipose tissue functions as an endocrine organ secreting 

various adipocytokines, including adiponectin, leptin, resistin, tumour necrosis factor (TNF-

α), interleukin-6 (IL-6), and plasminogen activator inhibitor type 1 (PAI-1) (Chandran et al., 

2003). Studies indicate that adipocytokines levels are increased in obesity situations apart from 

adiponectin whose levels are reduced (Chakraborti, 2015; Ge et al., 2011; Koerner et al., 2005). 

This increase is because adiponectin expression is activated during adipogenesis; a feedback 

inhibition on its production may occur during the development of obesity (Chandran et al., 

2003). Adipocytokines that are known to inhibit insulin sensitivity include TNF-α, resistin, and 

IL-6 (Beale, 2013).  

The liver is the major depot for glucose uptake and storage and may account for the disposal 

of up to one-third of an oral glucose load (Michael et al., 2000). In the liver, insulin does not 

stimulate glucose uptake,  rather, it inhibits glycogenolysis and gluconeogenesis and stimulates 

glycogen synthesis, thus regulating fasting glucose levels (Freeman et al., 2018; Saltiel & 

Kahn, 2001). Therefore, insulin decreases hepatic glucose production via inhibition of 

glycogenolysis and gluconeogenesis (Freeman et al., 2018). In a situation of insulin resistance, 

this feedback mechanism is impaired, resulting in a constant increase in hepatic glucose 

production and the glucotoxicity associated with elevated glucose levels, further contributing 

to insulin resistance (Freeman et al., 2018).  

AMPK controls glucose homeostasis by inhibiting gluconeogenesis in the liver (Shaw et al., 

2005; Yan et al., 2018). Furthermore, activated AMPK also regulates hepatic glycogen 

metabolism, which promotes glycogen synthesis. Thus, AMPK dysregulation contributes to 

the onset and development of T2D (Yan et al., 2018). Therefore activation of AMPK in the 
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liver is expected to be beneficial in alleviating type-2 diabetes. In addition, activated AMPK is 

known to reduce the ACC activity in the liver, which leads to a decrease in fatty acid synthesis 

and increases in fatty acid oxidation (Yi et al., 2013). Therefore, these pathways regulate the 

balance of lipid metabolism in the body.  

Skeletal muscle is the principal tissue responsible for insulin-stimulated glucose disposal and 

the major site of peripheral insulin resistance (Zierath et al., 2000). This is due to evidence that 

shows increased lipid accumulation in skeletal muscle,  resulting in the inhibition of insulin 

action (Schmitz-Peiffer, 2000). Several mechanisms have been identified to alter insulin signal 

transduction. The most significant mechanism is the inhibition of insulin receptor substrate-1 

(IRS-1) tyrosine phosphorylation, followed by the inhibition of PKB due to the effects of lipids 

(Schmitz-Peiffer, 2000). Furthermore, at a cellular level, glucose transport into skeletal muscle 

is the rate-limiting step for whole-body glucose uptake and a major site of insulin resistance in 

T2D (Bouzakri et al., 2005). Therefore, skeletal muscle is a crucial insulin target tissue that 

harbours intrinsic defects that affect the whole-body glucose homeostasis (Bouzakri et al., 

2005). Finally, studies have shown that intramyocellular triacylglycerols are also increased 

with obesity and type-2 diabetes (Hulver et al., 2003). Therefore, the accumulation of 

intramyocellular triacylglycerols is associated with skeletal muscle insulin resistance.            

The adipokines such as leptin, resistin, and adiponectin have all been shown to affect skeletal 

muscle insulin sensitivity by impacting the activity of the components within insulin signalling 

pathways, affecting GLUT-4 translocation and modulating insulin-mediated skeletal muscle 

glucose uptake (Nicholson et al., 2018). In another study, adiponectin proved to enhance fatty 

acid oxidation through downstream activation of AMPK, p38MAPK, and PPARα in C2C12 

myocytes (Yamauchi et al., 2002).  
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2.2.2 Chronic inflammation 

Inflammation is defined as a complex defence mechanism in which leucocytes migrate from 

the vasculature into damaged tissue to destroy the agents that potentially can cause injury 

(Gabay, 2006). Acute inflammation is a limited beneficial response, particularly during the 

infectious challenge, whereas chronic inflammation is a persistent phenomenon that can lead 

to tissue damage (Gabay, 2006). Moreover, obesity is associated with chronic inflammation, 

confirmed by the increased levels of inflammatory markers, possibly due to increased 

production of pro-inflammatory chemokines or cytokines from several tissues, including the 

adipose tissue and the liver (You et al., 2013). The inflammatory condition associated with 

obesity and overweight plays an important part in the aetiology of metabolic syndrome 

(Monteiro & Azevedo, 2010). Studies have demonstrated that obesity and insulin resistance 

are characterised by increased biomarkers of inflammation, particularly tumor necrosis factor-

α (TNF-α), interleukin-6 (IL-6) and C-reactive protein (Lee & Pratley, 2005; Tilg & Moschen, 

2008; Zatterale et al., 2020). 

Obesity is also linked with the activation of the NF-kB inflammatory pathway (Zatterale et al., 

2020). In physiological conditions, the NF-kB proteins are retained in the cytoplasm of myeloid 

and insulin-target cells by a family of inhibitors called inhibitors of kB (IkBs) (Zatterale et al., 

2020). Moreover, the degradation of IkBs results in NF-kB nuclear translocation, promoting 

the expression of several NF-kB target genes, including TNF-α, IL-6, interferon-γ (IFN-y), 

transforming growth factor-β (TGF-β), monocyte chemotactic protein-1 (MCP-1), and 

interleukin-1β (IL-1β) (Zatterale et al., 2020). Therefore, increased expression of these genes 

further aggravates the development of insulin resistance. 

2.2.3 Oxidative stress  

Oxygen is crucial for cell survival, yet it could be harmful when it generates reactive oxygen 

species (ROS) in the body (Buonocore et al., 2010). The ROS are generated from the reduction 
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of molecular oxygen or by oxidation of water to yield products such as superoxide anion, 

hydrogen peroxide, and hydroxyl radical (Frelon et al., 2003). Therefore, oxidative stress 

occurs when there is overproduction of ROS and/or decreased antioxidant capacity (Bacanli et 

al., 2019). Oxidative stress is defined by high levels of endogenous oxidative species, which 

lead to both cell damage and signal pathway manipulation (Hurrle & Hsu, 2017).  Moreover, 

there is a high production of oxidative compounds in obesity and type-2 diabetes cases, which 

are associated with oxidative stress (Stefani et al., 2019). Both types of diabetes mellitus are 

associated with increased oxidative stress resulting from the increased formation of free 

radicals and decrease in antioxidant potential (Bacanli et al., 2019). Therefore, an imbalance 

between the productions of oxygen-derived radicals and the antioxidant system in patients 

suffering from diabetes mellitus and obesity. Hence, oxidative stress was also recognised as a 

key mechanism in insulin resistance development (Hurrle & Hsu, 2017).     

Four factors are known to cause oxidative stress in metabolic syndrome situations. The first 

one is through the mitochondria, which are the major source of oxidative stress. About 98% of 

inhaled oxygen is consumed by the mitochondria, of which about 0.2-2% results in ROS 

production. Furthermore, part of the used oxygen is reduced to water, and the excess oxygen 

is converted to oxygen-free radical by the mitochondrial oxidative metabolism (Bacanli et al., 

2019). The main mechanism that promotes this vicious cycle in metabolic syndrome is the 

increased production of anion superoxide through mitochondrial electron chain transport and 

nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase) (Stefani et al., 2019). 

NADPH oxidase 4 is a powerful oxidizing enzyme that produces ROS (Hurrle & Hsu, 2017). 

This enzyme can be activated after chronic exposure to glucose, causing hyperglycaemia that 

overloads the stimulation of insulin receptors, then results the production of hydrogen peroxide 

that could be utilised as a substrate to Fenton reaction, leading to hydroxyl radical (Stefani et 

al., 2019). Thus, these free radicals could disturb metabolic pathways and establish oxidative 
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stress, resulting in the oxidation of proteins, lipids, and nucleic acids (Stefani et al., 2019). 

Furthermore, mitochondria also contribute to the oxidation in the cell due to high glucose 

supply from high carbohydrates diets, which result in more substrate available to make ATP. 

Thus, the mitochondria are hyperactive and produce more of their natural by-product, such as 

ROS (Hurrle & Hsu, 2017). 

The second factor known to cause oxidative stress in metabolic syndrome situations is the 

production of advanced glycated end products (AGEs). Studies have reported that elevated 

production of AGEs promotes ROS generation (Yamagishi & Matsui, 2010). Furthermore, it 

has been reported that AGEs production impairs antioxidant systems (Nowotny et al., 2015). 

The AGEs are a group of modified proteins and/or lipids formed through the covalent binding 

of aldehyde or ketone groups of reducing sugars to free amino groups of proteins (Bacanli et 

al., 2019). Under hyperglycaemic conditions, AGEs are associated with the destructive 

potential to the cells. Hence, AGEs have been assumed to be involved in the pathogenesis of 

T2DM and diabetic complications (Nowotny et al., 2015). 

The third factor known to cause oxidative stress in metabolic syndrome situations is glucose 

oxidation. Glucose in its enediol form is oxidized in a transition-metal-dependent reaction to 

an enediol radical anion. The enediol radical anion is converted into reactive ketoaldehydes 

and superoxide anion radicals (Maritim et al., 2003). The fourth factor is hyperglycaemia. 

Hyperglycaemia stimulates low-density lipoprotein (LDL) peroxidation causing the generation 

of free radicals (Bacanli et al., 2019). Through these four pathways, the increased ROS leads 

to β-cell dysfunction and insulin resistance, responsible for cell damage and death (Panigrahy 

et al., 2017).  

An antioxidant is any substance capable of inhibiting chemical reactions that produce free 

radicals (Sen et al., 2010). Therefore, antioxidants provide a defence system to oxidative stress 

within the cell. The antioxidants perform their function by scavenging superoxide, or by 
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activating defensive/detoxifying enzymes (Mates, 2000). It has been demonstrated that 

hyperglycaemia promotes overproduction of ROS, which results in the alteration of the 

antioxidant defence system (Arcambal et al., 2020). The enzymes of the antioxidant defence 

include superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), 

Glutathione reductase (GR), and thioredoxin-peroxiredoxin (TRX-Prdx) (Bacanli et al., 2019; 

Yang & Lee, 2015). There is a decrease in the activity of antioxidant enzymes such as SOD, 

and CAT, as well as the ratio of glutathione to oxidized glutathione (GSH/GSSG) in obesity, 

dyslipidaemia, and DM conditions (Véricel et al., 2004). Furthermore, obesity increases the 

levels of inflammatory cytokines and the generation of free radicals, resulting in the enzyme 

activity decrease of SOD, CAT and GPX (Lubrano & Balzan, 2015). These reports demonstrate 

that obesity and its related metabolic syndrome diseases play a role in the development of 

oxidative stress.    

2.3 Metabolic impact of diets rich in fructose 

Around the world, a large proportion of processed foods, canned foods, and carbonated 

beverages contain high fructose corn syrup or other fructose-derived sweeteners (Saad et al., 

2016). As such, high fructose corn syrup is believed to be the most commonly consumed sugar 

(Softic et al., 2016). Initially, the consumption of a high-fat diet was believed to be the primary 

driver of the obesity epidemic (Softic et al., 2016). However, Stanhope et al. (2009) performed 

a comprehensive set of studies in overweight and obese individuals receiving 25% of their daily 

caloric intake as either a glucose-sweetened beverage or a fructose-sweetened beverage. Their 

results showed comparable weight gain in both groups over the 10 weeks of feeding, whereas 

metabolic impact was significantly different (Stanhope et al., 2009). In addition, the fructose-

supplemented group had a greater increase in intra-abdominal adipose mass and consuming 

fructose but not glucose-containing beverages increased plasma triglyceride concentrations 

(Stanhope et al., 2009). Lastly, fructose consumption increased both fasting blood glucose level 
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and insulin concentration and worsened glucose tolerance (Herman & Samuel, 2016; Stanhope 

et al., 2009). This makes fructose consumption the primary driver of the obesity epidemic. 

Recent epidemiological evidence supports an association between fructose consumption and 

the rise in the incidence of obesity and T2D. Moreover, animal and human studies support the 

link between fructose consumption and metabolic dysregulation leading to insulin resistance 

and dyslipidaemia (Saad et al., 2016). Ecological data also show an association between 

increased consumption of high-fructose corn syrup and the obesity epidemic (Herman & 

Samuel, 2016). Furthermore, increased consumption of fructose is linked to insulin resistance, 

a key risk factor for common conditions including T2D and cardiovascular diseases (Herman 

& Samuel, 2016).  

There are strong positive epidemiologic associations between fructose intake and components 

of the metabolic syndrome and insulin resistance (ter Horst et al., 2016). According to the study 

performed by ter Horst et al. (2016), fructose-fed rodents, dogs, monkeys rapidly develop 

insulin resistance and other metabolic syndrome features, whereas glucose-fed animals do not. 

The results obtained from animals just confirmed that consumption of fructose is associated 

with the development and prevalence of insulin resistance, T2D, dyslipidaemia, cardiovascular 

disease and many of these associations are independent of body weight gain or total energy 

intake (Stanhope, 2016).  

The physiological effects of insulin are vital for regulating carbohydrate and lipid metabolism 

(ter Horst et al., 2016). In subjects with insulin resistance, elevated glucose production and 

triglyceride secretion by the liver, an increased release of free fatty acids from adipose tissue 

and impaired glucose disposal in peripheral tissue contribute to the pathogenesis of 

hyperglycaemia and dyslipidaemia. As such, insulin resistance has a central role in the 

development of T2D and obesity (ter Horst et al., 2016). As mentioned before, high-fructose 

feeding leads to insulin resistance and high fructose feeding increased lipogenesis and impaired 
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insulin-mediated suppression of hepatic glucose production (Herman & Samuel, 2016). Thus, 

when fructose intake is sufficient to stimulate lipogenesis, hepatic insulin resistance also 

develops (Herman & Samuel, 2016). Furthermore, fructose intake also leads to ATP depletion 

and suppression of mitochondrial fatty acid oxidation, resulting in increased production of 

reactive oxygen species (Softic et al., 2016).  

Recent animal studies show a link between the high-fructose diet and altered metabolism of 

carbohydrates and lipids. However, data is still lacking on the effect of high fructose intake in 

neonatal programming of obesity and T2D (Saad et al., 2016). Moreover, short-term studies 

lasting several weeks and using high doses of fructose have supported the causal relationship 

between high fructose consumption, obesity, and cardio-metabolism disease suggested by 

ecological and epidemiological data (Herman & Samuel, 2016).  

It is important to study how fructose gets metabolised in the body compared to glucose. 

Fructose is transported into the cells via GLUT-5, a  specific fructose transporter highly 

expressed along the brush border of the small intestine, and GLUT-2, a transporter for both 

glucose and fructose expressed in the liver, small intestine, and pancreas (Herman & Samuel, 

2016). Ingested glucose bypasses the liver and reaches the systemic circulation, where fructose 

goes to the liver first. This results in unregulated fructose uptake by the liver, with most of the 

ingested fructose being metabolised in the liver and very little reaching the circulation 

(Stanhope, 2016). The fructose overload in the liver results in the excess substrate that leads to 

increased de novo lipogenesis (DNL) (Stanhope, 2016). De novo lipogenesis is a process by 

which lipids are endogenously synthesised from dietary sources, usually carbohydrates or 

stored energy deports. The process may be divided into three sequential steps: fatty acid 

synthesis, fatty acid elongation/desaturation, and assembly into triglycerides (Softic et al., 

2016). 
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It is also crucial to study the enzymes involved in the process of DNL. The first step of DNL 

involves cytosolic citrate, which gets converted to cytosolic acetyl-CoA, by the action of 

adenosine triphosphate citrate lyase (ACL). Furthermore, citrate is an allosteric activator of 

cytoplasmic acetyl-CoA carboxylase (ACC), whose action is to convert acetyl-CoA to 

malonyl-CoA, thus initiating DNL. Another essential molecule for DNL is malonyl-CoA, 

which serves as a primary carbon source utilised for endogenous fatty acid synthesis. Fatty acid 

synthase (FAS) sequentially utilises malonyl-CoA to extend the growing fatty acyl chain by 

two carbons, forming a 16 carbon saturated fatty acid, palmitate, the major product of fatty acid 

synthesis. When rates of DNL are high, malonyl-CoA accumulates in the cytoplasm and 

inhibits carnitine palmitoyltransferase 1 alpha (CPT-1α), the rate-limiting enzyme of fatty acid 

transport and utilisation in mitochondria (Softic et al., 2016). The increased cytoplasmic 

concentration of palmitate allosterically inhibits ACC activity and reduced the rate of DNL. In 

addition, ACC may also be inhibited by cyclic adenosine monophosphate (AMP)-dependent 

phosphorylation induced by AMP-activated protein kinase (AMPK) (Softic et al., 2016).  

There are several reasons why consumption of fructose is more likely to cause obesity than 

glucose would. Fructose is absorbed via the portal vein and delivered to the liver in much higher 

concentrations than other tissues (Softic et al., 2016). Directly, the fructose components in 

sugar cause dysregulation of lipid and carbohydrate metabolism, and indirectly, sugar promotes 

positive energy balance, thus body weight and fat gain, which also cause dysregulation of lipid 

and carbohydrate metabolism (Stanhope, 2016). As such, fructose, unlike glucose, supports 

lipogenesis in the setting of insulin resistance as fructose does not require insulin for its 

metabolism (Softic et al., 2016). Moreover, fructose has been shown to specifically increase 

carbohydrates response element-binding protein and a transcription factor that induces three 

enzymes of the DNL process, namely adenosine triphosphate citrate lyase, acetyl-CoA 

carboxylase, and fatty acid synthase (Schwarz et al., 2017). Furthermore, fructose metabolism 
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in the liver is regulated by hormones or allosteric mechanism, and fructose bypass the rate-

limiting step of glycolysis catalysed by phosphofructokinase-1 (PFK-1) (Dholariya & Orrick, 

2021). This results in fructose metabolism being unregulated when compared to glucose 

metabolism. 

2.4 Metabolism of fatty acids in adipose tissue  

Adipocytes are known for the storage and secretion of fatty acids (FAs) depending on the need 

for energy required in the body; hence adipocytes are considered to be the main regulator of 

energy and glucose homeostasis (Haczeyni et al., 2018; Yu & Ginsberg, 2005). Lipids are the 

major constituents of the adipocytes, hence it is suitable for lipid composition to perform a vital 

role in maintaining functions of the adipocytes and facilitating communication with other cells 

(Leiria & Tseng, 2020). In both positive and negative energy balance conditions, lipids and 

free fatty acids produced by the adipocytes elicit either beneficial or harmful effects in other 

tissues, including the liver, muscles, and pancreas (Leiria & Tseng, 2020).     

Elevated circulating fatty acids in blood plasma are generally associated with insulin resistance 

and glucose intolerance (Yore et al., 2014). In metabolic disorders and obese individuals, the 

plasma free fatty acids concentration is significantly increased due to elevated free fatty acid 

secretion in the adipose tissue (Boden & Shulman, 2002). In addition, increased plasma-free 

fatty acid concentrations are linked to several cardiovascular risk factors linked to insulin 

resistance including dyslipidaemia, hypertension, hyperuricemia, and abnormal fibrinolysis 

(Boden & Shulman, 2002). 

Nevertheless, not all lipids produced by the adipocytes are known to produce harmful effects. 

Some of the lipids produced from the adipocytes serve as signalling molecules that regulate 

beneficial energy metabolism (Stern et al., 2016). Literature has demonstrated that certain fatty 

acids possess beneficial metabolic effects (Yore et al., 2014). A study by Virtanen et al. 

investigated the associations between serum omega-3 polyunsaturated fatty acids (PUFAs) 
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eicosapentaenoic acid (EPA), decosapentaenoic acid (DPA), docosahexaenoic acid (DHA), α-

linolenic acid (ALA) and risk of incident T2D (Virtanen et al., 2014). Their findings showed 

that serum long-chain omega-3 PUFA concentration was associated with a long-term lower 

risk of T2D (Virtanen et al., 2014). Furthermore, the omega-3 fatty acids, DHA and EPA exert 

anti-inflammatory effects. The study by Talukdar et al. (2018) used G protein-coupled receptor 

120 (GRP120) knockout mice to show that omega-3 fatty acids cause GPR120-mediated anti-

inflammatory and insulin-sensitizing effects in vivo. The stimulation of GRP120, also known 

as free fatty acid receptor 4, has been linked to obesity and diabetes defence by inhibiting 

inflammatory response (Chen et al., 2018). 

In another study, the investigation of whether lipid profiling can inform diabetes predictions 

was carried out. Their results demonstrated that lipids of lower carbon number and double bond 

content were associated with risk of diabetes, whereas lipids of higher carbon number and 

double bond content were associated with decreased risk of diabetes (Rhee et al., 2011). In 

addition, they found that the pattern was strongest for triacylglycerol (TAGs) and persistent 

after multivariable adjustment for age, sex, BMI, fasting glucose, fasting insulin, total 

triglycerides, and HDL cholesterol (Rhee et al., 2011). Moreover, saturated fatty acid (SFA) 

palmitic acid, monounsaturated fatty acid (MUFA) oleic acid have been reported to produce 

beneficial effects on insulin resistance and the dietary ratio of palmitic acid to oleic acid 

impacts diabetes risk in humans (Palomer et al., 2018). Therefore, there is a need of 

therapeutics to ameliorate metabolic syndrome by improving the metabolism of fatty acids in 

adipose known to be impaired. 

2.5 Curcuma longa L 

Medicinal plants are proving to be effective alternative therapeutics for metabolic syndrome 

diseases (Graf et al., 2010). One such medicinal plant that has drawn the attention of 

researchers is Curcuma longa L (turmeric). Curcuma longa L is a medicinal plant that belongs 



27 

 

to the Zingiberaceae family and is cultivated in tropical and subtropical regions (Priyadarsini, 

2014). This plant has been used in a traditional system in Asian countries as a medicinal herb 

for various pathologies due to its anti-radical, anti-inflammatory, anti-mutagenic, anti-

microbial, and anti-cancer activities (Chattopadhyay et al., 2004; Rauf et al., 2018; Salehi et 

al., 2019). Some of the diseases Curcuma longa L has been used to treat include rheumatoid 

arthritis, chronic anterior uveitis, conjunctivitis, skin cancer, smallpox, chickenpox, wound 

healing, urinary tract infections, dispelling worms, regulating menstruation, dissolving 

gallstones, various digestive disorders, and hepatic disorders (Chattopadhyay et al., 2004; 

Salehi et al., 2019). It is also used as a culinary spice, food preservative, and colouring material 

in China, India and South East Asia (Chattopadhyay et al., 2004). The Curcuma longa L 

contains about 2%-9% of curcuminoids composed of curcumin, demethoxycurcumin, bis-

demethoxycurcumin, and cyclic curcumin; and amongst these compounds, curcumin is the 

major component (Priyadarsini, 2014). 

2.5.1 Curcumin 

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a yellow-

coloured curcuminoid and the main natural polyphenol isolated from Curcuma longa L. 

rhizomes (Payton et al., 2007; Pulido-Moran et al., 2016). The chemical structure of curcumin 

is shown in Figure 2.5.1 (Zhou et al., 2011). Curcumin is essentially insoluble in water because 

it is a lipophilic polyphenol molecule, and it permeates the cell membrane rapidly (Kocaadam 

& Şanlier, 2017; Noorafshan & Ashkani-Esfahani, 2013; Shishodia et al., 2005). Curcumin 

can exist in at least two tautomeric forms, keto and enol. The enol is more energetically stable 

in the solution and the solid phase (Akram et al., 2010). The keto form of curcumin mainly 

exists in the acidic and natural conditions and solid phase (Mahmood et al., 2015). In addition, 

the chemical structure of curcumin makes it much less soluble in water at acidic and natural 
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pH but soluble in methanol, ethanol, dimethyl sulfoxide (DMSO), and acetone (Mahmood et 

al., 2015).  

 

Figure 2.6.1: The chemical structure of curcumin (Zhou et al., 2011). 

Curcumin has received considerable attention from researchers because it is a relatively safe 

and inexpensive compound (Chuengsamarn et al., 2012; Shehzad et al., 2011; Zhang et al., 

2013). Several studies have demonstrated that curcumin possesses anti-obesity, anti-diabetic, 

anti-inflammatory, antioxidant, anti-carcinogenic, and anti-proliferative (Mahmood et al., 

2015; Weisberg et al., 2008). Despite its range of biological activities, the various mechanisms 

of action of curcumin have not yet been fully elucidated (Payton et al., 2007). 

2.5.2 Pharmacological properties of curcumin  

Several studies have demonstrated the beneficial pharmacological effects of curcumin 

(Noorafshan & Ashkani-Esfahani, 2013). The pharmacological properties of curcumin will be 

presented in this section.  

2.5.2.1 Anti-obesity properties of curcumin 

Studies on ways to delay obesity development have generally focused on dietary and lifestyle 

modifications such as restricting caloric intake and increasing physical activity (Alappat & 
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Awad, 2010). However, curcumin has aroused considerable research interest in elucidating its 

anti-obesity properties. Evidence suggests that it regulates lipid metabolism, which plays a 

central role in developing obesity and its complications  (Alappat & Awad, 2010). In vivo study 

conducted by Shao et al. (2012) revealed that administration of curcumin inhibited lipogenic 

gene expression in the liver of high fat diet-fed C57BL6J mice. The same study observed that 

curcumin administration significantly reduced weight/fat gain and improved glucose disposal 

and insulin sensitivity compared to the mice fed a high fat diet (Shao et al., 2012). Another in 

vivo study conducted by Kuo et al. (2012) showed that obese mice fed with curcumin 

experienced significant weight loss and significantly reduced serum triglycerides levels. 

Oral curcumin administration in high fat diet-induced obese and leptin-deficient ob/ob male 

C57BL/6J mice increased adiponectin production by adipose tissue, decreases the development 

of insulin resistance together with hyperglycaemia, and attenuates NF-kB activation in the liver 

(Weisberg et al., 2008). Adiponectin is one of the adipocytokines produced by the adipose 

tissues, and studies have demonstrated that its plasma level decreases with the accumulation of 

visceral adipose tissues (Matsuzawa et al., 2004). At the same time, the NF-kB is a transcription 

factor that gets activated by excessive lipid accumulation (Kang et al., 2017).  Therefore, 

treatment with curcumin has been reported to increase the adiponectin expression in 

inflammation-related obesity, and it is pointed out that the adiponectin production due to the 

effect of curcumin may have a positive effect against obesity by decreasing NF-kB activity 

(Kocaadam & Şanlier, 2017). 

Another study reported that curcumin activated AMPK and down-regulated ACC activity 

through phosphorylation of this enzyme, which in turn down-regulated the flow of acetyl-CoA 

to malonyl CoA leading to up-regulation of carnitine palmitoyltransferase-1 (CPT-1), which 

transfers cytosolic fatty acyl CoA into the mitochondria β-oxidation (Meydani & Hasan, 2010). 

In addition, Asai and Miyazawa showed that administration of curcumin increased rat liver 
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acetyl-CoA oxidase activity which is the enzyme in the fatty acid β-oxidation (Asai & 

Miyazawa, 2001). The same study also reported that curcumin administration in rats reduced 

ependymal adipose tissue .  

The biosynthesis of cholesterol, fatty acid, and triglycerides is accompanied by regulating the 

expression of genes through sterol regulatory element-binding proteins (SREBPs). Curcumin 

has exhibited the suppression of SREBP factors and reduction in the biosynthesis of cholesterol 

and fatty acid, as well as amelioration in HFD-induced body weight gain and fat accumulation 

in the liver, and improved serum lipid levels and insulin sensitivity in HFD-induced obese mice 

(Rauf et al., 2018). 

Finally, a clinical experiment demonstrated that administration of curcumin increased weight 

loss, enhanced percentage reduction of body fat, increased waistline reduction, improved hip 

circumference reduction, and enhanced reduction of BMI in overweight people with metabolic 

syndrome (Di Pierro et al., 2015). In another clinical experiment, the administration of 

curcumin demonstrated a significant reduction in BMI and liver fat content compared with the 

placebo group (Rahmani et al., 2016). In the same study, it was observed that administration 

of curcumin significantly reduced the serum levels of total cholesterol, low-density lipoprotein 

cholesterol, triglycerides, aspartate aminotransferase, alanine aminotransferase, glucose, and 

glycated haemoglobin compared with the placebo group (Rahmani et al., 2016). 

2.5.2.2 Anti-diabetic properties of curcumin  

Diabetes mellitus is the most common metabolic disorder characterized by chronic 

hyperglycemia resulting from impaired insulin secretion or insulin resistance (Ozougwu et al., 

2013). Literatutre has revealed that medicinal plant compounds act by various mechanisms to 

produce an anti-diabetic effect (Gaonkar & Hullatti, 2020). Furthermore, type-2 diabetes is 

marked by insulin resistance and this condition is highly related to inflammatory cytokines 

production and oxidative stress. Therefore, curcumin is considered to be an effective 



31 

 

therapeutic agent due to its anti-inflammatory and antioxidant potential (Salehi et al., 2019).  

The first study to assess the effect of curcumin on blood glucose level in a diabetic subject was 

conducted by Srinivasan. Results from the study showed that curcumin was able to reduce 

blood glucose level (Srinivasan, 1972). 

Rats and mice are the most used animal in studying the anti-diabetic effect of curcumin (Zhang 

et al., 2013). Curcumin had an anti-hyperglycaemic effect and improved insulin sensitivity in 

Sprague Dawley rats fed a high fat diet to induce insulin resistance and type-2 diabetes model 

(El-Moselhy et al., 2011). A study by Na et al. (2011) showed that treatment with curcumin 

reduced glucose and insulin tolerance in diabetic rats induced by a high-fat diet combined with 

streptozotocin (STZ). In addition, the in vitro experiment of this study showed that curcumin 

significantly increased glucose uptake by the L6 myotubes (Na et al., 2011). In another study, 

administration of curcumin reduced glucose intolerance in male C57BL/6J mice fed a high-fat 

diet to induce insulin resistance and obesity model (He et al., 2012). Administration of 

curcumin significantly improved glycaemic status and insulin sensitivity in high fat diet-

induced obese and leptin-deficient ob/ob male C57BL/6J mice, a model of obesity-related 

diabetes (Weisberg et al., 2008). 

STZ is an antibiotic that produces pancreatic islet β-cell destruction and is widely used 

experimentally to produce a model of T1D Mellitus (Furman, 2015). In an STZ-induced 

diabetic model, oral administration of curcumin significantly reduced glucose intolerance, 

hyperglycaemia, levels of haemoglobin (Hb), and body weight gain (Arun & Nalini, 2002). 

Moreover, Chougala et al. showed that treatment with curcumin significantly suppresses the 

increased levels of fasting blood glucose, urine sugar, and urine volume in the STZ-induced 

diabetic rat model (Chougala et al., 2012). In another study, Patumraj et al. (2006) showed that 

administration of curcumin combined with vitamin C significantly decreases blood glucose 

level, glycosylated haemoglobin (HbA1c) and dyslipidaemia in STZ-induced diabetic rats  
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(Patumraj et al., 2006). Soetikno et al. (2011) also demonstrated that administration of 

curcumin reduced blood glucose level, HbA1c, and weight gain in STZ-induced diabetic rats  

(Soetikno et al., 2011). These reports reveal that curcumin does have beneficial effects in type-

1 diabetes amelioration.  

 Shishodia et al. (2005) have demonstrated that curcumin modulates several important 

molecular targets associated with glucose metabolism . In some of the molecular targets, 

curcumin has been found to be involved in the modulation of liver enzymes associated with 

gluconeogenic and  glycolysis metabolic pathways (Ghosh et al., 2015). These two pathways 

play a significant role in hepatic glucose production and the liver is the crucial insulin target 

organ for metabolic control (Shen et al., 2017). It has been reported that curcumin stimulates 

hypoglycaemia by decreasing hepatic glucose production, increasing glucose uptake by 

upregulating Glut-2, Glut-3, and Glut-4 genes expressions, activating AMPK, and increasing 

insulin sensitivity (Ghorbani et al., 2014). Activated AMPK is known to inhibit hepatic glucose 

production and promote glucose uptake (Schultze et al., 2012). In addition, curcumin was 

reported to upregulate the phosphorylation of insulin receptor substrate (IRS-1) and protein 

kinase B (Akt) in the liver, enhance insulin sensitivity, and reverse metabolic disorders (Rauf 

et al., 2018). Furthermore, phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-

phosphatase (G6Pase) are key enzymes known to play a role in hepatic gluconeogenesis in the 

liver and their increased expression is associated with increased hyperglycaemia (Zhang et al., 

2013). Curcumin has been reported to increase hepatic glycogen content by inhibiting glycogen 

synthase kinase (GSK)-3β and prevented gluconeogenesis by inhibiting PEPCK and G6Pase 

(Rauf et al., 2018). In another study, Kim et al. (2009) showed that curcumin significantly 

suppressed PEPCK and G6Pase in H4IIE rat hepatoma and Hep3B human hepatoma cells . 

The study also showed that curcumin increased the phosphorylation of AMPK and its 
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downstream target acetyl-CoA carboxylase (ACC) (Kim et al., 2009). Therefore, these reports 

prove that curcumin has a beneficial effect on hyperglycaemia and insulin sensitivity.  

Curcumin was found to induce peroxisome proliferator-activated receptor gamma (PPAR-γ) 

activation and elevate the levels of plasma insulin activity (Xu et al., 2003). In addition, a study 

by Kuroda et al. demonstrated administration of curcumin reduced hyperglycaemia via PPAR-

γ in type-2 diabetic KK-Ay (Kuroda et al., 2005). PPAR-γ is a nuclear receptor that stimulates 

gene transcription, which plays a role in adipocyte differentiation, lipid and glucose 

metabolism, and inflammation (Celi & Shuldiner, 2002; Zieleniak et al., 2008).   

2.5.2.3 Anti-inflammatory properties of curcumin  

Several studies have revealed that obesity and related metabolic disorders (type-2 diabetes) are 

commonly linked with chronic inflammation (Guzik et al., 2006). Moreover, obesity, insulin 

resistance, and type-2 diabetes are characterised by abnormal cytokine production, increased 

acute-phase reactants and other mediators, and activation of a network of the inflammatory 

signalling pathway (Baker et al., 2011; Hotamisligil, 2006). Due to its anti-inflammatory and 

antioxidant property, curcumin emerged as an effective therapeutic compound for obesity and 

related metabolic disorders amelioration (Ghosh et al., 2015).  

Kuo et al., (2012) demonstrated that curcumin modulates multiple molecular targets associated 

with inflammation, which may contribute to its therapeutic role in obesity and obesity-related 

metabolic diseases. Administration of curcumin significantly reduced circulating C-reactive 

protein (CRP) concentration in metabolic syndrome individuals (Panahi et al., 2015). Elevated 

serum CRP concentration is associated with metabolic diseases and CRP is considered to be a 

measure of systemic inflammation (Panahi et al., 2015).     

In obesity and related metabolic disorders (insulin resistance and type-2 diabetes), pro-

inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), 
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interleukin-1β (IL-1β), and monocyte chemoattractant protein-1 (MCP-1) are abnormally 

increased, which marks the link between inflammation and insulin resistance (Chen et al., 

2015). Curcumin intake has been shown to downregulate adipose TNF-α and IL-6 (Shishodia 

et al., 2005). In another study,  TNF-α, IL-6, and MCP-1 levels were significantly higher in 

obese mice than in mice treated with curcumin (Kuo et al., 2012). In T2D patients, oral 

curcumin administration led to a significant improvement in endothelial function, 

malondialdehyde (MDA), IL-6, and TNF-α levels (Salehi et al., 2019). Furthermore, the 

administration of curcumin in CCl4-indused liver cirrhosis rats decreased the CRP levels and 

inflammatory cytokine including IL-1β, TNF-α, and IL-6 concentration in peripheral serum 

and liver tissue (Rauf et al., 2018). Therefore, these reports demonstrate that curcumin shows 

a strong inhibitory action on pro-inflammatory cytokines production which further confirms its 

anti-inflammatory potential. 

2.5.2.4 Antioxidant properties of curcumin 

Bacanli et al., (2019) declared that metabolic syndrome diseases including type-2 diabetes and 

obesity are linked with decreased antioxidant parameters, which result in oxidative stress. 

Therefore, phytochemicals with high antioxidant potential and free radical scavenging 

activities are considered to be effective therapeutics to ameliorate metabolic syndrome 

complications associated with oxidative stress (Bacanli et al., 2019). Curcumin has shown to 

possess effective antioxidant activity comparable to vitamin C and E (Panpatil et al., 2013). 

Furthermore, it has shown to be an effective scavenger of several reactive oxygen species, 

including superoxide anion radicals, hydroxyl radicals, and nitrogen dioxide radicals 

(Maheshwari et al., 2006). 

Several in vivo and in vitro studies demonstrated the beneficial effects of curcumin on 

improving antioxidant potential and oxidative stress alleviation. In vivo, treatment with 

curcumin in rats fed a high fructose diet to induce metabolic was shown to ameliorate oxidative 
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stress biomarkers by enhancing the serum CAT activity and reducing the MDA concentration 

(Kelany et al., 2017).  In another study, treatment with curcumin against tartrazine-mediated 

oxidative stress and hepatotoxicity in male rats improved the activity of the SOD, CAT, 

glutathione, and reduced the concentration of the MDA (El-Desoky et al., 2017). Furthermore, 

oral administration of curcumin (100 mg/kg/day) for 6 weeks was reported to ameliorate 

diabetic cardiomyopathy in diabetic rats, leading to reduction of oxidative stress and 

improvement of the inflammatory response (Bacanli et al., 2019). In a clinical experiment, 

Panahi et al. reported that curcuminoids supplementation caused a significant elevation in 

serum total antioxidant capacity (TAC) and SOD activities, while serum MDA levels were 

significantly reduced in type-2 diabetes individuals compared with the placebo group (Panahi 

et al., 2017). 

In vitro models demonstrated that curcumin alleviated oxidative cell injury of kidney cells 

(LLC-PK1) by inhibiting lipid degradation, lipid peroxidation, and cytolysis (Cohly et al., 

1998). In another study, treatment with curcumin ameliorated oxidative stress in vascular 

endothelial cells by promoting heme oxygenase production (Motterlini et al., 2000). Together 

all these studies (in vivo, in vitro, and clinical) demonstrate that curcumin possesses antioxidant 

properties and that it could be an effective therapeutic agent to alleviate obesity and related 

metabolic disorders.  
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Chapter Three: Materials and Methods 

3.1 Experimental animals and protocol 

3.1.1 Ethical approval  

All animal experiments were conducted following protocols approved by the Animal Ethics 

Screening Committee (AESC) of the University of the Witwatersrand, Johannesburg, South 

Africa (AESC approval number 2016/04/18/B). North-West University Animal Care Ethics 

Committee approved the transfer and further molecular analysis on the visceral fat and liver 

tissues (Approval number: NWU-00056-19-A5). 

3.1.2 Animal housing, study design and treatment administration  

This study used forty male Sprague Dawley rats (six days old male pups to 63 days adult rats). 

The pups were sourced from the Central Animal Services Unit of the University of the 

Witwatersrand, Johannesburg. The suckling pups were nursed freely with their dams while 

housed in perspex cages lined with wood shavings and shredded papers for environmental 

enhancement. The cages had steel mesh covers. The dams had ad libitum access to pelletized 

rat chow (Epol®, Johannesburg, South Africa) and plain tap water. The cages and bedding 

were changed twice weekly to promote hygiene. The ambient temperature in the room was 

maintained at 26 ± 2˚C with adequate ventilation and a 12-hour light/dark cycle (lights on at 

07:00 hrs). On postnatal day 21, the rats were weaned from their dams and placed in individual 

cages. The weaned rats were allowed ad libitum access to normal rat chow and their tap water 

or fructose solution (20% w/v) as their drinking fluid. 

The study was conducted in two phases. The first phase was the pre-weaning which began from 

postnatal day 6 to day 21, and the second phase was the post-weaning which began from 

postnatal day 21 to day 63. From day 1 to day 6, the pups were allowed to acclimatise to the 

new environment, and were fed milk only. These pups and rats were divided into four groups 

and administered the following: 
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• Control (Con),10 mL/kg body mass of a 0.5% dimethyl sulfoxide (DMSO) solution and 

tap water 

• Curcumin (Cu) 500 mg/kg,  

• Fructose (HF) 20% w/v 

• Fructose (HF) (20%) and curcumin (500 mg/kg)  

The DMSO was the vehicle used as a solvent for all the other treatments. All the treatments 

were administered once daily via oral gavage using a size 20G plastic cannula mounted on a 1 

ml syringe during the first phase of the study (Figure 3.1). 

The pups were treated according to the four experimental groups respectively from postnatal 

day 6, which marked the beginning of the first phase (pre-weaning) until postnatal day 21. 

During this first phase, neonatal programming was induced to the pups by feeding a high 

fructose diet which caused the development of metabolic syndrome early from childhood. This 

model was for intervention.  

The second phase began after the weaning stage, which was postnatal day 21. In this phase, 

rats continued with their group treatments for the second intervention until postnatal day 63, 

which mimics the early adulthood stage when rats were euthanised at the terminal stage. To 

ensure constant dosing, treatments were modified throughout based on the rat’s body mass. 
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Figure 3.1: Schematic diagram showing the study design. 

 

Group 1 was the control (Con) which was administered 10 mL/kg of 0.5% DMSO during 

suckling and plain tap water as the drinking fluid during post-weaning. Group 2 was 

administered 500 mg/kg of Curcumin (Cu) during suckling and plain tap water as the drinking 

fluid during post-weaning. Group 3 was the high fructose (HF) diet which was administered 

20% w/v fructose during suckling and fructose (20% w/v) as the drinking fluid during post-

weaning water. Finally, group 4 received a combination of curcumin and high fructose diet (Cu 

+ HF). In group 4, curcumin (500 mg/kg) was administered during suckling and fructose (20% 

w/v) was administered as the drinking fluid during post-weaning. PND represents postnatal 

days and n represents the number of rats. 
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3.1.3 Terminal procedure 

At the end of the treatments on postnatal day 63, all the rats fasted overnight (12-hour). On the 

morning of termination, the body masses of the rats were measured using a weighing scale 

(Snowrex Electronic scale Clover Scale, South Africa). Fasting blood glucose concentrations 

were measured from a tail prick using the calibrated glucometer (Contour Plus ™, Bayer 

Corporation, Mishawaka, USA). The rats were then euthanised by anaesthetic overdose using 

intraperitoneal sodium pentobarbitone (150 mg/kg body mass, Euthapent; Kyron laboratories, 

South Africa). The liver and visceral fat tissues were collected in RNA later solution and stored 

in a -80°C refrigerator for further molecular analysis. 

3.2 Measurement of gene expression using qPCR analysis 

3.2.1 RNA extraction 

Total RNA was isolated using Trizol (Life Technologies, Carlsbad, CA, USA). The frozen 

liver tissue was crushed using a pestle and mortar in liquid nitrogen and 1 mL of Trizol was 

added to 200 mg of the tissue sample. The mixture was homogenised once for 3 minutes while 

working on ice. The homogenate was then vortexed vigorously after the addition of 200 µL of 

chloroform and then incubated on ice for 15 minutes. The homogenate was then centrifuged at 

12000 xg for 15 minutes at 4°C to get the phase spectrum. The aqueous phase was then 

transferred to a new fresh tube. The total RNA was precipitated by incubating the solution for 

10 minutes in ice after the addition of 0.5 mL of isopropanol. After incubation, the solution 

was centrifuged for 10 minutes at 12000 xg at 4°C and the supernatant was removed. The pellet 

was washed twice with 70% ethanol and then centrifuged for 10 minutes at 7500 xg at 4°C. 

The supernatant was removed and the total RNA pellet was dissolved in 50 µL of RNase-free 

water. 



40 

 

3.2.2 RNA concentration determination 

Total RNA concentration and quality were measured using the NanoDrop Lite 

Spectrophotometer (Thermo Scientific, Johannesburg, South Africa) as per the manufacturer’s 

recommendations. The integrity of the total RNA was analysed using 1% (w/v) agarose gel 

electrophoresis. Briefly, 1 g of agarose was dissolved in 100 mL of TAE buffer by heating the 

mixture with a microwave for 60 seconds. The mixture was allowed to cool down to at least 

50°C, and then 1.5 µL of ethidium bromide was added. The solution was poured into the gel 

tray, the comb was inserted, and the gel was allowed to solidify. The samples were loaded in 

the wells after being mixed with the loading dye. The electrophoresis was run for 45 minutes 

at 100 volts and TAE buffer was also used as a tank buffer. The gel was viewed under the doc 

machine (Bio-Rad Laboratories, Hercules, CA, USA).  

3.2.3 cDNA synthesis 

The cDNA was synthesised using the SuperScript VILO cDNA Synthesis kit (Themofisher 

Scientific, Johannesburg, South Africa) according to the manufacturer’s protocol. Briefly, the 

master mix was prepared by mixing the 5X VILO Reaction mix and the 10X SuperScript 

enzyme mix while working on ice. The volume of RNA required to make a concentration of 

2.5 µg was calculated and DEPC-treated water was used to compensate the volume to a final 

of 20 µL in all reaction tubes. The tube contents were gently mixed and then incubated for 10 

minutes at 25°C, then followed by 42°C incubation for 60 minutes. The reaction was terminated 

by incubation at 85°C for 5 minutes. All incubations were done in the T100 Thermal Cycler 

(Bio-Rad, Singapore). The cDNA was stored at -20°C until use. 

3.2.4 Real-Time PCR 

Real-time PCR was performed using the PowerUp SYBR Green master mix (Applied 

Biosystems, Life Technologies) according to the manufacturer’s protocol. The primers and the 

PowerUp SYBR Green master mix were mixed appropriately according to the volumes given 
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by the manufacturer. The cDNA template was mixed with RNase-free water. Solutions were 

then transferred to appropriate wells in a 96 well plate, and the template was added lastly. The 

plate was then sealed with an optical adhesive cover. The Step One plus real-time PCR system 

thermal cycling block instrument (Applied Biosystems, Life Technologies) was used. The 

reaction plate was placed in the instrument and the thermal cycling conditions were set then 

the run was started. 

Table 3.1: List of primers used in the present study 

Genes Forward primer (F) and Reverse prime (R) 

AMPK-α F: 5ʹ-GGCAAAGTGAAGATTGGAGAACA-3ʹ 

R: 5ʹ-AACTGCCACTTTATGGCCTGT C-3ʹ 

LKB-1 F: 5ʹ-AGAGGAAGTGGGTCAGAATGGA-3ʹ 

R: 5ʹ-CCGGCCTTCTGGCTTCA-3ʹ 

ACC-1 F: 5ʹ-TACAACGCAGGCATCAGAAG-3ʹ 

R: 5ʹ-TGTGCTGCAGGAAGATTGAC-3ʹ 

CPT-1 F: 5ʹ-CGGTTCAAGAATGGCATCATC-3ʹ 

R: 5ʹ-TCACACCCACCACCACGAT-3ʹ 

AKT-1 F: 5ʹ-TTACTCTGCTGTGGCTGATGG-3ʹ 

R: 5ʹ-CCTCTGATGCTTGCGTCGTCT-3ʹ 

GLUT-2 F: 5ʹ-CCAGCACATACGACACCAGACG-3ʹ 

R: 5ʹ-CCAACATGGCTTTGATCCTTCC-3ʹ 

GP F: 5ʹ-GAGCACCCAATGACTTTAACCTT-3ʹ 

R: 5ʹ-TATTCTCAGCCAGGTTCCGGT-3ʹ 

GPM F: 5ʹ-TGGGTATGGACGCGCGACTG-3ʹ 

R: 5ʹ-CGCCCCAAAGCATTTCCGCA-3ʹ 

IL-6 F: 5ʹ-GCCACTGCCTTCCCTACTTCA-3ʹ 

R: 5ʹ-GACAGTGCATCATCGCTGTTCA-3ʹ 

TNF-α F: 5ʹ-CCCAGACCCTCACACTCAGAT-3ʹ 

R: 5ʹ-TTGTCCCTTGAAGAGAACCTG-3ʹ 

Actin F: 5ʹ-GACGAGGCCCAGAGCAAGAGA-3ʹ 

R: 5ʹ-GGGTGTTGAAGGTCTCAAACA-3ʹ 

GAPDH F: 5ʹ-GAACATCATCCCTGCATCC-3ʹ 

R: 5ʹ-CCTGCTTCACCACCTTCTT-3ʹ 
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3.3 Measurement of protein expression using Western blot 

 3.3.1 Protein extraction  

Protein was extracted using the potent lysis buffer or RIPA buffer. A 5 mg piece of tissue was 

weighed, and 300 µL of ice-cold lysis buffer was added to the Eppendorf tube. The mixture 

was then homogenised. The homogenate solution was centrifuged for 20 minutes at 12000 rpm 

at 4°C. The supernatant with the protein was transferred to a new tube, and the pellet was 

discarded. The protein was stored at -80°C. 

3.3.2 Protein concentration determination 

The protein concentrations were determined by the Bradford protein assay as per the 

manufacturer’s recommendations. Briefly, protein assay dye reagent concentrate (Bio-Rad 

Laboratories, Germany) was used. Bovine serum albumin (BSA) was used as a protein 

standard, and six dilutions of protein standard were prepared from 0.2 mg/mL to 1 mg/mL. The 

protein assay dye reagent was prepared by diluting the 1 part of the dye reagent concentrate 

with 4 parts of distilled water and the solution was filtered by the filter paper to remove 

particles. An amount of 50 µL of each standard and the sample solutions were pipetted into 

clean 15 ml tubes in duplicate and 2.5 mL of the diluted dye reagent was added to each tube. 

The tubes were mixed by vortexing for 30 seconds. Then 300 µL of all mixed solutions were 

transferred to a 96-well plate. The plate was allowed to incubate for 15 minutes at room 

temperature. After incubation, the absorbance was measured at 595 nm using the Multiskan 

Spectrum plate reader (Thermo Fisher Scientific, USA). The BSA standard curve was 

generated and concentration of the unknown sample was measured. The concentration of the 

sample was then diluted to an identical concentration. 

3.3.3 SDS-PAGE 

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) was carried out 

according to the general protocol described by Gambuti et al. (Gambuti et al., 2006). Briefly, 
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4x Laemmli sample buffer (Bio-Rad, USA) was mixed with β-mercaptoethanol before use 

according to the manufacturer’s instructions. Protein samples with equal volume were then 

mixed with the prepared Laemmli sample buffer and heated in boiling water for 2 minutes. 

Acrylamide stacking gel of 4% and acrylamide resolving gel of 10% was used (Bio-Rad, USA). 

Electrophoresis was performed on a Bio-Rad MiniProtean Cell electrophoresis apparatus, 

using a PowerPac Junior power supply set at a constant voltage of 120 volts for about an hour. 

3.3.4 Western blot  

Following a successful SDS-PAGE gel run, the gel was placed in 50 mL of the transfer buffer 

for 30 minutes in a shaker. To activate the Polyvinylidene fluoride (PVDF) membrane, the 

membrane was transferred into 100% methanol for 1 minute, followed by 1 minute in dH2O. 

This was repeated 3 times and finally, the membrane was moved into the transfer buffer for 5 

minutes before being used. To transfer the proteins from the gel into the membrane, an 

assembled transfer sandwich method was followed, as illustrated in Figure 3.2. Briefly soaked 

pad, blot absorbent filter paper, gel, PVDF membrane, blot absorbent filter paper, and soaked 

pad were loaded into a transfer cassette. The cassette was closed and then transferred to the 

tank with a transfer buffer and magnetic stirrer. The electrophoretic transfer unit was moved to 

the cold room, and the transfer was set to run overnight at 30V 

 

 

 

 

 

 

 

Figure 3.2 1:Illustration of electrophoretic transfer unit and blot setup (Alegria-Schaffer et al., 

2009). 
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After the run, Ponceau stain was used to analyse the successful transfer of protein to the 

membrane. To block non-specific binding sites, the membrane was transferred to 5% BSA in 

Phosphate-Buffered Saline-0.1% Tween (PBS-T) for 1 hour at room temperature. The 

membrane was washed twice with PBS-T for 5 minutes each. The primary antibody was diluted 

in PBS-T according to the manufacturer’s instructions (Cell Signalling Technology, 

Netherlands) and the membrane was incubated in the diluted antibody overnight on a shaker in 

the cold room. The membrane was washed twice with PBS-T for 5 minutes each. Then the 

secondary antibody was diluted with PBS-T according to the manufacturer’s instructions (Cell 

Signalling Technology, Netherlands) and the membrane was incubated in the diluted antibody 

for 1 hour on a shaker at room temperature. The membrane was washed twice with PBS-T for 

5 minutes each. The ECL plus kit detection method was performed in the darkroom according 

to the manufacturer’s protocol (Bio-Rad Laboratories, United States). The membrane was 

viewed and analysed under the doc machine (Bio-Rad Laboratories, USA). 

3.4 Measurement of antioxidant activity in liver tissues  

3.4.1 Ferric Reducing Antioxidant Power (FRAP) assay 

The FRAP assay was done using the method described by Benzie and Strain (Benzie & Strain, 

1996). Briefly, 100 mg of liver tissue was homogenised in 1 mL phosphate-buffered saline 

(PBS). The homogenate was centrifuged for 15 minutes at 12000 xg. The supernatant was then 

transferred to a new tube and used as a sample. The amount of 50 𝜇L of the sample was mixed 

with 300 𝜇L FRAP reagent in a 96-well clear microplate. The FRAP reagent was a mixture 

(10:1:1, v/v/v) of acetate buffer (300 mM, pH 3.6), tripyridyl triazine (TPTZ) (10 mM in 40 

mM HCl), and FeCl3⋅6H2O (20 mM). The mixture was allowed to incubate at room temperature 

for 30 minutes. After incubation, the plate was read at a wavelength of 593 nm in a Multiskan 

Spectrum plate reader (Thermo Fisher Scientific, USA). Ascorbic acid (AA) was used as the 
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standard, and the results were expressed as 𝜇mol AAE/g sample. All determinations were done 

in triplicate. 

3.4.2 Trolox Equivalence Antioxidant Capacity (TEAC) assay 

The amount of 100 mg liver tissue was homogenised in 1 mL phosphate-buffered saline (PBS). 

The homogenate was centrifuged for 15 minutes at 12000 xg. The supernatant was then 

transferred to a new tube and used as a sample. The TEAC assay was carried out using the 

principle of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical 

scavenging activity according to a method described by Ou et al. (Ou et al., 2001). The ABTS+ 

solution was prepared a day before use by mixing ABTS salt (8 mM) with potassium persulfate 

(3 mM) and then the solution was stored in the dark until the assay could be performed. The 

ABTS+ solution was further diluted with distilled water. The amount of 25 µL of the diluted 

sample was mixed with 300 𝜇L ABTS+ solution in a 96-well clear microplate. The mixture was 

allowed to incubate at room temperature for 30 minutes. After incubation, the plate was read 

at a wavelength of 734 nm in a Multiskan Spectrum plate reader (Thermo Fisher Scientific, 

USA). Trolox was used as the standard and results were expressed as 𝜇mol TE/g sample. All 

determinations were done in triplicates. 

3.4.2 DPPH radical scavenging activity assay 

The DPPH radical scavenging in the liver tissues was carried out according to a method 

described by Zheleva-Dimitrova with slight modifications (Zheleva-Dimitrova, 2013). Briefly, 

100 mg of liver tissue was homogenised in 1 mL phosphate-buffered saline (PBS). The 

homogenate was centrifuged for 15 minutes at 12000 xg. The supernatant was then transferred 

to a new tube and used as a sample. The amount of 10 µL of the diluted sample was mixed 

with 190 µL of DPPH solution (0.00625 g DPPH in 50 mL methanol) in a 96-well plate. The 

mixture was allowed to incubate at room temperature for 30 minutes. After incubation, the 

plate was read at a wavelength of 517 nm in a Multiskan Spectrum plate reader (Thermo Fisher 
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Scientific, USA). Free radical scavenging activity of the samples was calculated according to 

the equation as follows: 

DPPH activity (inhibition rate %)= 
A˚-A

A˚
×100 

Where 𝐴˚ was the absorbance of DPPH in solution without an antioxidant and A was the 

absorbance of DPPH in the presence of an antioxidant at 517 nm. 

3.4.3 SOD activity assay 

The superoxide dismutase (SOD) activity assay in the liver tissues was analysed using the SOD 

determination kit (Sigma-Aldrich, United States of America) according to the manufacturer’s 

protocol. Briefly, samples and working solutions were prepared. In a 96 well plate, 20 µL of 

homogenate sample solution was added into the sample and blank 2 well, and 20 µL of distilled 

water was added into blank 1 and blank 3 well. An amount of 200 µL of WST working solution 

was then added to each well followed by mixing. Twenty microliters (20 µL) of dilution buffer 

were added into each blank 2 and blank 3 well whereas, 20 µL of enzyme working solution 

was added to each sample and blank1 well followed by thorough mixing of the plate. The plate 

was incubated at 37 °C for 20 minutes, and absorbance was read at 450 nm using a microplate 

reader (Matiskan GO, thermos Scientific). The SOD enzyme activity was calculated according 

to the equation below: 

SOD activity (Inhibition rate %)= 
(ABlank 1-ABlank 3)-(ASample-ABlank 2)

(ABlank 1-ABlank 3)
 X 100% 

Where A was the absorbance reading at 450 nm. 

3.5 Assessment of hepatic metabolites in the liver tissues using Gas-Chromatography-

Mass Spectrometry (GC-MS) 

Frozen liver tissues were weighed and put in micro-centrifuge tubes. A monophasic Bligh-

Dyer extraction was used to extract metabolites as described by Lindeque et al. (Lindeque et 
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al., 2013). The appropriate amount of methanol, water, 3-phenylbutaric acid, and chloroform 

was added to the tissue samples according to the tissue weights. The mixtures were then 

homogenised using the Retch M400 vibration mill for 2 minutes and a single steel bead (7 mm) 

was used. The homogenate was centrifuged at 6000 rpm for 10 minutes. The same volume (700 

µL) of supernatants were then transferred to vials respectively and then allowed to dry under 

nitrogen. 

The dried extracts were derivatised before GC-MS analysis. Briefly, 50 µL methoxyamine (20 

mg/ml in pyridine) was added to the dried samples, followed by incubation at 60 °C for 1 hour. 

After that, 50 µL BSTFA (containing 1 % TMCS) was added to each sample. Samples were 

again incubated for an hour at 60 °C. One µL of the derivatised samples were injected (using 

an Agilent 7693 auto-sampler) onto the GC-MS system consisting of an Agilent 7890A GC 

system coupled to a LECO Pegasus HT TOFMS. The sample was split into a 1:10 ratio before 

entering the column. The front inlet temperature was kept at 250 °C throughout the entire run 

and helium was used as carrier gas at a constant flow rate of 1.5 mL/minute. Chromatography 

of the volatilized samples was performed on a Restek Rxi-5Sil MS (30m x 250 µm x 0.25 µm) 

column. The GC oven temperature was initiated at 40 °C for 1 minute and then increased 

stepwise to 120 °C at 7 °C/minute after which the temperature was increased to 230 °C at 10 

°C/min and finally to 300°C at 13 °C/minute where it was held for 2.5 minutes before cooling 

down to the initial temperature. The total run time for each sample was approximately 35 

minutes. The transfer line temperature was set constantly to 225 °C. The ion source was 

maintained at 200 °C, electron ionization at -70 eV, and full scan mass spectra (50-950 m/z) 

were acquired throughout the run at 20 spectra/s and a ~1500 V detector voltage. A solvent 

delay of 480 s was allowed to limit the detection of pyridine and BSTFA. 

GC-MS data were processed with LECO ChromaTOF software in terms of peak detection, 

background subtraction, deconvolution, and alignment (with Statistical Compare). The aligned 
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peak matrix was exported to Excel, where the data were cleaned before statistical analysis using 

a standard metabolomics workflow: A supervised zero filter was applied as previously 

described (Lindeque et al., 2018) and the data normalized (relatively quantified) with the 

internal standard. A QC CV filter was applied to filter out metabolites that were not precisely 

detected.  Concentrations were analysed using the GraphPad Prism version 7.0 statistical 

software (GraphPad Software Inc., San Diego, CA, USA) and expressed as mean ± standard 

error of the mean (SEM). A one-way analysis of variance (ANOVA), followed by a comparison 

of the means using the Bonferroni post hoc test was used. A statistical significance was 

assumed when p ≤ 0.05. 

3.6 Assessment of lipid-bound fatty acids detected as fatty acids methyl esters (FAMEs) 

in adipose tissue using Gas-Chromatography-Mass Spectrometry (GC-MS) 

Frozen visceral fats were weighed and put in the micro-centrifuge tube. A two-step, two-phase 

metabolite extraction method was used as described by Lindeque et al. (Lindeque et al., 2013). 

Appropriate amounts of methanol, water, and internal standard (IS) mix was added to the tissue 

samples based on the weight of the tissues. The samples were then homogenised using the 

Retch M400 vibration mill for 2 minutes and a single steel bead (7 mm) was used. The 

homogenate was then transferred into a clean tube followed by the addition of chloroform. The 

samples were vortexed for 1 minute, followed by incubation on ice for 10 minutes. The samples 

were then centrifuged at 2000 xg for 10 minutes at 4°C for separation.  The two phases of each 

sample were transferred to separate tubes, then 100 µL of both phases were transferred to vials 

and allowed to dry under nitrogen.  

Glycerol-bound fatty acids (i.e.lipids) were methylated as follows: The dried extracts were 

suspended in 100 µL chloroform and 100 µL methanol, followed by the addition of 200 µL of 

methanolic potassium hydroxide (KOH) and incubated for 60 minutes at 60°C. Methanolic 

KOH was prepared fresh by dissolving 280 mg of potassium hydroxide pellets in 25 mL 
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methanol (Lindeque et al., 2013). Once the samples were cooled to room temperature, fatty 

acid methyl esters (FAMEs) were extracted with the addition of 200 µL hexane, 20 µL acetic 

acid (1 N), and 200 µL water. The samples were centrifuged for 5 minutes at 2 000 × g to 

separate the organic and water phases. The upper organic phase was recovered and the lower 

phase was re-extracted with 200 µL hexane, for another three cycles as described above. The 

pooled organic solvent phases collected, were evaporated under a gentle stream of nitrogen at 

37°C. Following the drying step, 50 μL pyridine and 50 μL BSTFA (containing 1% TMCS) to 

the samples and incubated for 30 minutes at 60°C before analyses.  

The samples were analysed on the same system mentioned above with slight modifications in 

chromatography: The GC oven temperature was initiated at 70 °C for 1 minute and then 

increased stepwise to 110 °C at 20 °C/minute after which the temperature was increased to 160 

°C at 18 °C/minute. It increased further to 210 °C at 15 °C/minute, then to 260 °C at 10 °C/min 

and finally to 300 °C at 13 °C/minute where it was held for 1 minute before cooling down to 

the initial temperature. A solvent delay of 200 s was allowed to limit the detection of pyridine 

and BSTFA. 

3.7 Statistical analysis   

Statistical analysis was done using GraphPad Prism version 6 (GraphPad Software Inc., San 

Diego, USA) and expressed as a mean ± Standard deviation (SD). A one-way analysis of 

variance (ANOVA). A statistical significance was considered when p ≤ 0.05 and n = 3 or 4 per 

experimental group.  
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Chapter Four: Results 

4.1 Body weight and glucose concentrations measurements  

The pups were weighed daily using a digital weighing scale (Snowrex Electronic scale Clover 

Scale, South Africa) during the first phase of the study,while rats were weighed twice weekly 

to monitor their growth and general health during the study’s second phase. Appendix B shows 

the results of body masses of rats taken during the induction, weaning, and termination stage. 

Fasting blood glucose concentrations were measured from a tail prick using the calibrated 

glucometer (Contour Plus ™, Bayer Corporation, Mishawaka, USA). Appendix B shows the 

results of fasting blood glucose concentration, insulin concentration, and homeostatic model of 

insulin resistance obtained from the rats. 

4.2 The analysis of glucose and lipid metabolic gene expression by the influence of 

curcumin in liver tissues of Sprague Dawley rats  

4.2.1 Effect of curcumin on lipid metabolic key genes (LKB-1, AMPKα, ACC-1 

and CPT-1) expression 

The AMPK enzyme plays a role in the regulation of both glucose and lipid metabolism and it 

has been found to be a drug target of obesity and T2D. Therefore, the up-regulation of the 

AMPK gene expression together with its direct activator LKB-1 is crucial in the identification 

of a potential compound with anti-diabetic and anti-obesity effects. Figure 4.2.1 shows 

curcumin up-regulating LKB-1 gene significantly in the high fructose diet combined with 

curcumin group compared to the high fructose diet group. There was no significant difference 

in the expression of the LKB-1 gene in the group of high fructose diet combined with curcumin 

when compared to the control group. Moreover, curcumin alone upregulated the LKB-1 gene 

expression compared to the control group. Curcumin upregulated the expression of the AMPKα 

gene significantly in the group of high fructose diet combined with curcumin compared to the 

high fructose diet group, as shown in Figure 4.2.2. There was also a significant upregulation of 

the AMPKα gene in the curcumin group compared to the control group. No significant 



51 

 

difference was found in the expression of the AMPKα gene between the group of high fructose 

diet combined with curcumin and the control group.  
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Figure 4.2 1: The effect of curcumin on liver kinase B-1 (LKB-1) gene expression in the liver 

tissues of Sprague Dawley rats. 

The expression ratio of the gene is presented in relative units. The data is presented as mean ± 

SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a and b symbolise the significant difference 

in comparison with the control group, c symbolises significant difference in comparison with 

the high fructose diet group and ns symbolises no significant difference in comparison with the 

control group). Con (control), Cu (curcumin), HF (high fructose diet). 
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Figure 4.2 2: The effect of curcumin on AMPKα gene expression in the liver tissues of Sprague 

Dawley rats. 

The expression ratio of the gene is presented in relative units. The data is presented as mean ± 

SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a and b symbolise the significant difference 

in comparison with the control group, c symbolises significant difference in comparison with 

high fructose diet group and ns symbolises no significant difference in comparison with the 

control group). Con (control), Cu (curcumin), HF (high fructose diet). 

 

The regulation of key genes that play a role in liver lipid metabolism is crucial in understanding 

the molecular targets of curcumin. Lipid catabolism occurs mainly in the mitochondria and is 

controlled by a set of mitochondrial enzymes responsible for both lipid oxidation and synthesis. 

Therefore, the effect of curcumin on CPT-1 gene expression was investigated since it’s the 

gatekeeper for the entry of fatty acids into the mitochondria. There was a significant 

upregulation of CPT-1 gene expression in the group of high fructose diet combined with 

curcumin compared to the high fructose diet group (Figure 4.2.3). Results also showed a 

significant upregulation of CPT-1 gene expression in the curcumin group compared to the 

control group. Furthermore, the study also investigated the effect of curcumin on the gene 
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expression of ACC-1, which is known to play a role in fatty acid synthesis. From the results 

obtained, there was no significant difference in the gene expression of ACC-1 between the 

control and curcumin groups (Figure 4.2.4). The ACC-1 gene expression was significantly 

downregulated in the high fructose diet combined with the curcumin group compared to the 

high fructose diet group. 
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Figure 4.2 3: The effect of curcumin on CPT-1 gene expression in the liver tissues of Sprague 

Dawley rats. 

The expression ratio of the gene is presented in relative units. The data is presented as mean ± 

SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a, b, and c symbolise the significant 

difference in comparison with the control group, d symbolises significant difference in 

comparison with high fructose diet group). Con (control), Cu (curcumin), HF (high fructose 

diet). 
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Figure 4.2 4: The effect of curcumin on ACC-1 gene expression in the liver tissues of Sprague 

Dawley rats. 

The expression ratio of the gene is presented in relative units. The data is presented as mean ± 

SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (ns symbolises no significant difference in 

comparison with the control group, a and b symbolise the significant difference in comparison 

with the control group, and c symbolises significant difference in comparison with the high 

fructose diet group). Con (control), Cu (curcumin), HF (high fructose diet). 

 

4.2.2 Effect of curcumin on glucose metabolic genes (AKT-1, GLUT-2, GP, and 

PGM) expression in liver Sprague Dawley rats 

The regulation of the key genes known to play a role in liver glucose metabolism are crucial in 

understanding the molecular targets of curcumin. Figure 4.2.5 shows the effect of curcumin on 

AKT-1 gene expression in the liver. No significant difference was found between the control 

and the curcumin group. There was significant upregulation of AKT-1 gene expression in the 

group of high fructose diet combined with curcumin when compared to the high fructose diet 

group. Curcumin was found to upregulate the expression of the GLUT-2 gene significantly in 

the group of high fructose diet combined with curcumin when compared to the high fructose 

diet group (Figure 4.2.6). Furthermore, results showed no significant difference in GLUT-2 

gene expression between the control and the curcumin group.     
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Figure 4.2 5: The effect of curcumin on AKT-1 gene expression in the liver tissues of Sprague 

Dawley rats. 

The expression ratio of the gene is presented in relative units. The data is presented as mean ± 

SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (ns symbolises no significant difference in 

comparison with the control group, a, symbolises significant difference in comparison with the 

control group, and b symbolises significant difference in comparison with the high fructose 

diet group). Con (control), Cu (curcumin), HF (high fructose diet). 
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Figure 4.2 6: The effect of curcumin on GLUT-2 gene expression in the liver tissues of Sprague 

Dawley rats. 

The expression ratio of the gene is presented in relative units. The data is presented as mean ± 

SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (ns symbolises no significant difference in 

comparison with the control group, a and b symbolise significant difference in comparison with 

the control group, and c symbolises significant difference in comparison with the high fructose 

diet group). Con (control), Cu (curcumin), HF (high fructose diet). 

 

The downregulation of key genes that play a role in hepatic glucose production is important in 

the management of glucose homeostasis. This study investigated the molecular effect of 

curcumin on the glycogen phosphorylase (GP) and phosphoglucomutase (PGM) gene 

expression in the liver tissues of Sprague Dawley rats. Curcumin reduced the gene expression 

of GP significantly in the group of high fructose diet combined with curcumin when compared 

to the high fructose diet group (Figure 4.2.7). No significant difference was found in GP gene 

expression between the control group and the group of high fructose diet combined with 

curcumin. Figure 4.2.8 shows the downregulation of PGM gene expression by curcumin in the 

group of high fructose diet combined with curcumin when compared to the high fructose diet 
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group. There was no significant difference in the gene expression of PGM between the control 

group and the group of high fructose diet combined with curcumin.   
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Figure 4.2 7: The effect of curcumin on glycogen phosphorylase (GP) gene expression in the 

liver tissues of Sprague Dawley rats. 

The expression ratio of the gene is presented in relative units. The data is presented as mean ± 

SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a and b symbolise significant difference in 

comparison with the control group, c symbolises significant difference in comparison with the 

high fructose diet group and ns symbolises no significant difference compared to the control 

group). Con (control), Cu (curcumin), HF (high fructose diet). 
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Figure 4.2 8: The effect of curcumin on phosphoglucomutase (PGM) gene expression in the 

liver tissues of Sprague Dawley rats. 

The expression ratio of the gene is presented in relative units. The data is presented as mean ± 

SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a and b symbolise significant difference in 

comparison with the control group, c symbolises significant difference in comparison with the 

high fructose diet group and ns symbolises no significant difference compared to the control 

group). Con (control), Cu (curcumin), HF (high fructose diet). 

 

4.3 The analysis of glucose and lipid metabolic protein expression by the influence of 

curcumin in liver tissues of Sprague Dawley rats 

4.3.1 Effect of curcumin on lipid metabolic protein expression (LKB-1, p-AMPK, 

ACC-1 and CPT-1) 

Protein analysis with western blot was performed to compare the molecular activity happening 

at gene and protein levels. Results in Figure 4.3.1 shows that LKB-1 protein was poorly 

expressed in all the groups of rats fed a high fructose diet. However, there was significant 

upregulation of LKB-1 protein expression in the group of high fructose diet combined with 

curcumin in comparison with the high fructose diet group. There was no significant difference 

in the LKB-1 protein expression between the control group and the curcumin group. Results in 

Figure 4.3.2 show that p-AMPK protein expression was significantly downregulated in all the 
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experimental groups compared to the control group. There was no significant difference in p-

AMPK protein expression between the group of high fructose diet combined with curcumin 

and the high fructose diet group.  
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The expression ratio of the protein is presented in relative units. The data is presented as mean 

± SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (ns symbolises no significant difference in 

comparison with the control group, a and b symbolise the significant difference compared to 

the control group, and c symbolises significant difference in comparison with the high fructose 

diet group). Con (control), Cu (curcumin), HF (high fructose diet). 

 

 

LKB-1 
 
54 kDa 

      

β-Actin  45 kDa 

 Con Cu HF HF + Cu  

Figure 4.3 1: The effect of curcumin on liver kinase B-1 (LKB-1) protein expression in the 

liver tissues of Sprague Dawley rats. 
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Figure 4.3 2: The effect of curcumin on phosphorylated-adenosine monophosphate-activated 

protein kinase (p-AMPK) protein expression in the liver tissues of Sprague Dawley rats. 

The expression ratio of the protein is presented in relative units. The data is presented as mean 

± SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a, b, and c symbolise the significant 

difference in comparison with the control group, and ns symbolises no significant difference 

in comparison with the high fructose diet group). Con (control), Cu (curcumin), HF (high 

fructose diet). 

 

Figure 4.3.3 shows the CPT-1 protein expression in the liver tissues of Sprague Dawley rats. 

The results obtained showed a significant downregulation of CPT-1 protein in all the 

experimental groups compared to the control group. There was no significant difference 

between the group of high fructose diet combined with curcumin and the high fructose diet 

group. Figure 4.3.4 shows that ACC-1 protein expression was downregulated in all the 

experimental groups compared to the control group. The ACC-1 protein expression was also 

significantly downregulated in the group of high fructose diet combined with curcumin in 

comparison with the high fructose diet group. 
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Figure 4.3 3: The effect of curcumin on CPT-1 protein expression in the liver tissues of 

Sprague Dawley rats. 

The expression ratio of the protein is presented in relative units. The data is presented as mean 

± SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a, b, and c symbolise the significant 

difference in comparison with the control group, and ns symbolises no significant difference 

in comparison with the high fructose diet group). Con (control), Cu (curcumin), HF (high 

fructose diet). 
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Figure 4.3 4: The effect of curcumin on ACC-1 protein expression in the liver tissues of 

Sprague Dawley rats. 

The expression ratio of the protein is presented in relative units. The data is presented as mean 

± SD. One-way ANOVA followed by Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a, b, and c symbolise the significant 

difference compared to the control group, and d symbolises significant difference in 

comparison with the high fructose diet group). Con (control), Cu (curcumin), HF (high fructose 

diet). 

 

4.3.2 Effect of curcumin on glucose metabolic proteins expression (AKT-1, 

GLUT-2, GP, and PGM) 

The effect of curcumin on the key glucose metabolic protein expression was analysed. Results 

in Figure 4.3.5 shows that curcumin significantly upregulated the AKT-1 protein expression in 

the curcumin group compared to the control group. There was a significant downregulation of 

AKT-1 protein expression in the high fructose diet group, and high fructose diet combined with 
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curcumin group in comparison with the control group. Results also showed downregulation of 

AKT-1 protein expression in the group of high fructose diet combined with curcumin in 

comparison with the high fructose diet group. The effect of curcumin on GLUT-2 protein 

expression in the liver tissues of Sprague Dawley rats was analysed (Figure 4.3.6). Results 

showed significant downregulation of GLUT-2 protein expression in all the experimental 

groups compared to the control group. There was a significant upregulation of GLUT-2 protein 

expression in the group of high fructose diet combined curcumin in comparison with the high 

fructose diet group.   
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Figure 4.3 5: The effect of curcumin on AKT-1 protein expression in the liver tissues of 

Sprague Dawley rats. 

The expression ratio of the protein is presented in relative units. Data is presented as mean ± 

SD. One-way ANOVA followed by the Tukey’s multiple comparisons post hoc test was used 

to analyse differences between the groups. P < 0.05 (a, b, and c symbolise significant difference 

in comparison with the control group, and d symbolises significant difference compared to  

high fructose diet group). Con (control), Cu (curcumin), HF (high fructose diet). 
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Figure 4.3 6: The effect of curcumin on GLUT-2 protein expression in the liver tissues of 

Sprague Dawley rats. 

The expression ratio of the protein is presented in relative units. Data is presented as mean ± 

SD. One-way ANOVA followed by the Tukey’s multiple comparisons post hoc test was used 

to analyse differences between the groups. P < 0.05 (a, b, and c symbolise significant difference 

in comparison with the control group, and d symbolises significant difference compared to high 

fructose diet group). Con (control), Cu (curcumin), HF (high fructose diet). 

 

The effect of curcumin on the protein expression of key hepatic glucose output enzymes in the 

liver tissues of Sprague Dawley rats was analysed. Figure 4.3.7 shows results of curcumin’s 

effect on GP protein expression. From the results obtained, there was no significant difference 

between the curcumin group and the control group. There was a significant upregulation of GP 

protein expression in the high fructose diet group compared to the control group. Furthermore, 

there was a down-regulation of GP protein expression in the high fructose combined with 

curcumin group when compared to the high fructose diet group. Figure 4.3.8 shows results of 

curcumin’s effect on PGM protein expression. From the results obtained, there was a 
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downregulation of PGM protein expression in the curcumin group when compared to the 

control group. There was an upregulation of PGM protein expression in the high fructose diet 

group when compared to the control group. There was no significant difference in the 

comparison of PGM protein expression between the high fructose diet combined with curcumin 

and the control group. Finally, there was a significant down-regulation of PGM protein 

expression in the high fructose diet combined with the curcumin group when compared to the 

high fructose diet group. 
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Figure 4.3 7: The effect of curcumin on glycogen phosphorylase (GP) protein expression in 

the liver tissues of Sprague Dawley rats. 

The expression ratio of the protein is presented in relative units. Data is presented as mean ± 

SD. One-way ANOVA followed by the Tukey’s multiple comparisons post hoc test was used 

to analyse differences between the groups. P < 0.05 (a and b symbolise significant difference 

in comparison with the control group, c symbolises significant difference in comparison with 

high fructose diet group and ns symbolises no significant difference compared to the control 

group). Con (control), Cu (curcumin), HF (high fructose diet). 
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Figure 4.3 8: The effect of curcumin on phosphoglucomutase (PGM) protein expression in 

the liver tissues of Sprague Dawley rats. 

The expression ratio of the protein is presented in relative units. Data is presented as mean ± 

SD. One-way ANOVA followed by the Tukey’s multiple comparisons post hoc test was used 

to analyse differences between the groups. P < 0.05 (a and b symbolise significant difference 

compared to the control group, c symbolises significant difference in comparison with high 

fructose diet group and ns symbolises no significant difference in comparison with the control 

group). Con (control), Cu (curcumin), HF (high fructose diet). 

 

4.4 The effect of curcumin on the inflammatory biomarkers in the liver tissues of 

Sprague Dawley rats  

4.4.1 The effect of curcumin on the TNF-α and IL-6 gene expression in the liver 

tissues of Sprague Dawley rats 

Inflammatory markers are found to be highly expressed in situations of T2D and obesity 

induced by insulin resistance. The effect of curcumin on the TNF-α and IL-6 gene expression 

in the liver tissues of Sprague Dawley rats was investigated. The gene expression of TNF-α 

was highly up-regulated in the high fructose diet group compared to all the other experimental 
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groups (Figure 4.4.1). Moreover, curcumin significantly down-regulated the expression of 

TNF-α in the high fructose diet combined with curcumin group in comparison with the high 

fructose diet. Figure 4.4.2 shows the effect of curcumin on IL-6 gene expression in the liver 

tissues of Sprague Dawley rats. The gene expression of IL-6 was highly up-regulated in the 

high fructose diet group compared to all the other experimental groups. Results also show that 

curcumin down-regulated the gene expression of IL-6 in the high fructose diet combined with 

curcumin group compared with the high fructose diet group. There was no significant 

difference in the gene expression of IL-6 between the control group, curcumin group and high 

fructose diet combined with curcumin group. 
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Figure 4.4 1:The effect of curcumin on TNF-α gene expression in the liver tissues of Sprague 

Dawley rats. 

The expression ratio of the gene is presented in relative units. Data is presented as mean ± SD. 

One-way ANOVA followed by the Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a, b, and c symbolise significant difference 

in comparison with the control group, and d symbolises significant difference compared to the 

high fructose diet group). Con (control), Cu (curcumin), HF (high fructose diet). 
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Figure 4.4 2: The effect of curcumin on IL-6 gene expression in the liver tissues of Sprague 

Dawley rats. 

The expression ratio of the gene is presented in relative units. Data is presented as mean ± SD. 

One-way ANOVA followed by the Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (ns symbolises no significant difference in 

comparison with the control group, a, symbolises significant difference in comparison with the 

control group, and b symbolises significant difference compared to the high fructose diet 

group). Con (control), Cu (curcumin), HF (high fructose diet). 

 

4.4.2 The effect of curcumin on the TNF-α and IL-6 protein expression in the 

liver tissues of Sprague Dawley rats 

It was vital for this study to investigate the effect of curcumin on the protein expression of 

TNF-α and IL-6 to confirm gene expression. Figure 4.4.3 shows the effect of curcumin on the 

TNF-α protein expression results. There was no significant difference of TNF-α protein 

expression between the curcumin group and the control group. There was a significant up-

regulation of TNF-α protein expression in the high fructose diet group compared to the control 

and all other experimental groups. Finally, there was a significant down-regulation of TNF-α 

protein expression in the high fructose diet group combined with curcumin when compared to 

the high fructose diet group. Figure 4.4.4 shows the effect of curcumin on the IL-6 protein 
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expression results. Results showed significant up-regulation of IL-6 protein expression in the 

high fructose diet group compared to the control and all other experimental groups. There was 

also a significant up-regulation of IL-6 in the curcumin group when compared to the control 

group. Finally, there was a significant down-regulation of IL-6 in the high fructose diet 

combined with curcumin group when compared to the high fructose diet group. However, there 

was no significant difference in the IL-6 protein expression between the high fructose diet 

combined with curcumin group and the control group. 
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Figure 4.4 3: The effect of curcumin on TNF-α protein expression in the liver tissues of 

Sprague Dawley rats. 

The expression ratio of the gene is presented in relative units. Data is presented as mean ± SD. 

One-way ANOVA followed by the Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a and b symbolise significant difference in 

comparison with the control group, c symbolises significant difference in comparison with high 

fructose diet group, and ns symbolises no significant difference compared to the control group). 

Con (control), Cu (curcumin), HF (high fructose diet). 
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Figure 4.4 4: The effect of curcumin on IL-6 protein expression in the liver tissues of Sprague 

Dawley rats. 

The expression ratio of the gene is presented in relative units. Data is presented as mean ± SD. 

One-way ANOVA followed by the Tukey’s multiple comparisons post hoc test was used to 

analyse differences between the groups. P < 0.05 (a and b symbolise significant difference in 

comparison with the control group, c symbolises significant difference in comparison with high 

fructose diet group and ns symbolises no significant difference compared to the control group). 

Con (control), Cu (curcumin), HF (high fructose diet). 

 

4.5 The analysis of the antioxidant properties of curcumin in the liver tissues of Sprague 

Dawley rats 

4.5.1 The antioxidant capacity of curcumin by the Ferric Reducing Antioxidant 

Power (FRAP) assay and the Trolox Equivalence Antioxidant Capacity (TEAC) 

assay in the liver tissues of Sprague Dawley rats 

The antioxidant capacity of curcumin in reducing the ferric ions was measured by the FRAP 

assay. Figure 4.5.1 showed a significant increase of FRAP concentration in the curcumin group 

compared to the control group. There was no significant difference of FRAP concentration 

between the high fructose diet combined with curcumin group and the control group. 
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Furthermore, there was a substantial increase of FRAP concentration in the high fructose diet 

combined with curcumin when compared to the high fructose diet group.  

The effect of curcumin on the suppression of the radical cations of 2,2-azino-bis(3-

ethylbenzothiazoline-6-sulfonate) (ABTS) when ABTS incubates with a peroxidase 

(metmyoglobin) and H2O2 was measured by the TEAC assay. Figure 4.5.2 showed a significant 

increase of TEAC concentration in the curcumin group compared to the control group. There 

was no significant difference of TEAC concentration between the high fructose diet group and 

control group. Finally, the TEAC concentration was significantly increased in the high fructose 

diet combined with curcumin group when compared to the control group and the high fructose 

diet group. 
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Figure 4.5 1: The antioxidant capacity of curcumin by the Ferric Reducing Antioxidant Power 

(FRAP) assay in the liver tissues of Sprague Dawley rats. 

The concentration is represented in µmol/g. Data is presented as mean ± SD. One-way ANOVA 

followed by the Tukey’s multiple comparisons post hoc test was used to analyse differences 

between the groups. P < 0.05 (a and b symbolise significant difference in comparison with the 

control group, c symbolises significant difference in comparison with high fructose diet group 
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and ns symbolises no significant difference compared to the control group). Con (control), Cu 

(curcumin), HF (high fructose diet). 
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Figure 4.5 2: The antioxidant capacity of curcumin by the Trolox Equivalence Antioxidant 

Capacity (TEAC) assay in the liver tissues of Sprague Dawley rats. 

The concentration is represented in µmol/g. Data is presented as mean ± SD. One-way ANOVA 

followed by the Tukey’s multiple comparisons post hoc test was used to analyse differences 

between the groups. P < 0.05 (a and b symbolises significant difference in comparison with the 

control group, c symbolises significant difference in comparison with high fructose diet group 

and ns symbolises no significant difference compared to the control group). Con (control), Cu 

(curcumin), HF (high fructose diet). 

 

4.5.2 The effect of curcumin on the 1-diphenyl-2-picrylhyrazyl (DPPH) free 

radical scavenging activity and the superoxide dismutase (SOD) enzyme activity 

in the liver tissues of Sprague Dawley rats 

The DPPH free radical scavenging activity of curcumin in the liver tissues of Sprague Dawley 

rats was analysed. From the results obtained (Table 4.5.1), the DPPH activity was significantly 

increased in the curcumin group when compared to the control group. In the high fructose diet 
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group, the DPPH activity was significantly decreased when compared to the control group. 

However, in the high fructose diet combined with curcumin group the DPPH activity was 

significantly increased when compared to the high fructose diet group. Finally, there was no 

significant difference in the DPPH activity between the high fructose diet combined with 

curcumin group and the control group.  

The effect of curcumin on SOD, an antioxidant enzyme, was analysed in the liver tissues of 

Sprague Dawley rats. The results in Table 4.5.1 show that the SOD activity was significantly 

increased in the curcumin group when compared to the control group. There was a significant 

decrease in SOD activity in the high fructose diet group when compared to the control group. 

In the high fructose diet combined with the curcumin group, there was a significant increase in 

SOD activity compared to the high fructose diet group. Finally, there was no significant 

difference in SOD activity between the group of high fructose diet combined with curcumin 

and the control group. 

Table 4.5 1:The effect of curcumin on the DPPH and SOD activity in the liver tissues of Sprague 

Dawley rats 

Parameters Con Cu HF HF + Cu 

DPPH activity (% inhibition) 89.6 ± 1.3 90.4 ± 0.7 a 57.2 ± 2.8 
b 

88.5 ± 1.6 ns, 

c 

SOD activity (% inhibition) 81.6 ± 1.3 89.7 ± 0.4 a 76.2 ± 1.0 
b  

83.5 ± 0.9 ns c  

The activity is represented in % inhibition. Data is presented as mean ± SD. One-way ANOVA 

followed by the Tukey’s multiple comparisons post hoc test was used to analyse differences 

between the groups. P < 0.05 (a and b symbolise significant difference in comparison with the 

control group, c symbolises significant difference in comparison with high fructose diet group 

and ns symbolises no significant difference compared to the control group). Con (control), Cu 

(curcumin), HF (high fructose diet). 
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4.6 Analysis of curcumin on hepatic metabolites 

4.6.1 The effect of curcumin on haptic carbohydrate metabolites in the liver 

tissues of Sprague Dawley rats 

The present study assessed the effect of curcumin on the levels of hepatic carbohydrates (d-

galactose, d-glucose, d-arabinose, d-mannopyranose, and mannose) in rats fed a high fructose 

diet. Results showed a significant decrease in the levels of all hepatic carbohydrates in all the 

experimental treatment groups when compared to the control group, the decrease of level was 

more in the high fructose diet group (Figure 5.6.1 A, B, C, D, and E). There was an increase in 

level with no significant difference to all the hepatic carbohydrate metabolites in groups that 

were treated with curcumin compared to the high fructose diet group. 
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Figure 4.6 1: The effect of curcumin on hepatic carbohydrates levels in the liver tissue of 

Sprague Dawley rats 

4.6.1 A (d-galactose), 4.6.1 B (d-glucose), 4.6.1 C (d-arabinose), 4.6.1 D (d-mannopyranose), 

4.6.1 E (mannose). The concentration is represented in µg/mg. Data is presented as mean ± SD. 

One-way ANOVA followed by the Tukey’s multiple comparison post hoc test was used to 

analyse differences between the groups. P < 0.05 (*represents a significant difference in 

comparison with the control group). Con (control), Cu (curcumin), HF (high fructose diet). 

  

4.6.2 The effect of curcumin on haptic organic acid metabolites in the liver 

tissues of Sprague Dawley rats 

We assessed the effect of curcumin on the levels of hepatic organic acids (Aconitic acid, citric 

acid, lactic acid, and pyruvic acid) in rats fed a high fructose diet. Results showed no significant 

difference across all the experimental treatment groups for aconitic acid and citric acid (Figure 

4.6.2 A and B). The level of lactic acid was significantly reduced in all the experimental 

treatment groups when compared to the control group (Figure 4.6.2 C). Though with no 
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significant difference, levels were very low in the high fructose diet group, and treatment with 

curcumin increased levels of all hepatic organic acids analysed (Figure 4.6.2 A, B, C, and D). 

However, in the pyruvic acid, the reduced concentration in the high fructose group was 

significant when compared to the control group (Figure 4.6.2 D).     
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Figure 4.6 2: The effect of curcumin on hepatic acids levels in the liver tissue of Sprague 

Dawley rats. 

4.6.2 A (aconitic acid), 4.6.2 B (citric acid), 4.6.2 C (lactic acid), 4.6.2 D (pyruvic acid). The 

concentration is represented in µg/mg. Data is presented as mean ± SD. One-way ANOVA 

followed by the Tukey’s multiple comparison post hoc test was used to analyse differences 

between the groups. P < 0.05 P < 0.05 (*represents a significant difference in comparison with 

the control group). Con (control), Cu (curcumin), HF (high fructose diet). 
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4.7 The effect of curcumin on fatty acids levels detected as fatty acid methyl esters 

(FAMEs) in adipose tissue of Sprague Dawley rats 

The adipose tissue is known for the storage and synthesis of fatty acids depending on the need 

of the energy requirements in the body. Fatty acids production in the adipose tissue is increased 

in the situation of obesity and related metabolic disorders. In the present study, levels of 

saturated fatty acids (SFA), mono-unsaturated fatty acid (MUFA), and poly-unsaturated fatty 

acid (PUFA) were detected as FAMEs in the adipose tissue of Sprague Dawley.   

4.7.1 The effect of curcumin on SFA levels in adipose tissue of Sprague Dawley 

rats 

The present study assessed the effect of curcumin on the levels of SFA (lauric acid, arachidic 

acid, margaric acid, palmitic acid, pentadecyclic acid, and myristic acid) as FAMEs (methyl 

dodecanoate, methyl eicosanoate, methyl heptadecanoate, methyl hexadecanoate, methyl 

pentadecanoate, and methyl tetradecanoate) in adipose tissue of rats fed a high fructose diet. 

With no significant difference, results showed that levels of all SFA were higher in rats fed a 

high fructose diet when compared to all other experimental groups (Figure 4.7.1 A-F). 

However, methyl hexadecanoate (Figure 4.7.1 D) and methyl tetradecanoate (Figure 5.7.1 F) 

show a significant increase in level respectively in rats fed a high fructose diet compared to the 

control group. Treatment with curcumin showed to reduce the levels with no significant 

difference in all the SFA assessed (Figure 4.7.1 A-E), excluding tetradecanoate (Figure 4.7.1 

F), which showed a significant decrease in concentration levels between high fructose 

combined with curcumin group and high fructose diet group.     
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Figure 4.7 1: The effect of curcumin on SFA levels in adipose tissue of Sprague Dawley rats. 

The FAMEs and their common names are as follows, 4.7.1 A [methyl dodecanoate (C12:0) = 

lauric acid], 4.7.1 B [methyl eicosanoate (C20:0) = arachidic acid], 4.7.1 C [methyl 

heptadecanoate (C17:0) = margaric acid], 4.71 D [methyl hexadecanoate (C16:0) = palmitic 

acid], 4.71 E [methyl pentadecanoate (C15:0) = pentadecyclic acid], 4.7.1 F [methyl 

tetradecanoate (C14:0) = myristic acid]. The concentration is represented in parts per million 
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(ppm). Data is presented as mean ± SD. One-way ANOVA followed by the Tukey’s multiple 

comparison post hoc test was used to analyse differences between the groups. P < 0.05 

(*represents a significant difference in comparison with the control group and # represent 

significant difference in comparison with the high fructose diet group). Con (control), Cu 

(curcumin), HF (high fructose diet).  

4.7.2 The effect of curcumin on MUFA levels in adipose tissue of Sprague Dawley 

rats 

We assessed the effect of curcumin on the levels of MUFA (sapienic acid, myristoleic acid, 

heptadecenoic acid, and erucic acid) as FAMEs (methyl 6-hexadecenoate, methyl 9-

tetradecenoate, methyl 10-heptadecenoate, and methyl 13-docosenoate) in adipose tissue of 

rats fed a high fructose diet. Results showed that the levels were increased in the high fructose 

diet group compared to all the other experimental treatment groups (Figure 4.7.2 A, C and D), 

nonetheless, with no significant difference. In contrast,  methyl 9-tetradecenoate showed a 

significant increase in the concentration level between the high fructose diet group and the 

control group (Figure 4.7.2 B). Administration of curcumin in rats fed high fructose showed a 

decrease in level when compared to the high fructose diet group in all the MUFA without 

significance (Figure 4.7.2 A-D). In addition, there was a significant decrease in the level of 

methyl 6-hexadecenoate and methyl 10-heptadecenoate between the high fructose diet 

combined with curcumin and the control group (Figure 4.7.2 A and C). Finally, we found that 

administration of curcumin alone significantly reduced the level of methyl 10-heptadecenoate 

when compared to the control group (Figure 4.7.2 C).          
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Figure 4.7 2:The effect of curcumin on MUFA levels in adipose tissue of Sprague Dawley 

rats. 

The FAMEs detected and their fatty acids common names are as follows, 4.7.2 A [methyl 6-

hexadecenoate (C16:1) = sapienic acid), 4.7.2 B [methyl 9-tetradecenoate (C14:1) = 

myristoleic acid], 4.7.2 C [methyl 10-heptadecenoate (C17:1) = heptadecenoic acid], 4.7.2 D 

[methyl 13-docosenoate (C22:1) = erucic acid]. The concentration is represented in parts per 

million (ppm). Data is presented as mean ± SD. One-way ANOVA followed by the Tukey’s 

multiple comparison post hoc test was used to analyse differences between the groups. P < 0.05 

(*represents a significant difference in comparison with the control group). Con (control), Cu 

(curcumin), HF (high fructose diet). 

4.7.3 The effect of curcumin on PUFA levels in adipose tissue of Sprague Dawley 

rats 

 Our study also assessed the effect of curcumin on the levels of PUFA (eicosapentaenoic acid, 

heneicosapentaenoic acid, clupanodonic acid, dihomo-γ-linolenic acid, and ecosadienoic acid) 

as FAMEs (methyl 5,8,11,14,17-eicosapentaenoate, methyl 6,9,12,15,18-

heneicosapentaenoate, methyl 7,10,13,16,19-docosahexaenoate, methyl 8,11,14-
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eicosatetraenoate, and methyl 11,14-ecosadienoate) in adipose tissue of rats fed a high fructose 

diet. Results showed a significantly decreased level of methyl 5,8,11,14,17-eicosapentaenoate 

in high fructose diet combined with curcumin group when compared with the control group 

(Figure 4.7.3 A). On the contrary, experimental groups administered curcumin showed an 

increase in the level of methyl 5,8,11,14,17-eicosapentaenoate with no significant difference 

when compared to the high fructose diet group. Results for methyl 6,9,12,15,18-

heneicosapentaenoate, methyl 8,11,14-eicosatetraenoate, and methyl 11,14-ecosadienoate 

showed an increased concentration level in the high fructose diet group compared to all other 

experimental groups (Figure 4,7.3 B, D, and E). In addition, methyl 11,14-ecosadienoate level 

was significantly increased in the high fructose diet group when compared to the control group, 

and treatment with curcumin significantly reduced the level in high fructose diet combined 

with curcumin group in comparison with the high fructose diet group (Figure 4.7.3 E). Finally, 

administration of curcumin showed to increase the level of methyl 7,10,13,16,19-

docosahexaenoate when compared to all other experimental groups, however, with significance 

difference when compared to the control group only (Figure 4.7.3 C).     
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Figure 4.7 3: The effect of curcumin on PUFA levels in adipose tissue of Sprague Dawley 

rats. 

The FAMEs detected and their fatty acids common names are as follows, 4.7.3 A [methyl 

5,8,11,14,17-eicosapentaenoate (C20:5) = eicosapentaenoic acid or EPA], 4.7.3 B [methyl 

6,9,12,15,18-heneicosapentaenoate (C21:5) = heneicosapentaenoic acid], 4.7.3 C [methyl 

7,10,13,16,19-docosahexaenoate (C22:5) = clupanodonic acid], 4.7.3 D [methyl 8,11,14-

eicosatetraenoate (C20:3) = dihomo-γ-linolenic acid], 4.7.3 E [methyl 11,14-ecosadienoate 

(C20:2) = ecosadienoic acid]. The concentration is represented in parts per million (ppm). Data 

is presented as mean ± SD. One-way ANOVA followed by the Tukey’s multiple comparison 

post hoc test was used to analyse differences between the groups. P < 0.05 (*represents a 

significant difference in comparison with the control group and # represent significant 

difference in comparison with the high fructose diet group). Con (control), Cu (curcumin), HF 

(high fructose diet).  
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Chapter Five: Discussion 

This chapter will discuss all the results reported in chapter four, and all results obtained are 

also compared to previous related work. The effect of curcumin on gene and protein expression 

of lipid metabolism in liver tissues of Sprague Dawley rats will be discussed followed by the 

effect of curcumin on gene and protein expression of glucose metabolism in liver tissues of 

Sprague Dawley rats. Furthermore, this chapter also discusses the effect of curcumin on gene 

and protein expression of the inflammatory biomarkers in liver tissues of Sprague Dawley rats 

as well as the anti-oxidant properties of curcumin in the liver tissues of Sprague Dawley rats. 

Finally, this chapter discusses the effect of curcumin on liver metabolite levels in the liver 

tissues of Sprague Dawley rats and the effect of curcumin on fatty acids levels in the adipose 

tissues of Sprague Dawley rats. 

5.1 The effect of curcumin on gene and protein expression of lipid metabolism in liver 

tissues of Sprague Dawley rats 

The present study was aimed at investigating the molecular targets of curcumin in the 

amelioration of metabolic disorders induced by a high fructose diet in rats. Our results suggest 

that the protective effects of curcumin might be involved in the activation of the LKB-1/AMPK 

signalling pathway, which results in the further activation of the subsequent genes and proteins 

that play a role in glucose and lipid metabolism. AMPK is a serine/threonine-protein kinase 

that serves as a master regulator of multiple metabolic pathways, whose activation has been 

associated with therapeutic benefits in the treatment of several metabolic diseases, including 

insulin resistance (Garcia et al., 2019; Li et al., 2018; Zhang et al., 2009). 

 In the liver, activated AMPK promotes fatty acid oxidation, glucose uptake while inhibiting 

gluconeogenesis (Coughlan et al., 2014). The activation of AMPK requires phosphorylation of 

Thr172 of the α-subunit by upstream kinases, including LKB-1, calcium-dependent 

calcium/calmodulin-dependent protein kinase kinase β (CaMKKβ), and transforming growth 
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factor-β activated protein kinase-1 (TAK1) (Coughlan et al., 2014; Ke et al., 2018). Our study 

showed that curcumin significantly upregulated the gene expression of LKB-1 when 

administered alone in rats, as well as in combination with a high fructose diet. However, the 

protein expression showed no significant difference between the control and curcumin groups. 

Moreover, there was a significant upregulation in protein expression of LKB-1 in the group of 

high fructose diet combined with curcumin compared to the high fructose diet group. In 

addition, fructose significantly downregulated the expression of LKB-1 protein in all the 

groups that were administered fructose compared to the control group. Our results are in 

agreement with previous studies. Another study examined the effect of curcumin treatment 

combined with exercise and results showed that curcumin increased phosphorylation of LKB-

1 when combined with exercise in rodent skeletal muscle (Hamidie & Masuda, 2017). As far 

as we establish, this study was the first to demonstrate curcumin modulating the expression of 

LKB-1 in liver tissues of growing rats fed a high fructose diet. 

The present study found that curcumin significantly upregulated the gene expression of 

AMPKα when administered alone and in rats fed a high fructose diet.  However, there was no 

significant difference in the p-AMPK protein expression between the high fructose diet group 

and the group of high fructose diet combined with curcumin. Our results are in agreement with 

previous studies. The study by Liu et al. (2010) demonstrated that curcumin activates AMPK 

and regulates lipid metabolism in rats following prolonged clozapine exposure (Liu et al., 

2017). In another study, Kim et al. (2010) showed that curcumin activates AMPK 

phosphorylation in L6 myotube cells (Kim et al., 2010). 

Activated AMPK is known to inhibit fatty acid synthesis via promoting phosphorylation and 

inactivation of ACC-1, which in turn, increases fatty acid oxidation (Foretz et al., 2018; Li et 

al., 2018). The ACC-1 is known to catalyze acyl-CoA to malonyl-CoA and thus provide the 

substrate for de novo lipogenesis (Jeon, 2016). To maintain the fatty acid synthesis and β-
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oxidation cycle, malonyl-CoA acts as an allosteric inhibitor of CPT-1 a rate-limiting enzyme 

of fatty acid β-oxidation (Li et al., 2018; Zang et al., 2005). Therefore, the deactivation of 

ACC-1 removes the inhibitory effect of malonyl-CoA, and thereby indirectly stimulating CPT-

1 to accelerate fatty acid β-oxidation. In the present study, curcumin significantly 

downregulated the expression of the ACC-1 gene in rats fed a high fructose diet combined with 

curcumin in comparison with rats given high fructose diet alone. We found no significant 

difference in ACC-1 gene expression when curcumin was administered alone in comparison 

with the control group. In addition, the ACC-1 protein expression was significantly 

downregulated in rats fed a high fructose diet and treated with curcumin in comparison with 

the untreated rats fed a high fructose diet. We also found that administration of curcumin alone 

significantly downregulated the ACC-1 protein expression in comparison with the control 

group. These results are in agreement with another study which investigated the beneficial 

effects of curcumin on high fructose diet-induced metabolic syndrome in rats. In that study, 

results obtained showed that ACC was up-regulated upon high fructose feeding, and treatment 

with curcumin significantly down-regulated the protein expression of ACC in fructose-fed rats 

(Maithilikarpagaselvi, Sridhar, Swaminathan, Sripradha, et al., 2016).      

The present study found that curcumin significantly upregulated CPT-1 gene expression 

between the high fructose-fed treated with curcumin rats and the untreated rats fed a high 

fructose diet alone. We also found that administration of curcumin alone significantly 

upregulated CPT-1 gene expression when compared to the control group. However, CPT-1 

protein expression showed no significant difference between rats fed a high fructose diet and 

those administered curcumin combined with a high fructose diet. Another study reported that 

high fructose consumption stimulates epigenetic modification by hyper-methylation and 

inhibits fatty acid oxidation gene mRNA of CPT-1, and PPAR-α in rats livers (Pan & Kong, 

2018). Furthermore, in another study, treatment with curcumin was shown to upregulate the 
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expression of CPT-1 mRNA in high fructose-fed mice (Ejaz et al., 2009). These results 

collectively suggest that curcumin stimulates fatty acid oxidation through CPT-1 activation, 

making curcumin to be an ideal anti-diabetic and anti-obesity compound.      

In conclusion, our study demonstrated that curcumin activates the LKB-1/AMPK signalling 

pathway, thereby downregulating the ACC-1 expression and upregulating the CPT-1 

expression, which results in β-oxidation stimulation and lipogenesis inhibition. Together, these 

results suggest that curcumin exerts its beneficial effects in metabolic syndrome amelioration 

by promoting lipid oxidation, lipogenesis inhibition, and reduced hepatic lipid accumulation. 

5.2 The effect of curcumin on gene and protein expression of glucose metabolism in liver 

tissues of Sprague Dawley rats 

Akt, also known as PKB, is a serine/threonine-specific protein kinase that plays a crucial role 

in multiple cellular processes, including cell growth, survival, proliferation, and metabolism. 

Three homologous isoforms have been identified, namely, AKT-1/PKBα, AKT-2/PKBβ, and 

AKT3/PKBγ (Mackenzie & Elliott, 2014). AKT signalling plays a central role in insulin-

stimulated glucose uptake in both muscle and adipose tissue while inhibiting glucose 

production from the hepatocytes. Furthermore, hepatic deletion of AKT-1 and AKT-2 isoform 

causes glucose intolerance, insulin resistance, and a defective insulin transcriptional response 

to feeding in hepatocytes (Mackenzie & Elliott, 2014). Our present study assessed the AKT-1 

gene and protein expression in the liver tissue of rats fed a high fructose diet and treated with 

curcumin. We found that administration of curcumin significantly upregulated the AKT-1 gene 

expression in the liver tissues of rats fed a high fructose diet combined with curcumin. Whereas, 

curcumin administered alone significantly upregulated the AKT-1 protein expression when 

compared to the control group. 

Our results are consistent with other related studies that have accessed the regulation of 

curcumin on AKT. Another study investigated the effect of curcumin on fructose-induced 
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insulin resistance in rats, and their findings showed that curcumin increased phosphorylation 

of insulin receptor and insulin receptor substrate 1 to enhance AKT activation in the liver (Li 

et al., 2010). In another study, curcumin treatment showed significant improvement in insulin 

resistance through phosphorylation of insulin receptor substrate and AKT in high fat diet-

induced obese mice (Ding et al., 2016). Interestingly, other natural compounds, such as 

quercetin, a flavonoid extracted from various plants, ameliorated insulin resistance through 

AKT activation in the high fructose feeding mice model (Lu et al., 2017). Although previous 

studies have shown that curcumin regulates AKT, we found no studies that have reported the 

effect of curcumin on the expression of AKT in growing neonatal rats fed a high fructose diet.    

The present study also assessed the effect of curcumin on gene and protein expression of 

glucose transporter GLUT-2 in the liver tissues of rats fed a high fructose diet. Glucose 

transporters are expressed in a tissue-specific manner. GLUT-4 is the main isoform expressed 

in muscle and adipose tissue and it is stimulated by insulin whereas, in the liver, GLUT-2 is 

the main isoform and is not sensitive to insulin (Burcelin et al., 1992). Though GLUT-2 is not 

sensitive to insulin, our study was interested in assessing the effect of curcumin on hepatic 

glucose transport. Our results showed that curcumin significantly upregulated gene and protein 

expression of GLUT-2 in rats administered high fructose diet combined with curcumin when 

compared to the high fructose diet group. These findings suggest that curcumin regulates 

hepatic glucose uptake and transport through GLUT-2.   

The liver is a key regulator of glucose homeostasis through storing glucose as glycogen after 

meal ingestion and producing glucose by glycogenolysis and gluconeogenesis according to 

peripheral demands (Roden, 2008). In insulin-resistant state, hepatic glucose production is 

elevated, resulting in a continuous increase of hyperglycaemia (Roden, 2008). Therefore, 

therapeutic compounds that stimulate the inhibition of enzymes associated with hepatic 

gluconeogenesis and glycogenolysis are considered to be effective drugs for T2D (Edgerton et 



89 

 

al., 2009). Other studies have reported that curcumin improves insulin resistance and glucose 

homeostasis in the liver (Mohammadi et al., 2017; Seo et al., 2008; Wang et al., 2016). 

However, there are limited studies that have reported the influence of curcumin on hepatic 

glucose production inhibition. The present study assessed the gene and protein expression of 

two key enzymes that play a role in hepatic glucose production, namely GP and PGM.  

GP is a rate-limiting enzyme in glycogenolysis and its function is to catalyse the degradation 

of glycogen to glucose-1-phosphate (Liu et al., 2020). Furthermore, it has been reported that 

glycogenolysis and hepatic glucose production are significantly increased in diabetes when 

compared to non-diabetes situations (Boden, 2004). Therefore, maintaining normal glucose 

levels through suppression of glycogenolysis and/or gluconeogenesis to reduce hepatic glucose 

output could be a therapeutic target to alleviate hyperglycaemia which is the hallmark of type-

2 diabetes (Rines et al., 2016). In the present study, we found that a high fructose diet 

significantly upregulated the gene expression of GP, and treatment with curcumin significantly 

downregulated the gene expression of GP. In addition, the GP protein expression followed the 

same trend observed in gene expression. Results obtained suggest that hepatic glucose 

production was reduced through GP downregulation.  

PGM interconverts glucose-1-phosphate to glucose-6-phosphate during the glycolysis process 

in the liver (Malinova et al., 2014). Results obtained showed that high fructose diet 

significantly upregulated the gene and protein expression of PGM and treatment with curcumin 

significantly downregulated the gene expression of PGM. The downregulation of PGM 

expression suggests that hepatic glucose production was reduced by curcumin administration 

which result to the decrease in hyperglycemia the main symptom of T2D.    

Our study was the first to assess the effect of curcumin on GP and PGM. Previous studies have 

assessed the effect of curcumin on phosphoenolpyruvate carboxykinase (PEPCK) and glucose-

6-phosphatase (G6Pase), which are the enzymes known to play a role in the hepatic 
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gluconeogenesis process (Zhang et al., 2013). In conclusion, curcumin showed a strong 

potential to ameliorate hepatic insulin resistance by suppressing hepatic glucose production by 

inhibiting PG, PGM, and upregulation of AKT-1 and GLUT-2. 

5.3 The effect of curcumin on gene and protein expression of the inflammatory 

biomarkers in liver tissues of Sprague Dawley rats 

Studies have indicated that TNF-α and IL-6 are expressed at high levels in obesity and T2D 

situations and it is well-known that TNF-α induces insulin resistance which is the hallmark of 

type-2 diabetes (Akash et al., 2018; Bu et al., 2020; Noshahr et al., 2015). Furthermore, a high 

level of IL-6 is also an independent predictor of type-2 diabetes and is associated with the 

development of inflammation, insulin resistance, and β-cell dysfunction (Akbari & Hassan-

Zadeh, 2018). High fructose feeding of rats has been shown to contribute to a metabolic 

disturbance, leading to inflammation and insulin resistance (Rayssiguier et al., 2006). In this 

study, results demonstrated that a high fructose diet significantly upregulated the expression of 

TNF-α and IL-6 when compared to the control group. This is consistent with previous studies 

which reported that the high fructose-fed diet elevated liver TNF-α and IL-6 levels in rats 

(Iskender et al., 2018; Mohamed Salih et al., 2009; Zhao et al., 2020). In another study, fructose 

intake increased the hepatic level of pro-inflammatory cytokines TNF-α and IL-6 in the 

fructose-fed group when compared to the untreated control rats (Veličković et al., 2019). 

Therefore, these findings demonstrate that high fructose diet consumption induces 

inflammation by up-regulating the expression of TNF-α and IL-6.        

Curcumin has been shown to decrease inflammatory response and blood glucose levels in 

diabetic models (Maithilikarpagaselvi, Sridhar, Swaminathan & Zachariah, 2016). This study 

investigated the effect of curcumin on liver inflammatory biomarkers (TNFα and IL-6) in rats 

fed a high fructose diet. Our study showed that curcumin significantly down-regulated the 

expression of TNF-α and IL-6 at both gene and protein levels, thus reducing the inflammation 
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induced by the fructose. Our results are consistent with previous studies that have reported that 

curcumin downregulates inflammatory biomarkers (TNF-α, and IL-6) in metabolic 

abnormalities induced by a high fructose diet (Aggarwal et al., 2013; Kelany et al., 2017). 

Sadeghi et al. (2018) revealed that palmitate-induced inflammation in skeletal muscle cells 

through mRNA expression and protein secretion of TNF-α and IL-6 and treatment with 

curcumin ameliorated palmitate-induced inflammation in skeletal muscle cells (Sadeghi et al., 

2018). These findings show that the effect of curcumin on the downregulation of inflammatory 

biomarkers (TNF-α and IL-6) transpires in various cell types, which indicates that curcumin 

has potential to ameliorate symtoms of metabolic syndrome by reducing inflammation. 

5.4 The anti-oxidant properties of curcumin in the liver tissues of Sprague Dawley rats 

Oxidative stress and inflammation are strongly associated with the development of insulin 

resistance, dyslipidaemia, and obesity (Čolak & Pap, 2021; Feillet‐Coudray et al., 2019; 

Jakubiak et al., 2021). Oxidative stress and excessive secretion of inflammatory cytokines 

discussed previously, results from insulin resistance are thought to be the primary mechanism 

linking high fructose consumption and metabolic syndrome diseases (Kelany et al., 2017). 

Moreover, high fructose diet-fed rats display hepatic oxidative stress caused by an increase in 

the production of free radicals such as reactive oxygen species (ROS) and reduced antioxidant 

capacity (Kelany et al., 2017; Suwannaphet et al., 2010). In our study, we found that a high 

fructose diet reduced the FRAP concentration significantly in comparison with the control 

group. However, we found no significant decrease in TEAC concentration between the high 

fructose diet and the control groups. The decrease in FRAP and TEAC concentration due to a 

high fructose diet demonstrates the low hepatic antioxidant capacity. Our results are consistent 

with findings by Gite et al. (2017), who reported no significant differences in the plasma TEAC 

levels between the diabetic fructose group and the non-diabetic control group in rats) (Gite et 

al., 2017). Therefore, these results suggest that fructose might not have an effect on TEAC 
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concentration. In another study, fructose combined with fish oil reduced serum FRAP 

concentration compared to the control in rats (Salim de Castro et al., 2015). Furthermore, 

another study reported that a high fructose diet combined with a high-fat diet decreased the 

FRAP concentration resulting in an antioxidant capacity reduction in the mitochondrial brain 

(Batandier et al., 2020). Therefore, these findings display that a high fructose diet reduces 

FRAP concentration in several other cell types. 

Studies have reported that polyphenols such as curcumin have antioxidant properties and they 

possess a variety of other biological effects, including modulating enzymes (Ahangarpour et 

al., 2019; Den Hartogh et al., 2020). Moreover, curcumin has been found to increase liver and 

plasma total antioxidant capacity, improve antioxidant enzymes, and inhibit activation of 

stress-sensitive kinases and inflammatory cascades (Kelany et al., 2017). Our study showed 

that curcumin significantly increased FRAP and TEAC concentrations between the groups of 

high fructose diet combined with curcumin and the high fructose diet group in the liver. Results 

also showed that when curcumin was administered alone, FRAP and TEAC concentration were 

increased significantly compared to the control group. Our results are in agreement with studies 

that have indicated that curcumin improves hepatic antioxidant capacity. For example,  a study 

by Maithili Karpaga Selvi et al. (2015) indicated that curcumin administration improved redox 

balance by reducing oxidants status and enhancing antioxidant defence systems (MAITHILI 

KARPAGA SELVI et al., 2015). Furthermore, curcumin’s chemical reactive radical 

scavenging and antioxidant activity were interpreted as originating from H-atom donation from 

its phenolic hydroxyl group depending on the conditions and solvents used (Zingg et al., 2013). 

The free radical scavenging activity of curcumin was determined by the DPPH assay. Results 

showed a significant increase in DPPH activity in the high fructose diet group combined with 

curcumin compared to the high fructose diet group. We also found that curcumin administered 

alone increased the DPPH activity compared to the control group. The higher percentage of 
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DPPH scavenging activity is associated with the high reducing power and high total phenolic 

contents present in curcumin (Borra et al., 2013). Our results are in agreement with previous 

studies. For instance, another study evaluated the free radical scavenging and reducing power 

activity of curcumin, and their results showed high DPPH free radical scavenging activity 

(Asouri et al., 2013). 

In the present study, we assessed the effect of curcumin on hepatic SOD activity in rats fed a 

high fructose diet. The SOD enzyme plays a vital role in protecting against the toxic effects of 

oxidative stress by scavenging superoxide radicals and promoting their conversion into oxygen 

and hydrogen peroxide (Aydin et al., 2013). Our results showed that a high fructose diet 

significantly reduced hepatic SOD activity between the high fructose diet and the control 

groups. These results are in harmony with previous studies. Another study showed that fructose 

caused a significant decrease in the activities of enzymatic antioxidants including SOD, 

Catalase (CAT), and glutathione peroxidase (GPx) in the liver of fructose-fed rats when 

compared to control groups (Zouaoui et al., 2021). Our results also demonstrated that curcumin 

significantly increased the hepatic SOD activity between the group of high fructose diet 

combined with curcumin and the high fructose diet group.  

Moreover, administration of curcumin alone significantly increased the hepatic SOD activity 

when compared to the control group. These results are in agreement with previous studies, El-

Demerdash et al. showed that sodium arsenite caused a significant decrease in the SOD activity 

whereas treatment with curcumin alone caused significant increase in the activity of SOD 

compared to both sodium arsenite treated rats and control. From the same study, curcumin 

caused a significant increase in the activity of SOD between the sodium arsenite combined 

with curcumin and sodium arsenite-treated rats (El-Demerdash et al., 2009). In another study, 

curcumin treatment significantly increased plasma SOD levels in male Sprague Dawley rats 

injected with Streptozotocin (Xie et al., 2018). 
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5.5 The effect of curcumin in liver metabolite levels in the liver tissues of Sprague 

Dawley rats 

Metabolomics is a high-throughput approach to the systemic study of endogenous metabolites 

that are end products of cellular process, and analysis of metabolites may help in understanding 

therapeutic effects of drugs (Guo et al., 2017; Xu et al., 2009). In the present study, GC/MS 

was used to study levels of hepatic carbohydrates and hepatic organic acids metabolites in rats 

fed a high fructose diet. As far as we establish, our study was the first to assess the effect of 

curcumin on hepatic carbohydrates and organic acids metabolites in growing rats fed a high 

fructose diet.  

With no significant difference, our results showed that high fructose diet feeding reduced levels 

of hepatic carbohydrate metabolites when compared to the control group. At the same time, 

treatment with curcumin increased the levels of hepatic carbohydrate metabolites. It is well-

known that the liver plays a major role in carbohydrate homeostasis by storing glucose as 

glycogen and producing glucose by glycogenolysis and gluconeogenesis according to 

peripheral demands (Roden, 2008). Moreover, in the fasting state, the liver promotes 

glycogenolysis and gluconeogenesis to produce more glucose which is further released to the 

bloodstream (Bergman et al., 2019). It is also important to note that T2D is characterised by 

elevated glucose levels in the bloodstream, not within the liver. Therefore, our results suggest 

that the elevated hepatic carbohydrates metabolites, including glucose in the control group 

when compared to the high fructose diet group, could be caused by the fasting of rats before 

experimental termination. 

Studies have shown that increased production of lactate from muscle and adipose tissue and 

increased gluconeogenic substrate flux to the liver play a primary role in enhancing hepatic 

glucose production in diabetes (Consoli, 1992; Vettor et al., 1997). In addition, it has been 

shown that lactate may interfere with the utilization and oxidation of other substrates such as 
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free fatty acids (Vettor et al., 1997). The present study observed that hepatic lactic acid level 

was reduced when curcumin and high fructose diet was administered.    

 5.6 The effect of curcumin in fatty acids levels in the adipose tissues of Sprague Dawley 

rats 

The adipose tissue is well-known for the synthesis and storage of lipids in the body. In obesity 

and metabolic disorder conditions, plasma-free fatty acids are abnormally high, resulting in 

insulin resistance in the liver and muscle tissues. The high free fatty acid is due to the increased 

rate of adipose tissue lipolysis due to obesity (Jensen, 2002). Therefore, these could explain 

the increased levels of lipid-bound fatty acids observed in the adipose tissue of rats fed a high 

fructose diet fed. Our results showed an increased level in the high fructose diet of all SFA 

analysis, whereas the opposite had been observed in some of the MUFA and PUFA. Treatment 

with curcumin showed to decrease the elevated level of SFA respectively. 

As discussed in the previous chapters, not all lipids produced by the adipose tissues are known 

to produce harmful effects. The omega-3 PUFAs such as eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) have been shown to exert anti-inflammatory and insulin-

sensitizing (Talukdar et al., 2010). In addition, epidemiological, human, animal, and cell 

culture studies show that omega-3 fatty acids, especially EPA, DHA, and α-linolenic acid 

(ALA) reduce the risk factors of T2D and cardiovascular diseases (Poudyal et al., 2011; 

Virtanen et al., 2014). In the present study, administration of curcumin led to no increase in the 

concentration level of omega-3 fatty acid heneicosapentaenoic acid. However, results showed 

that curcumin increased the omega-3 fatty acid (EPA) level, though with no significant 

difference. Administration of curcumin showed increased level of omega-3 fatty acid 

(clupanodonic acid), though in the high fructose diet group, the level was higher than the 

control group. In another study, curcumin and omega-3 PUFAs supplementation reduced 

insulin resistance and blood lipids in individuals with a high risk of T2D (Thota et al., 2019). 
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Chapter Six: Conclusions, study limitation and future 

recommendations 

6.1 Conclusion 

The present study showed that consumption of high fructose diet elicits harmful molecular 

effects associated with obesity, insulin resistance, hepatic inflammation, and hepatic oxidative 

stress. The results presented in this study demonstrated that a high fructose diet downregulated 

genes and proteins expression in lipid metabolism. These include the AMPK, the master 

regulator of both lipid and glucose metabolism and its direct activator, LKB-1. A high fructose 

diet also downregulated the subsequent targets of AMPK in lipid metabolism, these include 

ACC-1 and CPT-1. Furthermore, treatment with curcumin showed to reverse the adverse 

effects of high fructose diet by upregulating genes and proteins expression within the lipid 

metabolism. Therefore, we conclude that curcumin improved lipid metabolism. This suggests 

that the anti-obesity effect of curcumin could be through lipid metabolism regulation, 

particularly by activating the AMPK known as the key regulator of lipid metabolism. 

The study further demonstrated that high fructose diet feeding altered hepatic insulin signalling 

target molecule AKT-1. As shown, the gene and protein expression of AKT-1 was 

downregulated with a high fructose diet. However, treatment with curcumin upregulated the 

expression of AKT-1. This suggests that curcumin improved the insulin signalling pathway. 

Though GLUT-2 is not insulin-dependent, treatment with curcumin improved its gene and 

protein expression, suggesting that curcumin regulates hepatic glucose transport. Furthermore, 

the high fructose diet showed to increase hepatic glucose production through upregulation of 

GP and PGM gene and protein expression. The study observed that treatment with curcumin 

downregulated GP and PGM gene and protein expression. Therefore, these findings 

persuadingly suggest that curcumin inhibits hepatic glucose production known to be increased 

in insulin resistance situations.  
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Additionally, the study found that high fructose diet abnormally increases the gene and protein 

expression of hepatic inflammatory biomarkers. This was observed through the upregulation 

of TNF-α and IL-6 gene and protein expression. Therefore, our study demonstrated that the 

high fructose diet induces hepatic inflammation, and treatment with curcumin showed to 

attenuate hepatic inflammation by downregulating TNF-α and IL-6 gene and protein 

expression. These findings further support the beneficial effects of curcumin as an anti-

inflammatory polyphenol compound. Furthermore, results showed that high fructose diet 

feeding induced hepatic oxidative stress. This was observed by the increase in FRAP and 

TEAC concentration as well as reduced activity of DPPH and SOD in the liver. Nonetheless, 

treatment with curcumin showed to mitigate hepatic oxidative stress by decreasing the FRAP 

and TEAC concentration and elevating DPPH and SOD activity. Therefore, these findings 

further support the beneficial effects of curcumin as an antioxidant polyphenol compound. 

Lastly, the study showed an increased concentration level of all SFA analysed in the high 

fructose diet group when compared to other experimental groups. The opposite had been 

observed in some of the MUFA and PUFA analysed, some showed a decreased level in the 

high fructose diet group when compared to other experimental groups. Treatment with 

curcumin showed to decrease the high level of SFA respectively. In addition, curcumin 

increased the level of omega-3 PUFA (EPA and clupanodonic acid), though with no significant 

difference.  

All the findings obtained in the present study collectively demonstrate that curcumin elicits 

beneficial effects by regulating molecular biomarkers associated with lipid and glucose 

metabolism, insulin resistance, inflammation, and oxidative stress. Therefore, the intake of 

curcumin at the neonatal stage could prevent and protect against high fructose diet-induced 

obesity and its related metabolic disorders such as T2D, inflammation, and oxidative stress. 
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6.2 Study limitation and future recommendations 

The present study had some limitations, although we have shown the effect of curcumin on key 

gene and protein expression associated with lipid and glucose metabolism, the present study 

did not investigate the influence of curcumin on chromatin regulation. Therefore, we 

recommend that future studies assess molecular activities of curcumin by investigating its 

effects on chromatin remodelling. These can be achieved by accessing DNA methylation and 

histone modification status to relate with the findings obtained.  

The present study assessed the influence of curcumin on the two main inflammatory 

biomarkers (TNF-α and IL-6), we therefore recommend that future studies should access the 

influence of neonatal intake of curcumin on other inflammatomy biomarkes such as 

chemoattractant protein-1 (MCP-1), interleukin-1β (1L-1β) and malondialdehyde (MDA).  

Furthermore, the understanding of molecular mechanism of curcumin as an anti-obesity, anti-

diabetes, anti-inflammatory, and antioxidant using the in-vivo studies should promote clinical 

studies. Our present study showed promising beneficial effects of curcumin using in-vivo 

model, therefore, we recommend that future studies assess the beneficial effects of curcumin 

at a clinical level. 
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Appendix 

Appendix A: RNA integrity analysis  

1. Materials and methods for RNA integrity analysis  

The integrity of the total RNA was analysed using 1% (w/v) agarose gel electrophoresis, briefly 1 g 

of agarose was dissolved in 100 mL of TAE buffer by heating the mixture with a microwave for 60 

seconds. The mixture was allowed to cool down to at least 50°C, and then 1.5 µL of ethidium bromide 

was added. The solution was poured in the gel tray, the comb was inserted and the gel was allowed 

to solidify. The samples were loaded in the wells after being mixed with the loading dye. The 

electrophoresis was run for 45 minutes at 100 volts and TAE buffer was also used as a tank buffer. 

The gel was viewed under the doc machine (Bio-Rad Laboratories, Hercules, CA, USA). 

2. Results obtained  

    

 

        

Figure 1: The agarose gel showing the integrity of total RNA in the four treatment groups of the 

study.  

Group 1: Control (Con), Group 2: Curcumin (Cu), Group 3: High fructose (HF), and Group 4: 

Curcumin + High fructose diet (Cu + HF). 
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Appendix B: Body weight and glucose concentration measurements of the rats 

1. Body weight measurements  

a. Selected groups used in the present study 

It is important to note that the initial study had eight groups of both sexes, however the current study 

only selected tissues from four groups of male Sprague Dawley rats. The selected groups used in this 

study from the initial study are as follows:  

Group 1: Control (Con) = DMSO + TW 

Group 2: Curcumin (Cu) = CC + TW 

Group 3: High fructose (HF) diet = FW + FW 

Group 4: Curcumin + High fructose diet (Cu + HF) = CCFW + FW 

b. Method and material used for body mass measurements  

The pups were weighed daily using a digital weighing scale (Snowrex Electronic Scale, Clover 

Scales, Johannesburg, South Africa) during the first phase of the study to adjust their treatment 

concentrations so as to ensure constant dose administration. In the second phase, the rats were 

weighed twice weekly to monitor their growth and general health. 

Data were analysed using GraphPad Prism version 7.0 statistical software (GraphPad Software Inc., 

San Diego, CA, USA) and expressed as mean ± standard error of mean (SEM). Data were further 

analysed using a one-way analysis of variance (ANOVA), followed by a comparison of the means 

using the Bonferroni post hoc test. Statistical significance was assumed when p≤0.05. 

c. Results obtained  

Figure 2 shows the growth pattern of male rat’s body mass from induction, weaning until termination. 

The rats gained significant body mass (p<0.0001, ANOVA), from induction through weaning and 

termination. However, there were no significant differences across the treatment groups at different 

time points. 



127 

 

 

Figure 2: Effect of a high fructose diet on the growth pattern of male Sprague Dawley rats that were 

administered with oral curcumin during suckling. 

***= significantly different at p<0.0001. DMSO + TW= 10 mL.kg-1 of a 0.5% dimethyl sulfoxide 

solution as neonates and plain tap water post-weaning, DMSO + FW= 10 mL.kg-1 of a 0.5% dimethyl 

sulfoxide solution as neonates and fructose (20%, w/v) as drinking fluid post-weaning, CC + TW= 

Curcumin (500 mg.kg-1 in 0.5% DMSO) as neonates and plain tap water post-weaning, CC + FW= 

Curcumin (500 mg.kg-1 in 0.5% DMSO) as neonates and fructose (20%, w/v) as drinking fluid post-

weaning, FW + TW= fructose (20%, w/v) as neonates and plain tap water post-weaning, FW + FW= 

fructose (20%, w/v) as neonates and fructose (20%, w/v) as drinking fluid post-weaning, CCFW + 

TW= curcumin (500 mg.kg-1) and fructose (20%, w/v) in 0.5% DMSO as neonates and plain tap 

water post-weaning, CCFW + FW= curcumin (500 mg.kg-1) and fructose (20%, w/v) in 0.5% DMSO 

as neonates and fructose (20%, w/v) post-weaning. Data expressed as mean ± SEM. 

 

2. Fasting blood glucose, insulin and HOMA-IR levels of adolescent male Sprague 

Dawley rats 

a. Method and material used to measure fasting glucose concentration, insulin 

concentration and homeostatic model of insulin resistance  

A drop of blood collected via a pin prick to the tail vein was used to determine the fasting blood 

glucose (FBG) concentration of the rats using a calibrated glucometer (Contour Plus ™, Bayer 

Corporation, Mishawaka, USA). Furthermore, plasma concentration of insulin was determined using 

a sandwich-enzyme-linked immunosorbent assay (ELISA) kit [Elabscience ® INS (Insulin) ELISA 

kit, Houston, TX, USA] according to the manufacturer’s instructions (sensitivity, 0.19 mg.mL-1; 
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detection range, 0.31-20 ng.mL-1, standard curve range, 0-20 ng.mL-1). The homeostatic model of 

insulin resistance was computed using the following formula:  

HOMA-IR = [fasting insulin concentration (ng.dL-1) x fasting glucose concentration (mg.dL-

1)]/405 (Matthews et al., 1985). 

b. Results obtained  

Tables 1 show the effect of neonatal administration of curcumin and fructose on the concentrations 

of plasma fasting blood glucose and insulin, and the HOMA-IR in adolescent male Sprague Dawley 

rats that were fed a high fructose diet post-weaning. Plasma fasting blood glucose, insulin and 

HOMA-IR were similar (p>0.05) across the treatment groups. 

Table 1: Effect of fructose administration on fasting blood glucose, insulin and HOMA-IR of 

adolescent male Sprague Dawley rats that were administered with curcumin during suckling 

Treatment groups  Fasting blood 

glucose (mg.dL-1)  

Insulin (ng.mL-1)  HOMA-IR  

DMSO + TW  74.00 ± 3.40  4.80 ± 1.20  0.91 ± 0.25  

DMSO + FW  81.00 ± 4.00  4.30 ± 1.10  0.81 ± 0.20  

CC + TW  71.00 ± 0.85  5.70 ± 1.10  0.99 ± 0.20  

CC + FW  73.00 ± 2.20  4.70 ± 1.20  0.85 ± 0.21  

FW + TW  81.00 ± 4.50  3.50 ± 0.83  0.68 ± 0.16  

FW + FW  73.00 ± 2.00  6.40 ± 1.00  1.20 ± 0.18  

CCFW + TW  79.00 ± 5.50  5.20 ± 0.94  0.99 ± 0.16  

CCFW + FW  80.00 ± 4.10  4.30 ± 0.99  0.81 ± 0.15  

There were no differences (p>0.05) in the fasting blood glucose, plasma insulin concentration and 

HOMA-IR of the rats across the treatment groups. FBG= fasting blood glucose, HOMA-IR= 

homeostatic model of insulin resistance. DMSO + TW= 10 mL.kg-1 of a 0.5% dimethyl sulfoxide 

solution as neonates and plain tap water post weaning, DMSO + FW= 10 mL.kg-1 of a 0.5% dimethyl 

sulfoxide solution as neonates and fructose (20%, w/v) as drinking fluid post weaning, CC + TW= 

Curcumin (500 mg.kg-1 in 0.5% DMSO) as neonates and plain tap water post weaning, CC + FW= 

Curcumin (500 mg.kg-1 in 0.5% DMSO) as neonates and fructose (20%, w/v) as drinking fluid post 

weaning, FW + TW= fructose (20%, w/v) as neonates and plain tap water post weaning, FW + FW= 

fructose (20%, w/v) as neonates and fructose (20%, w/v ) as drinking fluid post weaning, CCFW + 

TW= curcumin (500 mg.kg-1) and fructose (20%, w/v) in 0.5% DMSO as neonates and plain tap 

water post weaning, CCFW + FW= curcumin (500 mg.kg-1) and fructose (20%, w/v) in 0.5% DMSO 

as neonates and fructose (20%, w/v) post weaning. Data expressed as mean ± SEM, n= 7-9 per group. 
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