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PREFACE 

 

 

Prediabetes is a globally increasing health concern, primarily attributed to the consumption of high-

calorie diets and sedentary lifestyles. It is defined as an intermediate metabolic state between 

normoglycaemia and type 2 diabetes mellitus (T2DM), and is characterised by impaired glucose 

regulation. Emerging evidence suggests that many of the complications seen in T2DM, including 

cardiovascular, hepatic and renal dysfunction, begin during the prediabetic state. The current 

management strategy of prediabetes involves a combination of dietary and pharmacological 

interventions. However, poor patient compliance with dietary modifications often reduces the efficacy 

of pharmacological interventions. Hence, there is a growing need to identify effective therapeutic 

compounds even in the absence of strict dietary control. Gossypetin (GTIN) is a hexahydroxylated 

flavonoid that has demonstrated potent antioxidant and anti-inflammatory properties. This study 

investigated the effects of GTIN on glucose homeostasis and selected markers of cardiovascular, liver 

and kidney dysfunction in a diet-induced prediabetic rat model. The study also examined the efficacy 

of GTIN treatment with and without dietary intervention. The experimental work presented in this 

dissertation was conducted at the University of KwaZulu-Natal, Westville Campus, Durban, South 

Africa, under the supervision of Prof. Andile Khathi. 
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ABSTRACT 

 

Background 

 

Prediabetes is an intermediate glycaemic state between normoglycaemia and chronic hyperglycaemia. 

This condition has become increasingly prevalent worldwide due to the consumption of high-calorie 

diets and a sedentary lifestyle. Prediabetes is characterised by abnormal glucose metabolism and is 

associated with complications such as non-alcoholic fatty liver disease (NAFLD), cardiovascular and 

renal dysfunctions, similar to that observed in type 2 diabetes mellitus. The current management 

strategy for prediabetes involves a combination of dietary and pharmacological interventions. 

However, patient adherence to dietary intervention is often low, leading to reduced pharmacological 

effectiveness. Therefore, anti-diabetic agents that are effective even without dietary intervention are 

needed. Gossypetin (GTIN), a hexahydroxylated flavonoid, has shown potent antioxidant and anti-

inflammatory properties. This study sought to investigate the effects of GTIN on glucose homeostasis 

and selected markers of cardiovascular, hepatic and renal dysfunction in a prediabetic rat model, both 

with and without dietary intervention. 

Materials and Methods 

 

Thirty-six male Sprague Dawley rats (150–180 g) were divided into Group 1 (n=6) and Group 2 

(n=30). Prediabetes was induced by feeding Group 2 a high-fat, high-carbohydrate (HFHC) diet for 20 

weeks, while Group 1 received a normal diet (ND). Prediabetes was confirmed by fasting blood 

glucose (FBG) and 2-hour oral glucose tolerance tests (OGTT) according to the American Diabetes 

Association criteria. The prediabetic rats (n = 30) were subdivided into five groups (n = 6 per group): 

one group received no therapeutic intervention, while the remaining four groups were treated with 

either GTIN (15 mg/kg) or metformin (MET, 500 mg/kg), with or without dietary intervention, for 12 

weeks. Body mass index (BMI), waist circumference (WC), blood pressure, heart rate, caloric intake, 

fluid intake and urine output were monitored every four weeks during the treatment period. After 

treatment, animals were sacrificed; blood and tissues (skeletal muscle, heart, liver, kidney) were 

collected and stored for biochemical analysis. The thesis comprised four studies evaluating the effects 

of GTIN on glucose homeostasis, cardiovascular function, hepatic function and renal function in a 

diet-induced prediabetic rat model. 

Results 

 

In the first study, animals in the untreated pre-diabetic (PD) control group exhibited significantly 

higher fasting and postprandial blood glucose levels, as well as elevated plasma insulin concentrations 

and increased homeostatic model assessment for insulin resistance (HOMA2-IR) index, relative to the 

non-prediabetic (NPD) group. Similarly, increased caloric intake, body weight and plasma ghrelin 

levels were observed in the PD control group. Notably, these parameters were significantly reduced in 
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the PD animals receiving GTIN treatment. Additionally, glycogen levels in the liver and skeletal 

muscle, which was disturbed in the PD control group, showed significant improvement following 

GTIN treatment , both with and without dietary intervention. 

In the second study, the PD control group exhibited dyslipidaemia characterized by significantly 

higher plasma triglyceride, total cholesterol, low-density lipoprotein and very low-density lipoprotein 

levels, along with decreased high-density lipoprotein (HDL) levels compared with the NPD group. 

This was accompanied by cardiovascular dysfunction, as evidenced by significantly higher mean 

arterial pressure (MAP), body mass index (BMI), waist circumference (WC) and plasma endothelial 

nitric oxide synthase (eNOS) levels in the PD control. Additionally, there were increased heart 

malondialdehyde levels, reduced heart superoxide dismutase and glutathione peroxidase activity as 

well as increased plasma interleukin-6, tumour necrosis factor alpha and C-reactive protein levels, 

indicating enhanced oxidative stress and systemic inflammation. Notably, both GTIN-treated groups 

showed significantly reduced plasma lipid levels and increased HDL, as well as decreases in MAP, 

BMI, WC and eNOS levels compared with the PD control. Additionally, GTIN significantly 

decreased heart lipid peroxidation, enhanced antioxidant activity and decreased plasma inflammation 

markers. 

In the third study, the PD group exhibited hepatic steatosis and liver dysfunction evidenced by 

significantly higher liver triglyceride (TAG) content, liver weights, sterol regulatory element-binding 

protein-1c (SREBP-1c), malondialdehyde (MDA) levels, and liver injury enzyme levels, along with 

decreased liver superoxide dismutase (SOD) activity, glutathione peroxidase (GPx) activity, and 

plasma bilirubin levels in comparison to NPD. Histologically, there was increased lipid droplet 

accumulation and structural disarray in the PD group. GTIN treatment significantly reduced liver 

TAGs, liver weights and plasma SREBP-1c levels, as well as improved liver SOD and GPx activity 

while decreasing liver MDA levels and liver injury enzymes in comparison to the PD control. 

Notably, GTIN treatment increased plasma bilirubin levels. Liver histology in the GTIN-treated 

groups revealed decreased lipid droplet accumulation and improved tissue integrity. 

In the fourth study, GTIN significantly reduced fluid intake, urine output and kidney weights in both 

the presence and absence of dietary intervention compared with the PD group, indicating improved 

renal function. Additionally, GTIN administration improved glomerular filtration rate, and normalized 

creatinine, albumin, urea and uric acid levels. It also improved electrolyte homeostasis by restoring 

renal sodium and potassium handling along with reduced plasma aldosterone levels. GTIN attenuated 

renal oxidative stress as evidenced by lower kidney MDA, interleukin-6, tumour necrosis factor-α and 

higher total antioxidant status levels. Additionally, GTIN reduced kidney injury markers including 

plasma KIM-1 and urinary podocin mRNA expression. 

Conclusion 
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This study demonstrated that chronic consumption of high-calorie diets led to the development of 

prediabetes. This was associated with impairments in glucose homeostasis as well as cardiovascular, 

liver and kidney functions. However, treatment with GTIN regardless of dietary intervention may 

ameliorate disturbed glucose homeostasis as well as cardiovascular, liver and renal dysfunction during 

prediabetes. These findings suggest that GTIN may represent a promising therapeutic alternative for 

the management of prediabetes, particularly where adherence to dietary intervention is difficult to 

maintain. This may help delay the progression from PD to T2DM and reduce the burden of T2DM-

associated complications. 
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CHAPTER 1: INTRODUCTION 

1.0 Background 

 

Type 2 diabetes mellitus (T2DM) is a multi-etiological chronic metabolic disorder characterised by 

hyperglycaemia and insulin resistance in peripheral tissues [1]. Chronic consumption of high-calorie 

diets combined with a sedentary lifestyle has been shown to promote the development of T2DM [2]. 

The International Diabetes Federation estimates that around 783 million people worldwide will be 

affected by T2DM by 2045 [1]. The mortality rate associated with T2DM-related complications 

including cardiovascular, liver and renal diseases has also gradually increased [3]. The current 

strategy for the management of T2DM involves the combination of dietary and pharmacological 

intervention [4, 5]. 

Metformin is the first-line pharmacotherapy prescribed for the treatment of T2DM [6]. It has been 

shown to reduce intestinal glucose absorption, hepatic gluconeogenesis and increase glucose uptake in 

peripheral tissues [6]. Studies have also shown that metformin may exert cardioprotective and 

hepatoprotective effects beyond its glucose-lowering properties [7, 8]. Dietary modification has been 

shown to promote weight loss, improve glycaemic control and dyslipidaemia [9]. Notably, studies 

have shown that many of the complications associated with T2DM, such as cardiovascular diseases, 

non-alcoholic fatty liver disease (NAFLD) and nephropathy begin during prediabetes [10, 11]. 

Prediabetes is an intermediate hyperglycaemic state associated with impaired fasting glucose levels 

and moderate glucose intolerance [12]. The global prevalence of prediabetes in 2017 was 352.1 

million which is expected to increase by 8.3% by 2045 [13]. Studies have shown that prediabetes 

induces oxidative stress and chronic inflammation which contribute to cardiovascular dysfunction, 

including increased blood pressure, endothelial injury and atherosclerosis [ 1 4 , 1 5 ] . It also leads to 

liver complications such as NAFLD due to insulin resistance and triglyceride accumulation [16]. 

Additionally, prediabetes impairs kidney function causing glomerular damage, albuminuria and 

nephropathy [17]. Studies have shown that prediabetes can be reversed through a combination of 

dietary and pharmacological intervention [18, 19]. However, there are reports of low patient 

compliance, as most patients merely use pharmacological intervention without any change in diet 

[20]. Hence, the efficacy of pharmacological interventions is reduced under these poor compliance 

situations [20]. Therefore, there is a need to identify compounds to manage prediabetes that are 

effective in both the presence and absence of dietary intervention. 

Plant-derived products have been increasingly recognised for their effectiveness in the treatment of 

T2DM [21]. Gossypetin (GTIN) is a flavonoid found in various medicinal plants including Hibiscus 

species [22]. Recent studies have shown that GTIN exhibits antioxidant, anti-inflammatory, anti-

atherosclerotic, cytoprotective and antimutagenic effects [22, 23], which are bioactivities 

indispensable in managing diabetes complications. GTIN possesses high structural similarity with 
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quercetin which is well-known to ameliorate diabetes and its associated complications due to its 

antioxidant nature and anti-glycation ability [24]. However, the effects of GTIN on glucose 

homeostasis as well as its effects on cardiovascular, liver and renal complications in the prediabetic 

state have not been investigated yet. 

Animal models have been widely used as a representation of the clinical manifestations of prediabetes 

and the related complications [25]. Various diet-induced animal models of prediabetes have been 

established by feeding either a high-fat diet, high-sucrose diet or a combination of both [26]. In our 

laboratory, we have developed a high-fat high-carbohydrate (HFHC) diet-induced prediabetic rat 

model to mimic the human condition of prediabetes [27]. Accordingly, this study sought to investigate 

the effects of GTIN on glucose homeostasis and selected complications of prediabetes using a HFHC-

diet induced prediabetic animal model. 

2.0 Aim of the study 

 

The aim of the study is to determine the effects of gossypetin (GTIN) on glucose homeostasis as well 

as its effects on cardiovascular, liver and renal function in diet-induced prediabetic male Sprague 

Dawley rats. 

3.0 Research questions 

 

3.1 What are the effects of GTIN on markers associated with glucose homeostasis in diet-induced 

prediabetic male Sprague Dawley rats? 

3.2 What are the effects of GTIN on markers associated with cardiovascular function in diet-induced 

prediabetic male Sprague Dawley rats? 

3.3 What are the effects of GTIN on markers associated with liver function in diet-induced prediabetic 

male Sprague Dawley rats? 

3.4 What are the effects of GTIN on markers associated with renal function in diet-induced 

prediabetic male Sprague Dawley rats? 

4.0 Aims and Objectives 

 

The objective for each of the respective research questions; 3.1, 3.2, 3.3 and 3.4, are stated below. 

Research question 3.1 is addressed in Chapter 4 of the dissertation, while research questions 3.2, 3.3 

and 3.4 are addressed in Chapter 5, Chapter 6 and Chapter 7, respectively. 

Chapter 4 Aim 
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This chapter seeks to investigate the effects of GTIN on glucose homeostasis in diet-induced 

prediabetic male Sprague Dawley rats in the presence and absence of dietary intervention. Chapter 4 

comprises an original research manuscript and the objectives for the manuscript are described below: 

Chapter 4 Objectives 

 

 To determine the effects of GTIN on glucose tolerance by assessing the oral glucose tolerance 

response (OGT) and calculating the area under the curve (AUC) in the presence and absence 

of dietary intervention in diet-induced prediabetes 

 To determine the effects of GTIN on glycaemic control and insulin resistance by measuring 

fasting blood glucose and plasma insulin levels as well as calculating the homeostatic model 

for insulin resistance (HOMA-IR2) index in the presence and absence of dietary intervention 

in diet-induced prediabetes 

 To determine the effects of GTIN on long-term glycaemic control by measuring glycated 

haemoglobin (HbA1c) levels in the presence and absence of dietary intervention in diet-

induced prediabetes 

 To determine the effects of GTIN on energy intake and weight regulation by measuring 

caloric intake and body weight in the presence and absence of dietary intervention in diet-

induced prediabetes 

 To determine the effects of GTIN on appetite regulation by measuring plasma ghrelin levels 

in the presence and absence of dietary intervention in diet-induced prediabetes 

 To determine the effects of GTIN on glucose storage by measuring liver and skeletal muscle 

glycogen levels in the presence and absence of dietary intervention in diet-induced 

prediabetes 

Chapter 5 Aim 

 

This chapter seeks to investigate the effects of GTIN on cardiovascular function in diet-induced 

prediabetic male Sprague Dawley rats in the presence and absence of dietary intervention. Chapter 5 

comprises an original research manuscript and the objectives for the manuscript are described below: 

Chapter 5 Objectives 

 

 To determine the effects of GTIN on lipid profile by measuring plasma triglyceride (TG), 

total cholesterol (TC), high-density lipoproteins (HDL), low-density lipoproteins (LDL) and 

very low-density lipoproteins (VLDL) levels in the presence and absence of dietary 

intervention in diet-induced prediabetes 
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 To determine the effects of GTIN on blood pressure by measuring the mean arterial blood 

pressure (MAP) in the presence and absence of dietary intervention in diet-induced 

prediabetes 

 To determine the effects of GTIN on adiposity by assessing the body mass index (BMI) and 

waist circumference (WC) in the presence and absence of dietary intervention in diet-induced 

prediabetes 

 To determine the effects of GTIN on endothelial function by measuring endothelial nitric 

oxide (eNOS) levels in the presence and absence of dietary intervention in diet-induced 

prediabetes 

 To determine the effects of GTIN on heart lipid peroxidation, antioxidant and inflammatory 

markers by measuring heart malondialdehyde (MDA) levels, superoxide dismutase (SOD) 

activity and glutathione peroxidase (Gpx) activity as well as plasma interleukin (IL)-6, 

tumour necrosis factor (TNF)-α and C-reactive protein (CRP) levels in the presence and 

absence of dietary intervention in diet-induced prediabetes 

Chapter 6 Aim 

 

This chapter seeks to investigate the effects of GTIN on liver function in diet-induced prediabetic 

male Sprague Dawley rats in the presence and absence of dietary intervention. Chapter 6 comprises an 

original research manuscript and the objectives for the manuscript are described below: 

Chapter 6 Objectives 

 

 To determine the effects of GTIN on the extent of lipid accumulation and liver enlargement 

by measuring liver TAG levels and liver weight in the presence and absence of dietary 

intervention in diet-induced prediabetes 

 To determine the effects of GTIN on lipogenesis by measuring plasma sterol regulatory 

binding element protein (SREBP)-1c levels in the presence and absence of dietary 

intervention in diet-induced prediabetes 

 To determine the effects of GTIN on liver oxidative status by measuring liver MDA levels, 

SOD activity and Gpx activity in the presence and absence of dietary intervention in diet-

induced prediabetes 

 To determine the effects of GTIN on liver injury by measuring plasma aspartate transaminase 

(AST) and alanine transaminase (ALT) levels in the presence and absence of dietary 

intervention in diet-induced prediabetes 

 To determine the effects of GTIN on liver function and antioxidant status by measuring 

plasma bilirubin in the presence and absence of dietary intervention in diet-induced 

prediabetes 
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 To determine the effects of GTIN on liver histology by assessing lipid droplet accumulation, 

sinusoid and hepatocyte arrangement in the presence and absence of dietary intervention in 

diet-induced prediabetes 

Chapter 7 Aim 

 

This chapter seeks to investigate the effects of GTIN on renal function in diet-induced prediabetic 

male Sprague Dawley rats in the presence and absence of dietary intervention. Chapter 7 comprises an 

original research manuscript and the objectives for the manuscript are described below: 

Chapter 7 Objectives 

 

 To determine the effects of GTIN on renal function markers by measuring fluid intake, urine 

output and calculating the glomerular filtration rate (GFR) in the presence and absence of 

dietary intervention in diet-induced prediabetes 

 To determine the effects of GTIN on renal function markers by measuring plasma and urine 

creatinine, urea, total protein, albumin, uric acid and electrolyte (Na+ and K+) levels in the 

presence and absence of dietary intervention in diet-induced prediabetes 

 To determine the effects of GTIN on kidney injury by measuring plasma kidney injury 

molecule (KIM)-1 levels and mRNA expression of urinary podocin in the presence and 

absence of dietary intervention in diet-induced prediabetes 

 To determine the effects of GTIN on kidney oxidative status by measuring kidney MDA 

levels, SOD activity and Gpx activity in the presence and absence of dietary intervention in 

diet-induced prediabetes 

5.0 Hypothesis 

 

The administration of GTIN will improve the biomarkers associated with glucose homeostasis as well 

as cardiovascular, liver and renal function in diet-induced prediabetic male Sprague Dawley rats. 

6.0 Null hypothesis 

 

The administration of GTIN will not improve the biomarkers associated with glucose homeostasis as 

well as cardiovascular, liver and renal function in diet-induced prediabetic male Sprague Dawley rats. 
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CHAPTER 2: LITERATURE REVIEW 

 

1.0 Type 2 diabetes mellitus 

 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder that is increasing in prevalence 

globally [1]. It is characterised by chronic hyperglycaemia and insulin resistance due to disrupted 

insulin signalling (see Figure 1) [1]. Under normal physiological conditions, insulin binds to the 

insulin receptor which triggers autophosphorylation on tyrosine residues, thereby activating the 

insulin receptor substrates-1 and 2 (IRS-1/2) [2]. This interaction activates phosphoinositide 3-kinase 

(PI3K), which then activates protein kinase B (Akt) [3]. Protein kinase B promotes glycogen 

synthesis, inhibits gluconeogenesis and facilitates glucose transporter-4 (GLUT-4) translocation to the 

cell membrane for glucose uptake [2]. In T2DM, chronic inflammation, elevated free fatty acids and 

oxidative stress impair the insulin signalling pathway by phosphorylating the serine residues on the 

insulin receptor [3]. The phosphorylation of serine residues interferes with PI3K-Akt activation [4]. 

Consequently, glycogen synthesis and glucose uptake in muscle and adipose tissue decrease, 

contributing to hyperglycaemia [2]. 

 

Figure 1: Schematic representation of the insulin signaling pathway and GLUT-4 translocation to the 

cell membrane [1]. 

 

T2DM is diagnosed when fasting blood glucose (FBG) levels exceed 7.0 mmol/L or when 

postprandial glucose levels are greater than 11.1 mmol/L after a 2-hour oral glucose tolerance test 

(OGTT) [4]. A glycated haemoglobin (HbA1c) level of 6.5% or greater indicates T2DM [4]. Studies 

have shown that unhealthy diets and sedentary lifestyles are major risk factors for T2DM [5, 6]. It has 

been demonstrated that lack of exercise reduces insulin sensitivity and disrupts glucose homeostasis 
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[6]. Moreover, diets rich in refined sugars and saturated fats were linked with the development of 

obesity and insulin resistance [7, 8]. According to the International Diabetes Federation (IDF), 

approximately 536.6 million adults worldwide were diagnosed with T2DM in 2021 [9]. This number 

is projected to increase to an estimated 783.2 million by 2045 [9]. Among individuals with T2DM, 

cardiovascular diseases, non-alcoholic fatty liver disease (NAFLD), nephropathy and peripheral 

neuropathy are notably prevalent [10-12]. It has been estimated that around 50% of T2DM-related 

mortalities are associated with cardiovascular diseases [13]. Studies suggest that individuals with 

diabetic nephropathy have a mortality rate that is 2-3 times higher than that of healthy individuals [14, 

15]. A study has shown that diabetic peripheral neuropathy is present in up to 35% of individuals at 

the time of T2DM diagnosis [16]. 

Notably, studies have shown that many of the complications associated with T2DM, such as 

cardiovascular diseases, NAFLD and nephropathy, begin during prediabetes [17, 18]. 

2.0 Prediabetes 

 

Prediabetes is an asymptomatic condition that often remains undetected and precedes the onset of 

T2DM [19]. It is characterised by elevated blood glucose levels that exceed the normal physiological 

range but remain below the diagnostic threshold for diabetes [20]. Prediabetes is associated with 

moderate glucose intolerance, impaired fasting glucose and moderate insulin resistance [21]. In 2017, 

an estimated 352.1 million individuals worldwide were affected by T2DM [22]. This prevalence is 

projected to increase to 587 million adults (8.3%) by 2045 [22]. The prevalence of prediabetes in men 

and women does not differ significantly [23]. Regionally, Africa is projected to experience a rise in 

prediabetes prevalence by 9.7% due to increasing urbanisation and adoption of westernised lifestyles 

(see Figure 2) [23]. In South Africa, recent studies have reported prediabetes prevalence rates ranging 

from 15.6%–70.1% [24, 25]. Notably, a retrospective study conducted in the Durban metropolitan 

area reported a prediabetes prevalence of 68% among adults aged 25–45 years [26]. 

 

Figure 2: The global estimates of impaired glucose tolerance (IGT) by the International Diabetes 
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Federation. Numbers in parentheses represent the estimated number of individuals affected by IGT in 

each region [26]. 

Several epidemiological studies have demonstrated an association between ethnicity and increased 

risk of prediabetes [23, 27]. There is a higher prevalence of prediabetes among African Americans, 

Native Americans, South Asians and Hispanics compared to Caucasians [23]. The factors influencing 

prediabetes prevalence rates include life expectancy, socioeconomic status, income, access to 

healthcare and education levels [23]. Consumption of high-calorie diets and lack of exercise have 

been linked to increased prediabetes prevalence rates [28]. Physical inactivity reduces energy 

expenditure and impairs glucose metabolism, promoting insulin resistance [29]. Additionally, diets 

high in refined carbohydrates and saturated fats promote to weight gain, insulin resistance and 

inflammation leading to prediabetes [30, 31]. 

 

2.1 Diagnosis of prediabetes 

 

International health organisations utilise various criteria to diagnose prediabetes [20]. The World 

Health Organization (WHO) defines prediabetes as a state of intermediate hyperglycaemia with 

impaired fasting glucose (IFG) of 6.1-6.9 mmol/L or impaired glucose tolerance (IGT) of 7.8-11.0 

mmol/L [32]. Additionally, the American Diabetes Association (ADA) uses the same threshold for 

IGT [20]. However, it adopts a lower cut-off value for IFG and includes HbA1c levels between 5.7%–

6.4% as an additional diagnostic criterion for prediabetes [20]. 

Despite the widespread use of these criteria, several studies have reported a poor correlation between 

HbA1c with IFG and IGT [33, 34]. The use of IFG and IGT as the sole indicators of prediabetes has 

been challenged [35]. These glycaemic thresholds may not fully reflect the complex 

pathophysiological mechanism of prediabetes and the probability of developing diabetes in the future 

[32]. Recently, HbA1c has become more commonly employed in diagnosing prediabetes [32]. 

Elevated HbA1c levels in prediabetes suggest less efficient blood glucose regulation [33]. Glycated 

haemoglobin remains in circulation for the lifespan of red blood cells, making it a reliable marker of 

long-term blood glucose control [36]. 

The HbA1c test is a more convenient screening test as it does not require fasting compared with the 

fasting blood glucose (FBG) test and the OGTT [20]. It is unclear which diagnostic criteria are best 

for identifying individuals with prediabetes [20]. However, the lower threshold for IFG in the ADA 

guidelines compared with the WHO guidelines improves the parity between the number of people 

identified by IFG and IGT [32]. According to the ADA criteria, an abnormal finding in FBG, OGTT 

or HbA1c is sufficient to confirm the diagnosis of prediabetes [33]. Moreover, the ADA 

recommendations are regularly updated with the most recent scientific data and may be considered 

more globally accepted than other guidelines [32]. 
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2.2 Pathophysiology of prediabetes 

 

The pathophysiological mechanisms of prediabetes involve a complex interplay between impaired 

insulin action and dysregulated glucose metabolism [37]. In the first stage, moderate insulin resistance 

develops in peripheral tissues, such as skeletal muscle and adipose tissue [38]. The body responds by 

stimulating pancreatic β-cells to increase insulin secretion, resulting in compensatory 

hyperinsulinaemia [39]. This stage is also characterised by β-cell mass expansion [40]. Despite 

decreased insulin sensitivity, blood glucose levels remain within the normal range during this 

compensatory phase [39]. The second stage is the stable adaptation period during which β-cells no 

longer fully compensate for increased insulin resistance [41]. During this phase, fasting and post-load 

glucose levels begin to rise [41]. These changes are partly driven by glucotoxicity in which elevated 

glucose concentrations impair β-cell function by promoting oxidative stress and inflammation [42]. 

The third stage is the unstable early decompensation period in which β-cells cannot compensate for 

insulin resistance and consequently glucose concentrations start to increase rapidly [41]. It is during 

this phase that prediabetes typically advances to clinically diagnosable T2DM [42]. 

The rate of lipolysis in adipocytes of individuals with IGT is significantly higher than that observed 

with normal glucose tolerance (NGT) [43]. Furthermore, individuals with IGT show resistance to the 

anti-lipolytic action of insulin, as evidenced by increased free fatty acid (FFA) levels [44]. Increased 

FFAs contribute to skeletal muscle and adipocyte insulin resistance in prediabetes [42]. Individuals 

with IGT exhibit a pronounced increase in skeletal muscle insulin resistance with a mild increase in 

hepatic insulin resistance [45]. In contrast, individuals with IFG exhibit pronounced hepatic insulin 

resistance with near-normal skeletal muscle insulin sensitivity [46]. 

2.3 Glucose homeostasis in prediabetes 

 

In the prediabetic state, glucose homeostasis is dysregulated due to moderate insulin resistance and 

impaired glucose metabolism [47, 48]. Moderate insulin resistance in skeletal muscle reduces glucose 

uptake due to impaired translocation of GLUT-4 [49]. Consequently, pancreatic β-cells increase 

insulin secretion as a compensatory mechanism, leading to hyperinsulinaemia [49]. Several studies 

assess insulin resistance using indices such as the Homeostatic Model Assessment of Insulin 

Resistance (HOMA-IR) [50, 51]. However, HOMA-IR primarily reflects hepatic insulin resistance 

and is less accurate than the hyperinsulinaemic-euglycaemic clamp, which is considered the gold 

standard for measuring whole-body insulin sensitivity [52, 53]. Furthermore, ghrelin is released by the 

oxyntic glands of the stomach in response to reduced glucose uptake in peripheral tissues [54]. Studies 

have shown elevated plasma ghrelin levels in prediabetic patients [55, 56]. However, other studies 

have shown decreased or unchanged ghrelin concentrations in obese individuals [57, 58]. These 

discrepancies may result from differences in body composition, metabolic status and study population 

[59, 60]. Ghrelin acts centrally on the hypothalamus by activating orexigenic neurons expressing 
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neuropeptide Y (NPY) and agouti-related peptide (AgRP), thereby promoting hyperphagia [54]. This 

increase in caloric intake contributes to a positive energy balance, weight gain and further 

exacerbation of insulin resistance [56]. 

Glycogen is the main form of glucose storage in the liver and skeletal muscle [61]. It is a readily 

available source of glucose for energy production [62]. Under normal physiological conditions, 

elevated plasma glucose stimulates insulin release which activates glycogen synthase [62]. Activated 

glycogen synthase promotes glycogenesis in the liver and skeletal muscle [62]. Furthermore, impaired 

insulin signalling in skeletal muscle during prediabetes leads to decreased glucose uptake and 

glycogen synthesis [55]. The excess plasma glucose is shunted to the liver since it is not reliant on 

insulin for glucose uptake [63]. The accumulation of glucose in the liver contributes to increased 

hepatic glycogen accumulation and de novo lipogenesis [63]. Additionally, studies have demonstrated 

elevated fasting and postprandial plasma glucose concentrations in individuals with prediabetes [64, 

65]. HbA1c is a non-enzymatic glycation product of haemoglobin that circulates in the body for 

approximately 2–3 months [36]. In prediabetic individuals, elevated plasma glucose levels enhance 

the glycation of haemoglobin, resulting in elevated HbA1c levels [47]. Although FBG and HbA1c are 

widely used to assess glycaemic control, both have methodological limitations [66]. Fasting plasma 

glucose reflects glycaemia at a single time point and may fail to identify impaired glucose tolerance, 

whereas HbA1c may be influenced by conditions affecting erythrocyte lifespan, such as anaemia and 

chronic kidney disease [67]. Consequently, relying on a single biomarker may lead to the 

misclassification of some individuals with prediabetes [68, 69]. Furthermore, glucose homeostasis in 

prediabetes has been widely studied [70, 71]. However, most studies have examined individual 

metabolic markers rather than the interactions between glucose metabolism, glycogen storage and 

appetite regulation [72, 73]. Therefore, studies that investigate these pathways together are needed to 

improve understanding of prediabetes development and identify early therapeutic targets [74]. 

2.4 Prediabetes-associated complications 

 

Prediabetes is a risk factor for microvascular and macrovascular complications associated with T2DM 

[75]. Pre-diabetic individuals have been reported to exhibit early stages of cardiovascular diseases, 

liver dysfunction and nephropathy, which are less severe than those seen in T2DM [41, 76]. It is 

characterised by damage to peripheral nerves, particularly small unmyelinated sensory fibres, resulting 

in symptoms such as pain, burning sensations, numbness and impaired temperature sensation [77]. 

Previous studies have shown that individuals with prediabetes have a higher prevalence of peripheral 

neuropathy than normoglycaemic individuals, with small-fibre neuropathy representing the earliest 

manifestation [78, 79]. The development of prediabetic neuropathy is driven by chronic 

hyperglycaemia, insulin resistance and dyslipidaemia, which promote oxidative stress, endothelial 

dysfunction and inflammation [80]. These processes induce mitochondrial dysfunction, increase 

reactive oxygen species production and damage Schwann cells and peripheral neurons, ultimately 
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impairing nerve function [81]. The early identification and management of prediabetes are therefore 

important for preventing the development of diabetes-associated complications [82]. The following 

section describes the effects of prediabetes on the functioning of the cardiovascular, hepatic and renal 

systems, which are the primary focus of the study. 

2.4.1 Effects of prediabetes on cardiovascular function 

 

Previous studies have demonstrated that prediabetes is associated with an increased risk of 

cardiovascular diseases (CVDs) [83, 84]. The pathophysiological features of cardiovascular 

dysfunction in prediabetes include vascular insulin resistance, oxidative stress and chronic 

inflammation [83]. Although these mechanisms are consistently reported, most studies are cross-

sectional and therefore cannot establish whether these abnormalities precede cardiovascular 

dysfunction or develop as a consequence of prediabetes [37, 85]. Studies have shown that insulin 

resistance contributes to endothelial dysfunction in prediabetes [84]. In insulin-resistant states, 

insulin-induced nitric oxide (NO)-dependent vasodilation is impaired due to disrupted 

phosphorylation cascades from insulin receptors to Akt [84]. As a result, endothelial nitric oxide 

synthase (eNOS) activation is impaired, reducing NO production and leading to increased blood 

pressure and heart rate [86]. Several studies have reported impaired endothelial function in 

prediabetes [87, 88]. However, the severity of endothelial dysfunction varies across studies [87, 89]. 

These differences may reflect variation in study populations, diagnostic criteria for prediabetes and 

methods used to assess endothelial function [87, 89]. 

Elevated levels of the lipid peroxidation marker, malondialdehyde (MDA), have been observed in 

heart tissue during prediabetes [90, 91]. Furthermore, studies have shown reduced heart antioxidant 

activity including superoxide dismutase (SOD) and glutathione peroxidase (GPx) in prediabetes [37, 

92]. Decreased antioxidant enzyme activity contributes to myocardial oxidative damage [92, 

93].Several studies have shown the presence of oxidative stress in heart tissue during prediabetes [94, 

95]. However, majority of these studies were derived from experimental animal models [94, 96]. 

Consequently, the extent to which these findings translate to human prediabetes remains uncertain 

[82]. In prediabetes, glycated haemoglobin promotes the formation of advanced glycation end-

products (AGEs) [33]. AGEs stimulate monocytes to release cytokines, such as interleukin-6 (IL-6) 

and tumour necrosis factor-α (TNF-α), which mediate inflammatory reactions associated with 

cardiovascular diseases [86]. Additionally, C-reactive proteins (CRP) which are sensitive markers for 

systemic inflammation have been shown to be significantly elevated during prediabetes [93]. 

However, some clinical studies have reported that the association between inflammatory markers and 

prediabetes is attenuated after adjustment for adiposity [92, 97]. This suggests that excess adiposity 

may be an important contributor to inflammation independent of impaired glucose regulation [98]. 

Elevated FFAs in prediabetes contribute to endothelial dysfunction by impairing insulin signalling 
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pathways [83]. Elevated plasma FFAs reduce tyrosine phosphorylation of IRS-1/2 and inhibit the 

PI3K/Akt pathway, leading to decreased glucose uptake and eNOS phosphorylation [86]. Impaired 

eNOS activity reduces NO bioavailability, which promotes endothelial injury and vascular stiffness 

[33]. FFAs also activate nicotinamide adenine dinucleotide phosphate (NADPH) oxidase via protein 

kinase C (PKC), which promotes reactive oxygen species (ROS) production [84]. The accumulation 

of ROS further exacerbates oxidative stress and inflammation by activating nuclear factor kappa B 

(NF-κB) [37]. 

Studies have shown that prediabetes is associated with dyslipidemia as evidenced by elevated 

triglycerides (TAG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C) and very 

low-density lipoprotein cholesterol (VLDL-C) alongside reduced high-density lipoprotein cholesterol 

(HDL-C) levels [99, 100]. Dyslipidaemia contributes to atherosclerosis and endothelial dysfunction 

by promoting lipid accumulation in arterial walls [37]. Studies have also shown that adiposity is a 

major contributor to endothelial dysfunction in prediabetes [101, 102]. Increased body mass index 

(BMI) and waist circumference (WC) were associated with elevated heart inflammatory markers and 

oxidative stress [103, 104]. 

2.4.2 Effects of prediabetes on liver function 

 

Non-alcoholic fatty liver disease (NAFLD) is characterised by excessive lipid accumulation in 

hepatocytes and is present in around 60% of pre-diabetic patients [105]. Diets containing high-fat and 

high-fructose content have been shown to significantly influence the development of NAFLD in 

prediabetes [106]. Fructose is metabolised exclusively by the liver and converted into triglycerides via 

de novo lipogenesis [105]. Both fructose and glucose upregulate the expression of 

lipogenic transcription factors such as sterol regulatory element-binding protein (SREBP-1c) and 

carbohydrate response element binding protein (ChREBP), thereby promoting hepatic TAG synthesis 

[107]. Additionally, high-fructose diets stimulate the expression of inflammatory mediators which 

inhibit the phosphorylation of IRS-1, leading to insulin resistance and intrahepatic inflammation 

[108]. Although studies consistently demonstrate that excessive fat and fructose intake promotes 

hepatic lipid accumulation, differences in dietary composition, duration of exposure, and experimental 

models contribute to variation in the severity of NAFLD reported across studies [109, 110]. 

Moderate insulin resistance in prediabetes impairs glucose uptake in skeletal muscle and adipose 

tissue [111]. In response to insulin resistance, the pancreas increases insulin production to compensate 

for the impaired glucose uptake [112]. Elevated insulin levels stimulate adipose tissue lipolysis 

resulting in an increased release of FFAs into the circulation [113]. Furthermore, insulin resistance 

disrupts the effects of insulin on hepatic gluconeogenesis and β-oxidation [61]. This disruption 

enhances hepatic gluconeogenesis and decreases β-oxidation in the liver, leading to intrahepatic TAG 

accumulation [61]. Hepatic tissue becomes more susceptible to oxidative stress due to aberrant lipid 
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accumulation in hepatocytes [114]. ROS can initiate lipid peroxidation by targeting polyunsaturated 

fatty acids leading to the formation of highly reactive aldehyde products such as 4-hydroxy-2-nonenal 

(4-HNE) and MDA [115]. Moreover, increased oxidative stress triggers inflammatory cascades that 

contribute to liver injury [105]. 

Studies have shown increased plasma liver enzyme levels such as alanine transaminase (ALT), 

aspartate transaminase (AST), alkaline phosphatase (ALP) and γ-glutamyl transpeptidase (GGT) in 

prediabetic individuals [116, 117]. These changes suggest hepatocellular stress and impaired liver 

function [118]. However, findings across studies are inconsistent [119, 120]. Some investigations 

have reported elevated ALT concentrations without significant changes in AST levels [119, 121]. This 

may be because ALT is more specific to hepatocellular injury, whereas AST is also expressed in 

extrahepatic tissues, including skeletal muscle and the heart [122, 123]. In contrast, other studies have 

observed no significant changes in ALT or AST concentrations in individuals with prediabetes [121, 

124]. This may indicate that substantial hepatocellular injury does not occur during the early stages of 

prediabetes or that conventional liver enzymes may not be sensitive enough to detect early metabolic 

changes in the liver [121, 124]. Therefore, normal liver enzyme concentrations do not necessarily 

exclude early liver dysfunction [121, 124]. 

In addition to liver enzymes, hepatocyte injury can promote the release of damage-associated 

molecular patterns (DAMPs), which activate innate immune responses and increase the production of 

pro-inflammatory cytokines, including interleukin-6 (IL-6) and tumour necrosis factor-α (TNF-α) 

[125]. Furthermore, bilirubin concentrations have been reported to be inversely associated with 

hyperglycaemia and NAFLD, suggesting a potential protective role of bilirubin due to its antioxidant 

properties [126]. Histological analyses of liver tissue from prediabetic subjects have demonstrated 

hepatic lipid droplet accumulation, sinusoidal dilation, and disrupted cellular organisation [127, 128]. 

These structural changes are indicative of hepatic steatosis and early liver injury associated with 

prediabetic conditions [127, 128]. However, variations in histological findings between studies may 

be influenced by differences in disease duration, severity of metabolic dysfunction, dietary 

interventions, and experimental models [129, 130]. Therefore, combining conventional liver enzymes 

with additional markers of inflammation, oxidative stress, fibrosis, and histology may provide a more 

comprehensive evaluation of early liver dysfunction in prediabetes [131]. 

2.4.3 Effects of prediabetes on renal function 

 

In prediabetes, high plasma glucose levels react non-enzymatically with local renal proteins, leading 

to the formation of AGEs and the production of ROS (see Figure 3) [92, 132]. This induces oxidative 

stress which disrupts the integrity of the glomerular basement membrane characterised by the 

upregulation of kidney injury molecule-1 (KIM-1) and loss of podocyte structure [133]. The 

disruption of the glomerular filtration barrier promotes the loss of proteins such as albumin into the 
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urine [134]. However, findings regarding albuminuria in prediabetes are inconsistent, with some 

studies reporting increased urinary albumin excretion, while others have observed no significant 

changes compared with normoglycaemic individuals [87, 135]. These differences may reflect 

variation in disease stage, degree of metabolic dysfunction and the methods used to assess urinary 

albumin excretion [136]. Furthermore, albuminuria may not be sufficiently sensitive to detect subtle 

renal changes during the early stages of prediabetes, as structural and molecular alterations may occur 

before measurable increases in urinary albumin [137]. Additionally, reduced renal SOD and GPx 

activity has been observed in prediabetic animal models [138, 139]. 

Hyperglycaemia also contributes to renal haemodynamic alterations by increasing sodium 

reabsorption in the proximal tubules, primarily through upregulation of the sodium-glucose 

cotransporter 2 (SGLT2) [132]. Increased sodium reabsorption decreases the delivery of sodium to 

the macula densa within the juxtaglomerular apparatus [140]. The macula densa interprets the reduced 

tubular sodium levels as a decline in glomerular filtration and subsequently initiates afferent arteriolar 

vasodilation to increase glomerular filtration [138]. This compensatory response increases glomerular 

capillary pressure and promotes glomerular hyperfiltration [140]. Persistent elevation of glomerular 

capillary flow contributes to structural damage and increased glomerular permeability [133]. 

Consequently, albumin begins to leak into the urine, leading to albuminuria [132]. 

However, studies investigating changes in glomerular filtration rate (GFR) during prediabetes have 

reported conflicting findings [141, 142]. Some studies have demonstrated increased GFR, suggesting 

early glomerular hyperfiltration as an adaptive response to increased glucose and sodium transport 

[138, 143]. In contrast, other studies have reported reduced GFR, indicating early renal impairment 

[135, 144]. These differences may be explained by variations in disease progression, with 

hyperfiltration potentially occurring during the early stages of metabolic dysfunction, followed by a 

decline in GFR as structural renal damage progresses [145]. 

Additionally, elevated plasma glucose activates the polyol pathway, hexosamine biosynthetic pathway 

and renin-angiotensin-aldosterone system (RAAS) which contribute to renal dysfunction [146]. In the 

polyol pathway, excess intracellular glucose is converted to sorbitol by aldose reductase [147]. 

Accumulation of sorbitol increases intracellular osmotic stress and depletes nicotinamide adenine 

dinucleotide phosphate (NADPH), thereby reducing antioxidant defenses and promoting the 

generation of ROS [147]. In the hexosamine biosynthetic pathway, the increased glycosylation of 

renal proteins promotes inflammation [148]. RAAS activation increases angiotensin II production and 

up-regulates angiotensin II type 1 receptors (AT1R) expression in podocytes and mesangial cells 

[149]. Angiotensin II increases blood pressure, sodium reabsorption and stimulates aldosterone 

secretion from the adrenal glands, further contributing to renal injury [149]. Albuminuria often 

reflects established glomerular injury and may not identify subtle tubular damage occurring during the 

early stages of prediabetes [150]. Therefore, additional biomarkers, including KIM-1, inflammatory 
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markers, and oxidative stress indicators, may provide a more sensitive assessment of early renal 

alterations [151]. 

 

 

Figure 3: The multifaceted effects of prediabetes on renal function. 

 

 

3.0 Conventional management of prediabetes 

 

The standard approach for managing prediabetes involves a combination of dietary and 

pharmacological interventions [3, 18]. In the following sections, the effects of both dietary and 

pharmacological interventions in the management of prediabetes are discussed in detail. 

3.1 Lifestyle intervention 

 

The Diabetes Prevention Program Research Group has published several studies showing that 

prediabetes and T2DM can be prevented through dietary modifications and physical exercise [33, 

152]. Several dietary approaches, such as intermittent fasting regimens, have been shown to improve 

glycaemic control, insulin sensitivity and promote weight loss [33]. Low-fat diets, low-carbohydrate 

diets and Mediterranean-style diets have been recommended for the management of prediabetes [45]. 

Furthermore, studies have shown that consumption of a Mediterranean diet reduces the risk of CVDs 

in individuals with T2DM [153, 154]. Another study showed that consumption of a low-carbohydrate 

diet reduced liver fat content and improved liver function markers in individuals with T2DM and 

NAFLD [155]. 
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Several studies have shown that regular exercise improves insulin sensitivity [45, 156]. A study has 

shown that engaging in moderate exercise for 150 minutes per week reduces blood glucose levels and 

improves insulin sensitivity in adults at risk of prediabetes [155]. Additionally, aerobic exercise has 

been shown to improve cardiac function, endothelial function and reduce blood pressure in T2DM 

[157]. Studies have also shown that exercise reduces the risk of NAFLD and nephropathy in T2DM 

[158, 159]. Notably, studies have shown that the implementation of lifestyle interventions can reduce 

patient reliance on anti-diabetic medications [33, 156]. A study has shown that approximately 49% of 

individuals participating in lifestyle intervention programs either reduced or discontinued their use of 

anti-diabetic medications [160]. 

However, there are limitations associated with lifestyle interventions in the management of 

prediabetes [161]. One of the major barriers to the implementation of these interventions is the high 

cost associated with maintaining dietary modifications [162]. Socio-economic disparities also 

contribute to the variability in adherence, as individuals with lower incomes may face challenges in 

accessing nutritious foods [163]. Another significant barrier is the low adherence to increased physical 

activity [164]. Several factors contribute to this low adherence, including a lack of motivation, 

insufficient time and physical limitations [47, 116]. Despite these challenges, several studies have 

demonstrated that the benefits of lifestyle interventions extend beyond the intervention period, with 

lasting effects observed for many years after the completion of the trial [45, 152]. 

3.2 Pharmacological intervention 

 

Pharmacological interventions play a pivotal role in the management of prediabetes and T2DM [20]. 

Metformin is a first-line therapy prescribed to delay the onset of diabetes [165]. It is a member of the 

biguanide class of anti-diabetic medications and works primarily by suppressing hepatic 

gluconeogenesis and improving insulin sensitivity through AMP-activated protein kinase (AMPK) 

activation [166]. Clinical trials have demonstrated that metformin reduces the risk of developing 

T2DM by approximately 45% in individuals with prediabetes [167]. However, adverse 

gastrointestinal effects such as diarrhoea, bloating and flatulence are frequently reported, which may 

compromise patient compliance [168]. 

Furthermore, metformin has been shown to exert cardioprotective effects in T2DM patients [169, 

170]. It has been shown to enhance vascular endothelial function and promote angiogenesis [169]. 

Despite its benefits, metformin is less effective in severe conditions such as myocardial infarction and 

non-diabetic coronary artery disease, limiting its use as a first-line cardiovascular therapy [171]. 

Metformin also demonstrates renoprotective effects in diabetic patients, particularly in the early stages 

of kidney disease and when combined with other therapies [172, 173]. However, its use in advanced 

stages of kidney disease requires caution due to the potential risk of lactic acidosis, particularly in 

patients with impaired renal function [174]. Furthermore, studies have shown that metformin 
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improves liver function in patients with NAFLD [175, 176]. However, it does not significantly 

improve liver histological features such as steatosis, inflammation or fibrosis [175]. Metformin is 

administered to humans in tablet form at a dosage starting at 500 mg/day; therefore, we utilised this 

dosage in our study to replicate similar conditions [177]. 

Thiazolidinediones are a class of medications used to improve insulin sensitivity in T2DM patients 

[20]. Troglitazone, pioglitazone and rosiglitazone are the commonly approved drugs belonging to this 

group [178]. These agents act as agonists of peroxisome proliferator-activated receptor gamma 

(PPAR-γ) [167]. PPAR-γ is a ligand-activated transcription factors that promotes insulin sensitivity 

and glycaemic control [178]. However, their clinical use has declined due to safety concerns. 

Reported adverse effects include weight gain, fluid retention, and an increased risk of heart failure and 

fractures in certain patient populations [179, 180]. 

Glucagon-like peptide-1 (GLP-1) agonists represent another class of pharmacological agents used in 

the management of prediabetes and diabetes [178]. GLP-1 is a gut hormone that slows down diabetes 

progression by reducing glucagon secretion and suppressing appetite [178]. Recent studies have 

demonstrated substantial weight loss and cardiovascular benefits with GLP-1 receptor agonists [181, 

182]. However, the high cost and limited accessibility remain significant barriers in many healthcare 

settings [183]. Patients using these drugs may experience nausea, vomiting and gastrointestinal 

discomfort as side effects [184]. Another class of medications used to treat diabetes are SGLT2 

inhibitors [178]. Canagliflozin, dapagliflozin and empagliflozin are commonly approved drugs 

belonging to the class of SGLT2 inhibitors [184]. SGLT2 inhibitors work by inhibiting glucose 

reabsorption in the kidneys, leading to increased urinary glucose excretion and reduced plasma 

glucose levels [184]. However, they are associated with an increased risk of urogenital and genital 

infections [178]. 

Studies have shown that prediabetes can be reversed through a combination of dietary and 

pharmacological interventions [185, 186]. However, there are reports of low patient compliance as 

most patients merely use pharmacological intervention without any change in diet [167]. Hence, the 

efficacy of pharmacological interventions is reduced under these conditions [167]. Therefore, there is 

a need to identify compounds to manage prediabetes that are effective in both the presence and 

absence of dietary intervention. 

4.0 Alternative therapeutic approaches 

 

Plant-derived compounds, particularly phytochemicals, have been extensively utilised in the treatment 

of various human health conditions, such as diabetes, NAFLD, diabetic nephropathy and 

cardiovascular diseases [187, 188]. Phytochemicals can be categorised into distinct chemical classes, 

such as flavonoids, phenolic acids, tannins, alkaloids, coumarins and terpenoids [189]. Flavonoids are 

polyphenolic compounds abundantly present in plants, particularly in seeds, fruit skin, peels, bark and 
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flowers [190]. These compounds are well-known for their antidiabetic, antioxidant and anti-

inflammatory properties [188, 190]. However, their clinical translation remains limited by poor 

bioavailability, low absorption, rapid metabolism, and differences in pharmacokinetic properties [191, 

192]. Flavonoids share a core structure consisting of two benzene rings (A and B) linked by a three-

carbon pyran ring (C) (see Figure 4) [190]. 

Quercetin is an abundant flavonoid found in fruits such as grapefruit, onion and berries [193]. It has 

been reported to possess anti-obesity, anti-diabetic, anti-inflammatory and antioxidant properties 

[193, 194]. Furthermore, it has been shown to ameliorate various diabetes-related complications such 

as kidney dysfunction, NAFLD and cardiovascular diseases [195, 196]. In vitro studies have 

demonstrated that quercetin exerts therapeutic effects comparable to those of metformin in cellular 

models [196, 197]. These pharmacological activities have been associated with quercetin’s antioxidant 

capacity, which is influenced by the type, number and position of sugar moieties attached to its 

structure [198]. Quercetin functions as a potent antioxidant by directly scavenging ROS, such as 

superoxide (O₂⁻), nitric oxide (NO⁻) and peroxynitrite (ONOO⁻) [92]. It also enhances endogenous 

antioxidant defence systems by increasing the activity of enzymes, such as SOD, catalase and GPx 

[92]. The efficacy of quercetin in reducing both metal and non-metal-induced oxidative damage is 

attributed to the presence of the free 3-OH group (see Figure 4) [198]. 

 
 

 

Figure 4: The general structure of A) flavonoids and B) quercetin. 

 

4.1 Gossypetin 

 

Gossypetin (GTIN) is a natural derivative of the well-known flavonoid quercetin [199]. GTIN is a 

hexahydroxyflavone predominantly found in the calyces of Hibiscus sabdariffa [200]. It is also 

present in other plant species from the Malvaceae family, including Hibiscus vitifolius, Gossypium 

herbaceum and Gossypium arboreum [201]. These calyces have traditionally been used in tropical 

regions for their medicinal properties and serve as rich sources of bioactive phytochemicals [202]. 

Historically, extracts from these plants have been employed in the treatment of conditions such as 

https://www.sciencedirect.com/topics/medicine-and-dentistry/quercetin
https://www.sciencedirect.com/topics/medicine-and-dentistry/antidiabetic-agent
https://www.sciencedirect.com/topics/medicine-and-dentistry/antiviral-activity
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inflammation, jaundice and diabetes [203]. Structurally, GTIN shares a catechol moiety on the B-ring 

similar to that of quercetin (see Figure 5) [204]. However, GTIN has three hydroxyl groups at carbon 

positions 5, 7 and 8 rather than two as seen in quercetin in the A-ring [205]. Notably, the adjacent 

hydroxyl groups at carbon positions 7 and 8 in GTIN act as a catechol-like centre [205]. 

Studies have shown that GTIN exerts potent antioxidant and anti-inflammatory properties (see Table 

1) [201, 206]. It has been shown to exhibit therapeutic effects at doses between 10-20 mg/kg in vivo 

[200, 202]. Hence, in our study we selected an oral dose of 15 mg/kg GTIN for administration to our 

animals which is within the therapeutic range. A previous study showed that GTIN exhibited the most 

potent reducing capacity among 15 well-known flavonoids [206]. GTIN has also demonstrated 

protective effects in various disease models, including improved kidney function following 

nephrotoxicity [200], enhanced cognition and memory following four weeks of treatment [207], and 

reduced hepatic steatosis, lobular inflammation and fibrosis in a murine model of non-alcoholic 

steatohepatitis (NASH) [202]. 

Although the molecular mechanisms underlying GTIN activity remain incompletely understood, its 

structural similarity to quercetin suggests that it may influence pathways involved in glucose 

metabolism, inflammation, oxidative stress and mitochondrial function [208]. In prediabetes, impaired 

insulin signalling contributes to reduced glucose uptake and altered glucose metabolism [209]. Insulin 

binding to the insulin receptor activates insulin receptor substrate-1 (IRS-1), which subsequently 

stimulates phosphoinositide 3-kinase (PI3K) and protein kinase B (Akt) signalling [210]. Activation 

of Akt promotes glucose transporter-4 (GLUT4) translocation to the skeletal muscle membrane, 

thereby increasing glucose uptake. Akt also inhibits glycogen synthase kinase-3 (GSK-3), resulting in 

activation of glycogen synthase and increased glycogen storage [211]. Flavonoids such as quercetin 

have been reported to improve insulin sensitivity through modulation of this pathway [212]. 

Therefore, GTIN may potentially improve glucose homeostasis through similar mechanisms. 

However, the effects of GTIN on IRS-1, PI3K, Akt and GLUT4 signalling have not yet been directly 

investigated. 

Prediabetes is also characterised by increased oxidative stress and chronic low-grade inflammation 

[213]. Elevated glucose availability and mitochondrial dysfunction increase reactive oxygen species 

(ROS) generation, which can activate inflammatory pathways such as nuclear factor-kappa B (NF-κB) 

[214]. Activation of NF-κB promotes the transcription of pro-inflammatory cytokines, including TNF-

α and IL-6 [214]. These cytokines can impair insulin signalling through inhibitory modifications of 

IRS proteins, thereby further contributing to insulin resistance [215]. Since GTIN demonstrates 

antioxidant and anti-inflammatory properties, it may potentially reduce ROS-mediated NF-κB 

activation and attenuate inflammatory signalling [199, 200]. However, direct evidence demonstrating 

GTIN-mediated regulation of NF-κB activation or inflammatory cytokine production remains limited. 
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Oxidative stress regulation may also involve activation of endogenous antioxidant defence pathways 

[216]. Flavonoids such as quercetin have been shown to activate nuclear factor erythroid 2-related 

factor 2 (Nrf2), a transcription factor that regulates the expression of antioxidant enzymes including 

haem oxygenase-1 (HO-1) and SOD [217]. Activation of Nrf2 reduces ROS accumulation and lipid 

peroxidation, thereby limiting oxidative damage [217]. Due to its structural similarity to quercetin, 

GTIN may potentially exert similar effects through modulation of Nrf2-mediated antioxidant 

responses [218]. However, the effects of GTIN on Nrf2 signalling and antioxidant enzyme expression 

have not been directly investigated. These proposed mechanisms are supported by evidence from 

structurally related flavonoids; however, GTIN-specific molecular mechanisms remain poorly 

characterised [217]. 

Mitochondrial dysfunction is an important contributor to impaired glucose metabolism during 

prediabetes [219]. Reduced mitochondrial oxidative phosphorylation and increased mitochondrial 

ROS production contribute to insulin resistance and metabolic dysfunction [220]. Quercetin has been 

reported to improve mitochondrial function through activation of pathways involving peroxisome 

proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α) [221]. This promotes 

mitochondrial biogenesis and enhances oxidative capacity [221]. Therefore, GTIN may potentially 

preserve mitochondrial function through similar mechanisms due to its structural similarity to 

quercetin. However, the effects of GTIN on mitochondrial respiration, mitochondrial biogenesis and 

mitochondrial bioenergetics have not yet been established. 

Despite studies demonstrating antioxidant, anti-inflammatory and organ-protective effects of GTIN, 

its effects on glucose homeostasis and metabolic complications associated with prediabetes remain 

unknown [200, 201, 222]. 

 
 

 

Figure 5: Chemical structure of gossypetin [223]. 
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Table 1: In vitro and In vivo studies on the effects of GTIN in various disease models 

 

Study Model Dose Duration Key findings 

In vitro studies 

Khan et al., 

2015 [206] 

Hepatocyte cell 

line 

20 mM and 40 

mM 

1 hour GTIN at both doses reduced DNA 

damage and inflammation 

Lin et al., 

2021 [224] 

Aortic cell line 1, 5, 10, 25, 50, 

100 and 250 μM 

48 hours GTIN at all doses reduced cell 

proliferation, cell cycle 

progression,  migration,  matrix 

degradation and oxidative stress 

Lin et al., 

2015 [199] 

Endothelial cell 

line 

0.1, 0.5, 1.0, 2.0 

and 5.0 μM 

24 hours GTIN at all doses exhibited 

protective effects against 

endothelial damage 

In vivo studies 

Lin et al., 

2015 [199] 

New Zealand 

White rabbits 

10 mg/kg 

oral 

10 weeks GTIN reduced ox-LDL uptake, 

lipid-laden foam cell formation 

and promoted cholesterol efflux 

Ijaz et al,, 

2023 [200] 

DOX-induced 

nephrotoxicity in 

Sprague Dawley 

rats 

30 mg/kg 

intraperitoneal 

30 days GTIN improved renal function by 

enhancing antioxidants and 

reducing urea, creatinine, KIM-1 

Samant et 

al., 2022 

[207] 

Swiss albino mice 

exposed to various 

stressors 

5, 10 and 20 

mg/kg 

intraperitoneal 

4 weeks GTIN at all doses improved 

behaviour, reduced oxidative stress, 

promoted  elevated 

serotonin,   norepinephrine,   and 

BDNF levels 

Gulsheen 

et al., 2024 

[225] 

Mice 5 and 20 mg/kg 

oral 

1 week GTIN at both doses showed 

significant antianxiety and 

antidepressant effects 

Jo et al., 

2022 [222] 

5xFAD Mice 10 mg/kg 

oral 

13 weeks GTIN reduced Aβ plaques and 

improved cognition 
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Oh et al., 

2023 [202] 

C57BL/6 mice 20 mg/kg 

oral 

4 weeks GTIN reduced hepatic steatosis, 

lobular inflammation and liver 

fibrosis 

Mustafa et 

al., 2023 

[226] 

Sprague-Dawley 

rats 

5 mg/kg and 30 

mg/kg 

oral 

56 days GTIN at both doses reduced 

oxidative stress, enhanced sperm 

parameters, restored hormone 

levels, exhibited androgenic 

properties and regulated apoptotic 

marker expression 

5.0 Experimental models of prediabetes 

 

In vivo animal models of prediabetes have been widely used to study the pathophysiological 

mechanisms underlying this condition [227, 228]. While these models do not fully mimic human 

diabetes mellitus, they remain crucial tools for assessing the efficacy of novel anti-diabetic agents 

[223]. Animal models allow researchers to control genetic and environmental factors that influence 

disease onset and progression, thereby yielding useful information for developing effective 

management strategies [229]. Genetically induced and diet-induced animal models have been used to 

study prediabetes [230]. Leptin-deficient (ob/ob) mice, insulin receptor substrate (IRS) knockout 

mice, Goto-Kakizaki (GK) rats and Zucker Diabetic Fatty (ZDF) rats are examples of genetically 

induced prediabetes models [231]. However, due to their limited availability and the challenge of fully 

mimicking the human condition of prediabetes, diet-induced animal models are often preferred for 

studying this condition [229]. 

Various diet-induced animal models of prediabetes have been established by feeding either a high-fat 

diet, a high-sucrose diet or a combination of both [232, 233]. A commonly used model involves 

feeding C57BL/6J mice a high-fat diet for 16 weeks which has been shown to induce prediabetes and 

prediabetic neuropathy [227]. This model is characterised by the development of obesity, elevated 

plasma FFA, hyperinsulinemia and IGT [229]. However, this model has not been used to evaluate the 

efficacy of anti-diabetic and anti-nephropathic agents [229]. Another established model involves 

feeding adult Wistar rats a 35% sucrose solution ad libitum for 9 weeks [234]. This model is 

characterised by hyperinsulinemia and hypertriglyceridemia with normoglycaemia during the fed state 

[229]. Although selected parameters related to prediabetic neuropathy were assessed in this model, the 

therapeutic effects of anti-diabetic agents have yet to be explored [229]. Additionally, a high-fructose 

diet-induced prediabetes model has been developed by administering a diet containing 60% fructose to 

rats for 30 days [235]. This model is characterised by the development of insulin resistance, decreased 

insulin sensitivity and increased lipid peroxidation [235]. While the suitability of this model has been 

assessed using the hepatotoxic agent thioacetamide, its potential for evaluating anti-diabetic therapies 
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has not yet been established [235]. 

 

Notably, a combination of high-fat and high-fructose diets has been reported to be more effective in 

inducing prediabetes than either diet alone [236, 237]. This combined diet model was developed by 

feeding rodents a diet in which 40%–60% total calories were derived from fat and fructose-enriched 

drinking water for 6 months [236]. Animals subjected to this regimen exhibited obesity and moderate 

insulin resistance [236]. The high-fat high-fructose diet has been shown to promote liver fibrosis, 

inflammation, endoplasmic reticulum stress and lipoapoptosis [238]. However, the macronutrient 

composition of this diet did not mimic the high-calorie diet that predisposes humans to prediabetes in 

developed countries [34, 238]. 

6.0 High-fat high-carbohydrate diet-induced model of prediabetes 

 

In our laboratory, a diet-induced prediabetic animal model was established by feeding male Sprague 

Dawley rats a high-fat high-carbohydrate (HFHC) diet comprising 55% carbohydrates, 30% fats and 

15% protein supplemented with 15% fructose water over 20 weeks [55]. Previous research from our 

laboratory showed that the HFHC diet induces moderate hyperglycaemia, mild insulin resistance and 

moderate glucose intolerance, elevated glycated haemoglobin, body weight and ghrelin concentration 

[34, 116]. It has also been reported that the HFHC diet model of prediabetes exhibits alterations in 

cardiovascular, hepatic and renal function [90, 116, 149]. Studies have shown that the HFHC diet 

promotes hepatic oxidative stress and liver damage [239, 240]. Additionally, this diet has been 

associated with myocardial injury and increased risk of developing cardiovascular diseases [90]. It has 

also been shown to promote kidney dysfunction, as evidenced by a decreased glomerular filtration rate 

and increased kidney injury marker levels [149]. Male Sprague Dawley rats are commonly utilised in 

diabetes research due to their metabolic similarity to humans, ease of handling and docile 

temperament [55]. Accordingly, this study sought to investigate the effects of GTIN on glucose 

homeostasis and selected complications of prediabetes using a HFHC diet-induced prediabetic animal 

model. 

 

7.0 Justification of the study 

Prediabetes is an intermediate state of hyperglycaemia which precedes the development of T2DM 

[20]. The prevalence of prediabetes is increasing rapidly in developed and developing countries such 

as South Africa due to the consumption of high-calorie diets and sedentary lifestyles [21]. Studies 

have shown that many of the complications, such as cardiovascular diseases, NAFLD and renal 

dysfunction, seen in T2DM begin during prediabetes [17, 18]. The combination of pharmacological 

and dietary interventions is currently the primary therapeutic approach for managing prediabetes 

[241, 242]. However, patient compliance to these combined approaches is low as patients do not 

comply with diet modifications due to the high cost, inconvenience of changing eating patterns and 

lack of nutritional food knowledge [163, 167]. Hence, the efficacy of pharmacological intervention is 
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reduced [178]. Therefore, there is a need to identify alternative compounds that are effective in 

managing prediabetes and its associated complications in the presence and absence of dietary 

intervention. Quercetin is a plant-derived structural analog of gossypetin which has been shown to 

exhibit high insulin-mimetic properties, antioxidant, cardioprotective, hepatoprotective and 

renoprotective effects with less toxicity compared with conventional diabetes drugs [198, 243]. 

Notably, studies have found that gossypetin exhibits potent antioxidant and anti-inflammatory 

properties [201, 243]. However, no studies have investigated the effects of GTIN on glucose 

homeostasis as well as its effects on cardiovascular, liver and renal complications in the prediabetic 

state. Accordingly, this study sought to investigate the effects of GTIN on glucose homeostasis and 

selected complications of prediabetes using a HFHC-diet induced prediabetic animal model. 
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Abstract: Type 2 diabetes mellitus (T2DM) is a metabolic disorder 

caused by insulin resistance and dysfunctional beta (β)-cells in the 

pancreas. Hyperglycaemia is a characteristic of uncontrolled diabetes 

which eventually leads to fatal organ system damage. In T2DM, free 

radicals are continuously produced, causing extensive tissue damage and 

subsequent macro-and microvascular complications. The standard 

approach to managing T2DM is pharmacological treatment with anti-

diabetic medications. However, patients’ adherence to treatment is 

frequently decreased by the side effects and expense of medications, 

which has a detrimental impact on their health outcomes. Quercetin, a 

flavonoid, is a one of the most potent anti-oxidants which ameliorates 

T2DM. Thus, there is an increased demand to investigate quercetin and 

its derivatives, as it is hypothesised that similar structured compounds 

may exhibit similar biological activity. Gossypetin is a 

hexahydroxylated flavonoid found in the calyx of Hibiscus sabdariffa. 

Gossypetin has a similar chemical structure to quercetin with an extra 

hydroxyl group. Furthermore, previous literature has elucidated that 

gossypetin exhibits neuroprotective, hepatoprotective, reproprotective 

and nephroprotective properties. The mechanisms underlying 

gossypetin’s therapeutic potential have been linked to its anti-oxidant, 

anti-inflammatory and immunomodulatory properties. Hence, this 

review highlights the potential role of gossypetin in the treatment of 

diabetes and its associated complications. 

Keywords: gossypetin; diabetes mellitus; flavonoid 

 

 

1. Introduction 

Approximately 90% of all cases of diabetes are type 2 diabetes mellitus 
(T2DM) [1]. The global prevalence of T2DM in adults was 536.6 
million in 2021, and by 2045, 783.2 million people are expected to have 
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the condition, according to the International Diabetes Federation (IDF) 
(Figure 1) [2, 3]. The response to insulin is diminished in T2DM, which 
is characterised as insulin resistance [4]. It has been demonstrated that 
macro- and microvascular complications such as atherosclerosis, stroke, 
kidney failure and non-alcoholic fatty liver disease (NAFLD) are 
associated with diabetes mellitus (DM) [5, 6]. Oxidative stress has been 
demonstrated to be an essential component in the pathophysiology of 
these complications [7]. Unfortunately, conventional medical treatments 
for T2DM exhibit unfavourable side effects, such as adverse reactions in 
the gastrointestinal tract and damage to the kidneys and liver [8]. 

There has been increased global interest currently to identify anti-
oxidant compounds that are pharmacologically potent with little or no 
side effects [9]. As the primary source of anti-oxidants, flavonoids have 
emerged as an effective tool to combat against oxidative stress [10]. 
According to previous studies, one of the most prevalent flavonols 
derived from plants is quercetin, which has demonstrated various anti-
diabetic effects, along with reduced side effects [11, 12]. Thus, due to 
the notable therapeutic activities of quercetin, it has gained considerable 
interest [11]. Moreover, there exists an extensive reserve of 
phytochemicals that remain unexplored but may possess similar 
therapeutic properties to quercetin [13, 14]. It has been demonstrated 
that similarly structured compounds exhibit similar biological activity 
[13]. Moreover, research has demonstrated that the number and location 
of hydroxyl groups in flavonoids affect their anti-oxidant activity [15]. 
Gossypetin is a flavonoid that is found in the calyx of Hibiscus 
sabdariffa [16]. Interestingly, gossypetin has been shown to exhibit a 
similar structure to quercetin with an extra hydroxyl group, which may 
suggest more potent anti-oxidant activity [17]. Relevant to this review, 
studies have demonstrated the anti-oxidant, anti-inflammatory, 
nephroprotective, neuroprotective and hepatoprotective properties of 
gossypetin, all without any discernible toxicity [18-20]. Gossypetin has 
been demonstrated to be an effective dual-targeting agent that activates 
AMP-activated protein kinase (AMPK) and reduces oxidative stress, in 
contrast to conventional anti-diabetic medications that target one 
pathological mechanism [21]. In addition, the Hibiscus species is easily 
accessible and offers an inexpensive source of gossypetin [22]. The aim 
of the present review is to elucidate the potential role of gossypetin in 
the treatment of diabetes and its associated complications. 
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Figure 1. Estimated age-adjusted comparative prevalence of diabetes in 
adults (20–79 years) in 2021 Adapted with permission from 
International Diabetes Federation, 2013 [3]. 

1.1. Type 2 Diabetes Mellitus Complications 

Type 2 diabetes (T2DM) is a chronic metabolic disease that is rapidly 
becoming more prevalent across the world [23]. It is characterised by 
insulin resistance and dysfunction in the β-cells in the pancreas [24]. 
The pathophysiology and progression of this metabolic disorder is 
associated with hyperglycaemia-induced reactive oxygen species (ROS) 
production and oxidative stress [7]. Oxidative stress under 
hyperglycaemic conditions is caused by an imbalance between the 
production of ROS and the cellular anti-oxidant system [7]. This leads to 
the development of diabetes [7]. Peroxisomes, phagocytic cells and the 
endoplasmic reticulum all produce reactive oxygen species (ROS), with 
the mitochondrial electron transport chain (ETC) playing a major role 
[25]. Structural and functional changes in proteins, lipids and nucleic 
acids have been shown to be induced by the increased production of 
ROS [26]. Moreover, ROS alters multiple intracellular signaling 
pathways, which results in insulin resistance and decreased β-cell 
performance [7]. In addition, the generation of ROS induced by 
hyperglycaemia also plays a role in the development of the macro- and 
microvascular complications associated with diabetes (Figure 2)[5, 6, 
27]. Furthermore, it has been suggested that the generation of ROS 
through hyperglycaemia triggers several stress-sensitive signaling 
pathways, such as p-38 mitogen-activated protein kinases (MAPK), 
nuclear factor kappa B (NF-κB) and Jun amino-terminal kinases/stress-
activated protein kinases (JNK/SAPK), which in turn accelerates the 
development of complications related to T2DM [27]. Furthermore, 
research has demonstrated that the development of microvascular 
diabetic complications is significantly influenced by pro-inflammatory 
cytokines [28, 29]. Thus, clinical treatments may be developed from 
therapeutic approaches based on anti-oxidant and anti-inflammatory 
properties that have beneficial action against diabetic complications 
[30]. 
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Figure 2. The complications associated with type 2 diabetes mellitus [5, 
6, 27]. 

1.2. Flavonoids 

The majority of phytochemicals with anti-oxidant activity in plants are 
phenolics, which make up the largest class of phytochemicals [31]. Of 
all the phenolic compounds that occur naturally, flavonoids make up the 
largest group [32]. They are responsible for the different colours seen in 
leaves, seeds, bark, flowers and fruits [10]. The fundamental flavone 
skeleton of flavonoids is composed of 15 carbons and includes two 
benzene rings (A and B) connected by a three-carbon pyran ring (C) 
(Figure 3) [33, 34]. The distinct subclasses of flavonoidal compounds 
are derived from variations in this fundamental structure (Figure 3) [10, 
34]. These include chalcones, anthocyanins, flavanones, isoflavones, 
flavones and flavanols [10]. These secondary metabolites have been the 
subject of recent research due to their potential to prevent metabolic 
disorders such as obesity and diabetes mellitus [35]. The research 
findings indicate that dietary flavonoids have the potential to enhance 
insulin sensitivity, improve dysregulated lipid metabolism and reduce 
oxidative stress in metabolic disorders [36]. The research has shown that 
quercetin, one of the most abundant flavonols found in plants, has potent 
anti-diabetic properties [37, 38]. 

Figure 3. General structure of flavonoids. Adapted with permission 
from Ekalu and Habila,2020 [34]. 

1.2.1. Quercetin 

Quercetin is a flavonoid that is mainly found in citrus fruits, grapes, 
berries and broccoli [11]. It exhibits potent anti-oxidant properties [39]. 
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Studies have indicated that quercetin is a beneficial natural substance 
that regulates important signaling pathways and acts on various diabetes 
targets [40]. Unlike the currently used therapeutics, quercetin improves 
both hyperglycaemia and its associated macrovascular and 
microvascular complications [12, 37]. Quercetin increases the 
production of insulin, protects pancreatic beta-cells from oxidative stress 
and improves the cells’ ability to defend against reactive oxygen species 
[37, 41]. Diabetic complications including retinopathy, nephropathy and 
neuropathy have been shown to be induced by inflammation and 
oxidative stress [42, 43]. Quercetin has been shown to prevent diabetic 
complications by blocking NF-κB cells, monocyte chemoattractant 
protein 1 (MCP-1) and intercellular adhesion molecule 1 (ICAM1) in 
T2DM patients (Figure 4)[44-48]. Moreover, quercetin has been shown 
to decrease nephropathy biomarker levels, such as creatinine, blood urea 
nitrogen (BUN) and 8-hydroxydeoxyguanosin [49, 50]. Furthermore, the 
research has demonstrated that quercetin has a safer profile than 
conventional anti-diabetic medications that are marketed [37, 51]. 
Additionally, a novel fermentation-based glycosylation technique using 
inexpensive substrates such as underutilised food waste can be used to 
produce quercetin on a large scale [37]. Furthermore, a study showed 
that similar structured compounds may exhibit similar biological 
activities [13]. There exists a large pool of unexplored compounds with 
similar therapeutic activities to quercetin [52]. 

 

 
Figure 4. The potential molecular mechanism of quercetin on the NF-
kB inflammatory pathway [44, 45]. The activation of toll-like receptor 
(TLR) pathways encourages the production of pro-inflammatory 
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cytokines through the upregulation of transcription factors such as NF-
κB [44, 45]. Quercetin suppresses inflammatory cytokines production 
such as interleukin (IL)-6, tumour necrosis factor (TNF)-α and IL-1β via 
downregulating TLR4 [46, 53]. Subsequently, repressed receptors yield 
targeted suppression of IκBα phosphorylation and mitogen-activated 
protein kinase (MAPK) expression and thereby inhibit nuclear transfer 
of the NF-κB [46, 47]. Phosphorylation is represented as p in the above 
figure. In addition, quercetin may indirectly prevent inflammation by 
increasing peroxisome proliferator-activated receptor c (PPARγ) 
activity, thereby antagonising NF-κB [46, 48]. In addition, TNF-α binds 
to TNF receptors, which causes the activation of extracellular signal-
regulated kinase (ERK) [46]. Activated ERK inactivates PPARγ, 
therefore preventing nuclear translocation and the DNA binding of NF-
κB [46, 54]. This prevents the transcription of inflammatory mediators 
and triggers oxidative stress [46]. Quercetin activates nuclear factor 
erythroid 2-related factor 2 (Nrf2) and thereby contributes to increased 
heme oxygenase (HO)-1 levels, which are responsible for the 
downregulation of TNF-α [46]. Together, these block NF-kB-mediated 
induction of inflammatory cascades [46]. 

1.2.2. Gossypetin 

Gossypetin (GTIN) is a natural derivative of well-known quercetin [55]. 
It has previously been noted that quercetin is beneficial against diabetes 
mellitus and its associated complications[21, 37]. Gossypetin is 
hexahydroxyflavone and is found in the calyx of Hibiscus sabdariffa 
[16]. Tropical regions have made extensive use of these calyces as 
potential sources of medicinal phytochemicals [56]. Traditionally, these 
plant extracts were used to treat inflammation, jaundice and diabetes 
[57, 58]. GTIN is a yellow pigment, with a chemical formula of 
C15H10O8, a molecular weight of 318.24 g/mol and a boiling point 
temperature of 679.30 °C @ 760.00 mmHg [59]. Since reducing agents 
exhibit anti-oxidant properties, an organic molecule’s reducing power 
may serve as an indicator to evaluate its anti-oxidant activity [60]. The 
anti-oxidant actions of flavonoids are mediated by their functional 
hydroxyl groups, which chelate metal ions and scavenge free radicals 
[61]. The number and arrangement of hydroxyl groups in flavonoids 
also significantly influence their anti-oxidant properties [15]. The high 
anti-oxidant activity which gossypetin exhibits may be attributed to the 
presence of a carbonyl group at position C4, a double bond between C2 
and C3 and the 3-OH and 4-OH groups in the B ring (Figure 5) [55, 62, 
63]. Interestingly, gossypetin has a catechol moiety as a B-ring, 
similarly to quercetin [17]. In addition, gossypetin has three hydroxyl 
groups rather than two at positions 5, 7 and 8 in the A-ring (Figure 5) 
[17, 55, 63]. In gossypetin, the two subsequent hydroxyl groups at 
positions 7 and 8 function as another catechol-like center [17]. This 
suggests that gossypetin has three oxidisable redox active centers while 
quercetin only has two [17]. In addition, previous research showed that 
among 15 well-known flavonoids, including quercetin, gossypetin 
possessed the most potent reducing capacity [17]. This may suggest that 
gossypetin exhibits more potent anti-oxidant activity than quercetin. In 
addition, gossypetin may exhibit similar pharmacological properties to 
quercetin due to the structural similarity. Studies have shown that 
gossypetin exerts various pharmacological properties, including anti-
oxidant, anti-atherosclerotic, anti-nephrotoxic, as well as reproprotective 
and hepatoprotective effects [18, 21, 55]. Gossypetin has been shown to 
exhibit therapeutic effects at doses as low as 10 mg/kg and 20 mg/kg in 
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vivo [20, 64]. Therefore, gossypetin may serve as a potential candidate 
in the treatment of diabetes and its associated complications. 

 

 

 
Figure 5. Structure of (A) gossypetin (GTIN) and (B) quercetin. 
Adapted with permission from Khan et al., 2013 and Zheng and Chow, 
2009 [55, 63]. 

1.3. Pharmacological Action of Gossypetin 

As mentioned above, diabetes mellitus causes numerous micro- and 
macrovascular complications in affected patients [5, 65]. Gossypetin 
may serve as an appropriate candidate for the prevention and treatment 
of diabetes mellitus complications. In the below section, we discuss the 
therapeutic potential of gossypetin for the treatment of inflammation, 
oxidative stress, kidney dysfunction, liver dysfunction, cognitive 
dysfunction, atherosclerosis and reproductive dysfunction (Figure 6)[18, 
19, 62, 66, 67]. 

 

 

 

 
Figure 6. The reported pharmacological importance of gossypetin [18, 
19, 62, 66, 67]. 

1.3.1. Anti-Oxidant and Anti-Inflammatory Effects of Gossypetin 

The oxidative stress caused by ROS and free radicals has been 
shown to be linked with numerous complications in T2DM [68]. The 
cellular alterations that result in diabetic complications have been 
demonstrated to be caused by increased oxidative stress and 
inflammation, which are both a cause and an effect of diabetes [68]. 
Radiation promotes the production of hydroxyl radicals, which leads to 
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lipid peroxidation and significant biological damage [69]. It is 
responsible for the development of inflammation through nitric acid 
(NO) production [69]. In a previous study, hepatocytes were treated with 
20 mM and 40 mM GTIN for one hour before exposure to 5 Gy 
radiation [55]. The treatment with 20 mM of GTIN offered more 
effective protection against damage to supercoiled DNA than 40 mM of 
quercetin after exposure to 5 Gy radiation [70]. According to the study, 
GTIN significantly protected against radiation-induced DNA damage 
and inflammation directly and indirectly by scavenging ROS and NO 
[55]. The study demonstrated the anti-oxidant potential of GTIN, 
evidenced by the high ferric-reducing anti-oxidant power (FRAP) value 
[55]. FRAP denotes the total anti-oxidant pool [71]. GTIN contains a 
pair of parahydroxyls at positions 5 and 8 and two pairs of 
orthohydroxyls [55]. It is therefore oxidisable because it can form two o-
quinone intermediates and one p-quinone intermediate, which aids in 
scavenging free radicals [55]. Moreover, it was found that GTIN 
inhibited free-radical-mediated DNA strand breakage and decreased 
radiation-mediated oxidative stress in the study’s ex vivo model [55]. 
According to the study, GTIN terminates a radical chain reaction by 
reacting with radicals, transforming them into more stable compounds 
[55]. In addition, in the study’s ex vivo model, it was made evident that 
gossypetin exhibited the most potent anti-oxidant activity at a dosage of 
50 mM [70]. It was also suggested that exposure to 50 mM gossypetin 
exhibits therapeutic effects against DNA damage at even a higher 
radiation dose exposure between 5 Gy and 20 Gy [55]. The 
aforementioned studies have demonstrated the anti-inflammatory and 
anti-oxidant properties of gossypetin in the management of radiation-
induced oxidative stress (Figure 7) [55, 70, 72, 73]. Taken together, 
gossypetin may alleviate oxidative-stress-induced diabetic 
complications due to its potent anti-oxidant and anti-inflammatory 
potential. 

 

Figure 7. The potential molecular mechanism of gossypetin on the NF-
kB inflammatory pathway [55, 73]. It is shown that gossypetin inhibits 
PDZ-binding kinase (PBK) phosphorylation, which is involved in the 
regulation of p38 MAPK and ERK1/2 kinases [73]. Consequently, 
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MAPK and ERK are inhibited by gossypetin [55, 73]. The 
downregulation of MAPK inhibits NF-kB activation and translocation 
into the nucleus [55, 73]. As a result, there is a downregulation in the 
transcription of inflammatory mediators. In addition, the downregulation 
of ERK inhibits PPAR-y, thereby antagonising NF-kB [55, 73]. 
Furthermore, gossypetin has been shown to stimulate Nrf2, thereby 
activating OH-1 and superoxide dismutase (SOD)-3 [73]. This promotes 
anti-oxidant and anti-inflammatory properties. 

1.3.2. Anti-Atherosclerotic Effects of Gossypetin 

One of the main complications of DM is atherosclerosis, which is 
caused by endothelial dysfunction, inflammation and oxidative stress 
[74]. According to previous studies, increased low-density lipoprotein 
(LDL) oxidation has been linked to hyperinsulinaemia and impaired 
glucose tolerance in T2DM [75, 76]. Oxidised low-density lipoprotein 
(ox-LDL) induces damage to the vascular endothelial cells, which is a 
major factor in the development of atherosclerosis [77]. In T2DM, 
oxidative stress promotes the onset of vascular smooth muscle (VSMC) 
dysfunction [78]. Plaque formation results from VSMCs’ progressive 
proliferation and migration from the vascular media to the neointima 
during the pathogenesis of atherosclerosis [78]. According to a previous 
study, starved rat aortic VSMCs were treated with 0, 1, 5, 10, 25, 50, 
100 and 250 μM GTIN for 48 h [66]. The research findings indicated 
that GTIN inhibits the dysfunction of VSMCs through various 
mechanisms, including the suppression of cell proliferation, cell cycle 
progression, migration, matrix degradation and oxidative stress [66]. It 
was concluded that GTIN may demonstrate protective effects against 
VSMC dysfunction, which may delay atherosclerotic pathogenesis [20, 
66]. According to another study, gossypetin demonstrated protective 
effects against endothelial damage both in vitro and in vivo [20]. In the 
in vitro model, cells were treated with 0.1, 0.5, 1.0, 2.0 and 5.0 μM for 
24 h [20]. In the study’s in vivo model, New Zealand white rabbits were 
fed on a high-fat diet for 10 weeks to induce atherosclerosis and treated 
with 10 mg/kg gossypetin [20]. The results showed that in the in vitro 
model, gossypetin inhibited ox-LDL uptake, lipid-laden foam cell 
formation and promoted cholesterol efflux in a dose-dependent manner 
[20]. Furthermore, treatment with gossypetin has been shown to 
decrease liver injury markers and improve the lipid profile [20]. It was 
stated that numerous signals may have been involved in this process and 
the mechanisms are likely to be complex [20]. Gossypetin may have a 
major role in atheroprotection through upregulating autophagy [20]. 
Gossypetin inhibits oxidised low-density lipoprotein (ox-LDL) by 
activating peroxisome proliferator-activated receptor (PPAR)-α and 
inhibiting PPAR-γ, which promotes macrophage cholesterol clearance 
and delays atherosclerosis [20]. These studies have highlighted the anti-
atherosclerotic property of gossypetin in the treatment of endothelial 
dysfunction [20, 66]. Taken together, gossypetin may alleviate 
atherosclerosis in T2DM due to its anti-oxidant potential and ability to 
target endothelial dysfunction. 

1.3.3. Nephroprotective Effects of Gossypetin 

Oxidative stress and inflammation play a major role in the development 
of renal dysfunction in T2DM [43, 79]. A previous study has 
demonstrated that in a nephrotoxicity model, kidney function was 
significantly improved in Sprague-Dawley rats administered 30 mg/Kg 
GTIN intraperitoneally for 30 days [18]. Anti-oxidant enzyme activities 
were significantly increased by GTIN supplementation, which was also 
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associated with a reduction in ROS and malondialdehyde (MDA) levels 
[18]. Higher creatinine clearance was linked to an improved glomerular 
filtration rate, which was reflected by a reduction in urea, creatinine, 
kidney injury molecule-1 (KIM-1) and neutrophil-gelatinase-associated 
lipocalin (NGAL) levels after GTIN supplementation [18]. Urea and 
creatinine are used to monitor renal function [80]. The breakdown of 
phosphocreatine, which is catalysed by creatine kinase, produces 
creatinine, which is then eliminated from the kidney via glomerular 
filtration [81]. Any damage to the renal tissues caused by oxidation 
increases the levels of urea and creatinine while decreasing creatinine 
clearance [81]. Additionally, urine normally does not contain the 
transmembrane protein KIM-1, but its presence suggests damage to the 
proximal tubules [81]. The results of the study showed that GTIN 
treatment reduced the levels of inflammatory markers such as 
interleukin-10 and tumour necrosis factor-α (TNF-α) [18]. The results 
were corroborated by previous studies which suggested that flavonoids 
may be responsible for suppressing inflammation [82, 83]. It was 
suggested that the free radical scavenging and anti-inflammatory 
properties of GTIN may be directly related to its renoprotective effects 
[18]. Taken together, gossypetin may serve as a novel compound in the 
treatment of diabetic nephropathy due to its ability to decrease the levels 
of renal injury biomarkers, oxidative markers, apoptotic markers and 
inflammatory markers and alleviate damage to the architecture of renal 
tissue. In addition, the anti-oxidant and anti-inflammatory properties of 
gossypetin may ameliorate diabetic nephropathy by targeting oxidative 
stress and inflammation. 

1.3.4. Neuroprotective Effects of Gossypetin 

Cognitive function is compromised by the oxidative stress and 
inflammation caused by the high blood glucose concentrations in the 
brain as a result of T2DM [84, 85]. In a previous study, stress was used 
to induce memory and spatial learning deficits in mice [64]. 
Furthermore, long-term unpredictable stress leads to adverse 
consequences, such as neuropsychiatric conditions including dementia, 
depression and anxiety [86]. In this study, five weeks of exposure to 
different stressors were followed by four weeks of intraperitoneal 
administration of gossypetin at doses of 5, 10 and 20 mg/kg [64]. The 
behaviour pattern significantly improved following gossypetin 
administration, according to the results [64]. It has been found that mice 
exposed to 10 and 20 mg/kg of gossypetin had significantly lower levels 
of corticosterone and oxidative stress [64]. The main cause of synaptic 
loss and cognitive deficits is oxidative stress, which is accelerated by 
high cortisol levels [87]. Moreover, gossypetin administration was found 
to increase the levels of serotonin, norepinephrine and brain-derived 
neurotrophic factor (BDNF) [64]. A crucial molecule in the plastic 
changes linked to memory and learning is known as BDNF [88]. In 
patients with T2DM, lower levels of BDNF have been linked to 
cognitive impairment [89, 90]. Another study found that at doses of 5 
and 20 mg/kg po, respectively, gossypetin demonstrates significant anti-
anxiety and anti-depressant activity in mice [91]. Diabetes promotes an 
increase in the renin–angiotensin–aldosterone system (RAAS) both 
locally and systemically in the brain [92]. Pro-inflammatory processes 
are induced in the brain by elevated RAAS activation [93]. One factor 
influencing the decreased synthesis and release of BDNF is 
neuroinflammation [94]. Reduced BDNF levels have been linked to the 
development of depression by promoting neuronal damage [95]. 
Furthermore, a previous study showed that gossypetin administration in 
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vitro and in vivo decreased several of the hallmarks associated with 
Alzheimer’s disease (AD), including microgliosis and astrogliosis [67]. 
In the study’s in vitro model, the primary microglial cells were treated 
with 25 μM gossypetin for 24 h [67], and mice were intragastrically 
administered 10 mg/kg gossypetin daily for 13 weeks [67]. The results 
demonstrated that gossypetin reduced the formation of various types of 
beta-amyloid (Aβ) protein plaques, which delayed the progression of 
AD [67]. Interestingly, cognition and memory function was reversed to 
the same level as the control group after treatment with gossypetin [67]. 
Insulin resistance contributes to the development of Alzheimer’s disease 
by promoting the build-up of Aβ proteins [96, 97]. Taken together, 
gossypetin may serve as a novel compound in the treatment of cognition 
impairments in T2DM due to its ability to reduce oxidative stress and 
inflammation, decrease cortisol levels and increase BDNF levels. 

1.3.5. Hepatoprotective Effects of Gossypetin 

Systemic lipid and glucose homeostasis is maintained largely in part by 
the liver [98]. Studies have demonstrated that non-alcoholic fatty liver 
disease (NAFLD), fibrosis, cirrhosis and aberrant glycogen deposition 
are all associated with T2DM [99, 100]. It has been demonstrated that 
oxidative stress and inflammation play a significant role in the 
development of liver dysfunction in T2DM patients [100, 101]. Previous 
studies on drug development for nonalcoholic steatohepatitis (NASH) 
were based on the one-hit hypothesis [21, 102]. However, the 
development of therapeutic agents that target one specific mechanism to 
improve NASH has failed [102, 103]. As a result, the “multiple-hit 
hypothesis,” which takes into account focusing on multiple factors 
concurrently to improve the effectiveness of therapeutic agents, has 
become the new paradigm in NASH drug development [21, 104]. It has 
been suggested that targeting oxidative stress and metabolic dysfunction 
may be an approach to prevent NASH since these factors promote the 
development of fibrosis and inflammation [105]. According to a 
previous study, gossypetin reduced hepatic steatosis, lobular 
inflammation and liver fibrosis in mice induced with NASH for four 
weeks at a dose of 20 mg/kg/day [21]. According to the study, 
gossypetin directly acted as an anti-oxidant in both the in vitro and in 
vivo models, reducing the oxidative stress caused by hydrogen peroxide 
and palmitate [21]. It supports previous studies which have shown that 
anti-oxidants have the ability to alleviate NASH [21, 106]. Furthermore, 
the study revealed that gossypetin induced higher AMPK 
phosphorylation compared to the other flavonoids, including quercetin 
[21] Acetyl-CoA carboxylase 1 (ACC), an essential enzyme for fatty 
acid synthesis that controls hepatic insulin resistance, is phosphorylated 
by AMPK [21]. According to the study, mice treated with gossypetin 
exhibited increased AMPK activation, which reduced liver steatosis 
[21]. Taken together, gossypetin may serve as a novel therapeutic 
compound in the treatment of NASH and NAFLD due to its double 
targeting action against oxidative stress and AMPK phosphorylation. 

1.3.6. Reproprotective Effects of Gossypetin 

Male reproductive dysfunction in T2DM has been demonstrated to be 
exacerbated by oxidative stress, which promotes changes in hormone 
levels, apoptosis in germ cells and a decline in semen quality [107, 108]. 
An organic substance known as paraquat (PQ) has been shown to 
promote major damage to the male reproductive system [19, 109]. In a 
previous study, male reproductive dysfunction was induced by PQ 
exposure through the production of free radicals [19]. In the study, adult 
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male Sprague-Dawley rats were administered with gossypetin at doses 
of 5 mg/kg and 30 mg/kg for 56 days [19]. Gossypetin was found to 
improve PQ-induced reproductive dysfunctions in the study [19]. 
Gossypetin reduced the levels of reactive oxygen species (ROS) and 
malondialdehyde (MDA) while increasing the activities of glutathione 
reductase (GSR), catalase (CAT), superoxide dismutase (SOD) and 
glutathione peroxidase (GPx) [19]. Gossypetin also enhanced sperm 
viability, motility, as well as the quantity of hypo-osmotic tail-swelled 
spermatozoa and epididymal sperms [19]. In addition, it decreased 
sperm morphological abnormalities [19]. Gossypetin alleviated the 
luteinising hormone (LH) and follicle-stimulating hormone (FSH) 
reductions induced by PQ [19]. Additionally, gossypetin significantly 
increased the level of testosterone by upregulating the expression of 
steroidogenic enzymes, indicating that it has androgenic properties [19]. 
Gossypetin downregulated the gene expression of apoptotic markers 
such as caspase-3 and upregulated the gene expression of anti-apoptotic 
markers [19]. Taken together, gossypetin demonstrated reproprotective 
effects against paraquat-induced male reproductive dysfunction through 
its antioxidant, androgenic and anti-apoptotic properties. Since oxidative 
stress is a major contributor underlying T2DM-induced male 
reproductive dysfunction, gossypetin may have the potential to confer 
similar protective effects during T2DM. However, further studies are 
required to evaluate the therapeutic efficacy of GTIN using type 2 
diabetic animals. 

1.4. Potential Use of Gossypetin in Diabetes Mellitus 

The above section highlights the reported findings of gossypetin in the 

treatment of dysfunctions in the renal, cardiovascular, hepatic, 

reproductive and cognition systems [20, 21, 67]. Many of the 

complications that occur in diabetes are associated with oxidative stress 

[110, 111]. An imbalance between the generation of reactive oxygen 

species (ROS) and the anti-oxidant system’s capacity to neutralise these 

molecules results in oxidative stress [112]. Diabetes promotes oxidative 

stress due to a variety of mechanisms, such as increased oxygen radical 

production from glucose auto-oxidation, the production of glycated 

proteins and the glycation of anti-oxidant enzymes, which limits the 

capacity of anti-oxidants to neutralise free radicals [7, 113]. Gossypetin 

may prevent diabetic complications due to its anti-oxidant, anti-

apoptotic and anti-inflammatory actions [21, 73]. Elevated blood glucose 

levels pose a challenge in the treatment of diabetes mellitus [114]. 

Consequently, therapies that lower blood glucose levels may help treat 

diabetes mellitus [114]. Previous studies have shown that diabetes is 

associated with the impairment of AMPK activity [115, 116]. AMPK 

stimulates β-oxidation and fatty acid uptake while suppressing the 

synthesis of triglycerides, cholesterol and fatty acids [117]. Moreover, 

AMPK signaling reduces oxidative stress, inflammation and apoptosis 

[118]. Insulin resistance is inhibited and beta (β)-cell survival is 

promoted by AMPK activation [119]. AMPK activation has been shown 

in numerous studies to improve glucose uptake into the cells and reduce 

intracellular glucose production in diabetics [116, 117]. In addition, 

metformin and rosiglitazone, the two main conventional medications 

used in diabetes, demonstrate their metabolic effects partially by 

activating AMPK [120]. This makes the pharmacological activation of 

AMPK a viable target for DM drug development and discovery [121]. 

Unfortunately, there are negative side effects associated with these 

conventional anti-diabetic drugs [122, 123]. Consequently, it is 

imperative to investigate natural medications derived from plants that 
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treat diabetes and lack adverse side effects [124]. There is significant 

potential for managing diabetes mellitus and its complications with 

fewer side effects when natural products such as quercetin are used to 

activate and regulate the AMPK pathway [116, 125]. It is well known 

that gossypetin is structurally similar to quercetin with an extra hydroxyl 

[20, 126]. Therefore, gossypetin may exhibit similar anti-diabetic[20, 

126]. Interestingly, gossypetin has been shown to possess higher AMPK 

activity than quercetin [21]. For this reason, gossypetin may serve as a 

promising treatment for diabetes mellitus and its associated 

complications. 

1.5. Conclusions 

In this review, we highlighted the pharmacological properties of 
gossypetin and its potential in the treatment of diabetes and the 
associated complications. Our review of the literature demonstrated that 
gossypetin exhibited anti-oxidant, anti-inflammatory, nephroprotective, 
neuroprotective and hepatoprotective properties [21, 67, 126]. 
Gossypetin ameliorates many complications by targeting oxidative stress 
and inflammation [17, 21]. Oxidative stress and inflammation play a 
critical role in the development of T2DM [68]. It is worthy to note that 
gossypetin offered better protection against DNA damage from oxidative 
stress than quercetin [70]. In addition, gossypetin possessed the highest 
AMPK activity in comparison to other flavonoids, including quercetin 
[21]. Consequently, gossypetin may serve as a potential candidate in the 
treatment of diabetes and its associated complications. Future studies 
should investigate the therapeutic potential of gossypetin in diabetes 
mellitus. Moreover, further studies are also required to establish the 
pharmacokinetic and safety profiles of gossypetin. 
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Bridge 

 

The comprehensive review of existing literature in Chapter 2 highlighted key gaps in understanding 

the metabolic and physiological effects of gossypetin (GTIN) in the prediabetic state. In particular, 

limited evidence exists on the potential of GTIN to modulate glucose homeostasis and mitigate 

associated complications, such as cardiovascular dysfunction, hepatic impairment and renal 

disturbances. In order to address these gaps in the literature, Chapter 3 outlines the detailed 

methodology employed to investigate the effects of GTIN on glucose homeostasis, cardiovascular 

function, liver health and kidney function in diet-induced prediabetes. 
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CHAPTER 3: METHODOLOGY 

 

1.0 Chemicals and drugs 

 

The chemicals employed were of analytical grade and sourced from standard commercial suppliers 

(Merck, Darmstadt, Germany). Gossypetin was purchased from INDOFINE Chemical Company 

(Hillsborough, NJ, USA). Metformin was purchased from Sigma-Aldrich (St. Louis, MI, USA). 

2.0 Ethical considerations 

 

The ethical clearance of the study was approved by the Animal Research Ethics Committee (AREC) 

of the College of Health Sciences, the University of KwaZulu Natal (AREC NO.: 

AREC/00004965/2022). 

3.0 Sample size calculation 

 

In this study, we have utilised G Power software (version 3.1) to calculate the sample size. The 

calculation was based on fasting blood glucose values obtained from a previously published study 

conducted in our laboratory using the same diet-induced prediabetic male Sprague Dawley rat model 

[1]. Using an estimated effect size (f) of 0.68, a significance level (α) of 0.05, a statistical power (1 − 

β) of 0.80, and six experimental groups, G Power analysis indicated that a minimum total sample size 

of 36 animals (n = 6 per group) was required, achieving an actual statistical power of 0.84 (Table 1). 

Furthermore, previous studies conducted in our laboratory using the same experimental model have 

successfully employed six animals per group to detect significant differences in metabolic, 

biochemical and histological outcomes [1]. Therefore, six animals per group were considered 

sufficient to achieve adequate statistical power while adhering to the principles of Reduction under 

the 3Rs framework for the ethical use of animals in research. 

Table 1: Sample size calculation on G power software 

 

F tests—ANOVA: Fixed effects, omnibus, one-way 

Analysis: A priori: Compute required sample size 

Input 

Effect size f 0.68 

α err probability 0.05 

Power (1 − β err prob) 0.80 

Number of groups 6 

Output 

Non-centrality parameter λ 16.65 

Critical F 2.53 
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Numerator df 5 

Denominator df 30 

Total sample size 36 

Actual power 0.84 

 

4.0 Animals and housing 

 

The study involved 36 male Sprague Dawley rats (150–180 g), which were bred and kept in the 

Biomedical Research Unit (BRU) at the University of KwaZulu-Natal (UKZN), Westville campus. 

Under standard laboratory conditions, the animals were housed at a constant temperature of 22 ± 2 °C, 

a carbon dioxide (CO2) content of <5000 p.m, relative humidity of 55 ± 5% and a 12 h light/dark 

cycle (lights on at 07:00). Noise levels were kept under 65 decibels. Food and water were provided ad 

libitum to all animals. All animal experiments and handling were approved by the Animal Research 

Ethics Committee of the University of KwaZulu-Natal (ethics number: AREC/00004965/2022). 

Before the experimental diet (high fat high carbohydrate) was introduced, the rats were allowed to 

acclimatize to their new environment while consuming a standard rat diet (Meadow Feeds, Lanseria, 

South Africa) and tap water for 1 week. 

5.0 Induction of prediabetes 

 

The animals were randomly distributed into two groups based on diet: group 1 (n = 6) and group 2 

(n = 30). The induction of experimental prediabetes in the animals was carried out using the protocol 

outlined by Luvuno et al. [1]. Group 1 animals were given a standard rat diet and tap water, while 

group 2 animals received a high-fat, high-carbohydrate (HFHC) diet (AVI Products (Pty) Ltd., 

Waterfall, Johannesburg, South Africa) supplemented with 15% fructose-enriched water to induce 

prediabetes over a period of 20 weeks. Following 20 weeks, the animals were assessed for prediabetes 

using the American Diabetes Association criteria [2]. Animals with a fasting blood glucose 

concentration of 5.6 to 6.9 mmol/L and a 2 h oral glucose tolerance test glucose concentration of 7.8 

to 11.0 mmol/L were classified as the prediabetic group. The animals on the standard diet were also 

assessed at week 20 to confirm normoglycaemia and were categorised as the non-prediabetic group. 

6.0 Experimental design and treatment 

 

Following the induction of prediabetes, the prediabetic group (n = 30) was further divided into five 

sub-groups (Group 2-6), consisting of six animals each (see Figure 1). The prediabetic animals either 

continued the HFHC diet or changed to a normal standard diet (ND) while receiving either 15 mg/kg 

gossypetin (GTIN) or 500 mg/kg metformin (MET) orally once every third day for 12 weeks. We 

selected an oral dose of 15 mg/kg GTIN based on previous studies showing its effectiveness and 

safety within the 10–20 mg/kg range [3-5]. Similarly, 500 mg/kg MET was chosen due to its proven 

therapeutic effects at this dose and minimal side effects [6, 7]. Group 1 were the non-prediabetic 
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control (NPD) animals that continued the ND while group 2 were the prediabetic control animals (PD) 

that remained on the HFHC diet and received as the vehicle 3 mL/kg of diluted dimethyl sulphoxide (2 

mL DMSO: 19 mL normal saline, p.o.)(Merck, Darmstadt, Germany). Group 3 (GTIN + ND) animals 

received GTIN and were changed to the ND diet while Group 4 (GTIN + HFHC) received GTIN and 

continued the HFHC diet. Group 5 (MET + ND) animals received MET and were changed to the ND 

diet while Group 6 animals (MET + HFHC) received MET and continued the HFHC diet. 

 

 

 

Figure 1: Experimental layout and design 

 

7.0 Blood collection and tissue harvesting 

 

At the end of week 32, all animals were anaesthetised with Isofor (100 mg/kg) (Safeline 

Pharmaceuticals (Pty) Ltd., Roodeport, South Africa) for 3 min using a gas anaesthetic chamber 
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(BRU, UKZN, Durban, South Africa). Once the animals were unconscious, blood samples were 

obtained from the animals through cardiac puncture and transferred into individual pre-cooled 

heparinised containers. The blood samples were centrifuged (Eppendorf AG, Eppendorf centrifuge 

5403, Hamburg, Germany) at 4 °C, 503× g for 15 min to obtain plasma. Each plasma sample was 

aspirated into plain sample bottles and stored at −80 °C in a Bio Ultra freezer (Snijers Scientific, 

Tilburg, The Netherlands) until ready for biochemical analysis. Skeletal muscle, heart, liver and 

kidneys were removed and rinsed in normal saline. The tissues were snap-frozen in liquid nitrogen 

and stored at −80 °C in a BioUltra freezer for biochemical analysis. The right liver lobe was preserved 

in 10% formalin buffer for histopathological examination. 

8.0 Methodology for study 1 

 

Parameters such as body weight, percentage body weight change, caloric intake, percentage caloric 

intake change and fasting blood glucose (FBG) levels were monitored at weeks 20, 24, 28, and 32. 

The oral glucose tolerance test (OGTT) was conducted at week 32 following the protocol established 

in prior studies [6, 7]. 

8.1 Biochemical analysis 

 

At the end of week 32, plasma insulin levels were measured using sandwich ELISA while ghrelin 

levels were measured using competitive ELISA as per the manufacturer’s instructions (Elabscience 

Biotechnology Co., Ltd., Houston, TX, USA). Glycated haemoglobin (HbA1c) levels were measured 

using competitive ELISA (Cloud-Clone Corp, Wuhan, China). In sandwich ELISA, the analyte is 

captured between two antibodies, whereas in competitive ELISA the sample antigen competes with a 

labelled antigen for binding to a limited amount of antibody. 

The homeostatic model assessment for insulin resistance (HOMA2-IR) index was calculated from the 

insulin and FBG concentrations (https://www.dtu.ox.ac.uk/homacalculator/) [8]. Glycogen levels in 

liver and skeletal muscle tissues were assessed following an established protocol [6, 7]. The 

absorbance was read using the Spectrostar Nano spectrophotometer (BMG Labtech, Ortenburg, 

Baden-Württernberg, Germany) at 620 nm. The glycogen concentrations were calculated from a 

glycogen standard curve. 

More information on the methodology for study 1 is given in Chapter 4. 

 

9.0 Methodology for study 2 

 

Parameters such as body mass index (BMI), waist circumference (WC) and blood pressure were 

monitored at weeks 20, 24, 28 and 32 as described in the established protocol [9, 10]. The systolic and 

diastolic pressure of all experimental animals was measured using a non-invasive tail-cuff method and 

the mean arterial pressure (MAP) was calculated using the formula below [10, 11]: 

https://www.dtu.ox.ac.uk/homacalculator/
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MAP (mmHg) = 
(2 × diastolic pressure)+ systolic pressure 

3 

 
9.1 Biochemical analysis 

 

 

At the end of week 32, the plasma lipid profile was analysed by measuring triglyceride (TAG), total 

cholesterol (TC) and high density lipoprotein (HDL) using the respective assay kits according to the 

manufacturer instructions (Elabscience Biotechnology Co., Ltd., Houston, TX, USA). These assays 

were based on the principle of enzymatic reactions that produce a colour change proportional to the 

concentration of the analyte. VLDL and LDL cholesterol levels were calculated using Friedewald’s 

formula as seen below [12]: 

LDL (mmol/L) = TC − HDL − (TG/2.2) and VLDL (mmol/L) = TG/2.2 

 

Lipid peroxidation was determined by measuring heart malondialdehyde (MDA) levels using a 

previously published protocol [9, 11]. The assay is based on the principle that MDA reacts with 

thiobarbituric acid (TBA) under high temperature and acidic conditions to form a pink MDA–TBA 

adduct, which can be quantified spectrophotometrically at 532 nm. The absorbance from these 

wavelengths was used to calculate the concentration of MDA using Beer’s Law as follows [9, 11]: 

 
MDA concentration (nmol/g) =   Average Absorbance 

Absorption coefficient (156 nm) 

 
Heart antioxidant enzyme activity including superoxide dismutase (SOD) and glutathione peroxidase 

(GPx) were measured according to manufacturer instruction (Elabscience Biotechnology Co., Ltd., 

Houston, TX, USA). Endothelial function and inflammatory marker levels were determined by 

measuring plasma endothelial nitric oxide (eNOS), tumour necrosis factor-α (TNF-α), interleukin-6 

(IL-6) and C-reactive protein (CRP) using sandwich ELISA according to the manufacturer’s 

instructions (Elabscience Biotechnology Co., Ltd., Houston, TX, USA). 

More information on the methodology for study 2 is given in Chapter 5. 

 

10.0 Methodology for study 3 

 

The liver weights of all the animals in each experimental group were measured using an analytical 

balance at week 32. 

10.1 Biochemical analysis 

 

At the end of week 32, plasma aspartate transaminase (AST), alanine transaminase (ALT) and 

bilirubin levels were analysed with IDEXX Catalyst One Chemistry Analyzer (IDEXX Laboratories 

Inc. Westbrook, ME, USA). Plasma sterol regulatory element binding protein 1c (SREBP-1c) levels 
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were measured using a competitive ELISA kit (Biomatik USA, LLC, Wilmington, DE, USA). 

 

Liver tissue samples and the homogenate medium used for determining liver TAG levels, SOD 

activity and Gpx activity were prepared according to the manufacturer’s instructions (Elabscience 

Biotechnology Co., Ltd., Houston, TX, USA). Liver triglyceride levels were measured according to 

the manufacturer’s instructions (Elabscience Biotechnology Co., Ltd., Houston, TX, USA). Liver 

antioxidant enzyme activity including SOD and GPx was determined using the respective assay kits 

according to the manufacturer’s instructions (Elabscience Biotechnology Co., Ltd., Houston, TX, 

USA). The liver MDA concentration was quantified following a previously established laboratory 

protocol [9, 11]. 

10.2 Histology 

 

At week 32, histological examination of the right liver lobe was performed following a previously 

documented protocol [13]. The slides were stained with hematoxylin and eosin (H&E). The processed 

tissue sections were visualized and captured with a Leica SCN400 scanner and analysed using Aperio 

ImageScope software (version 12.4.6; Leica Biosystems, Buffalo Grove, IL, USA). The liver tissue 

slides were assessed for the following: Lipid droplet accumulation, sinusoid disruption and hepatocyte 

plate arrangement. 

More information on the methodology for study 3 is given in Chapter 6. 

 

11.0 Methodology for study 4 

 

Fluid intake and urine output were measured in all the animals by placing them in individual 

metabolic cages for 24 hours during weeks 20, 24, 28 and 32. The urine samples were centrifuged at 

13000 rpm for 5 minutes at 4℃ and the supernatants were stored at −80°C in a Bio Ultra freezer 

(Snijders Scientific, Tilburg, Holland) until ready for biochemical analysis. 

 

 

11.1 Biochemical analysis 

 

At week 32, kidney function parameters (such as creatinine, urea, uric acid, albumin) were determined 

in the plasma and urine samples by using their respective assay kits according to the manufacturer 

(Elabscience Biotechnology Co., Ltd., Houston, TX, USA). Urine albumin and electrolytes (Na+ and 

K+) levels were measured by Global Clinical and Viral Laboratories (Amanzimtoti, Durban, South 

Africa). Plasma kidney injury molecule (KIM-1) and aldosterone concentrations were determined 

from their specific ELISA kits as instructed by the manufacturer (Elabscience Biotechnology Co., 

Ltd., Houston, TX, USA). 

The glomerular filtration rate (GFR) of all the animals was determined from the estimation of 
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creatinine in the plasma and urine (creatinine clearance) as follows [14]: 
 

 

GFR [mL/min] = 

mg 

dl 
) x 24 hrs urine volume (mL) 

Plasma creatinine(
mg

) x 60 min x 24 hours 
dl 

 
Kidney total antioxidant status (TAS), IL-6 and TNF-α levels were measured using their respective 

ELISA kits (Elabscience Biotechnology Co., Ltd., Houston, TX, USA). 

11.2 PCR 

 

Ribonucleic acid (RNA) was isolated from urine (4 mL) by using the ZR Urine RNA Isolation Kit 

(Zymo Research Corp., Irvine, CA, USA) according to the manufacturer’s protocol. The purity of the 

RNA was confirmed by the relative absorbance ratio of 260/280 nm via a Nanodrop 1000 

spectrophotometer (Thermo Scientific, Santa Clara, CA, USA). 

A cDNA synthesis kit was used to produce reverse transcription reactions using 2 μg of total RNA as 

described by the manufacturer (New England Biolabs, Ipswich, MA, USA). The Luna Universal 

qPCR Master Mix was utilized for amplification (New England Biolabs, Ipswich, MA, USA). All 

samples were run in duplicate and β-actin mRNA was used as a housekeeping gene (β-actin: forward 

primer 5′-AGTGCCAGCCTCGTCTCATA-3′; reverse primer 5′-GATGGTGATGGGTTTCCCGT-3′ 

to normalise the podocin mRNA level. The sequences of the used oligonucleotide primers were as 

follows: podocin forward 5′-TGGAAGCTGAGGCACAAAGA-3′ and podocin reverse 5′-

AGAATCTCAGCCGCCATCCT-3′ (Inqaba Biotec, Pretoria, South Africa). The 2-ΔΔCt relative 

quantification method was used to represent gene expression values. 

More information on the methodology for study 4 is given in Chapter 7. 

 

12.0 Statistical analysis 

 

GraphPad Prism version 5 software (GraphPad Software Inc., San Diego, CA, USA) was used to 

analyse data for all groups in all studies (Study 1-4). Prior to statistical analysis, the assumptions of 

normality and homogeneity of variance were assessed to ensure the suitability of the data for 

parametric analyses. Data collected repeatedly from the same animals over time, including fasting 

blood glucose, caloric intake, mean arterial pressure, BMI, WC, fluid intake and urine output, were 

analysed using two-way analysis of variance (ANOVA), followed by Tukey's multiple comparisons 

post hoc test. Variables measured at a single time point were analysed by one-way analysis of 

variance followed by Tukey–Kramer via GraphPad Prism 5. The statistical data were presented as 

mean ± SEM. Statistical significance was determined at p < 0.05. 
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Bridge 

 

 

The methodology presented in Chapter 3 included the experimental design, animal model, treatment 

interventions and biochemical analysis. Chapter 4 consists of an original research manuscript that 

presents the findings of manuscript 1, which investigates the effects of gossypetin (GTIN) on glucose 

homeostasis in both the presence and absence of dietary intervention in diet-induced prediabetic rats. 

The study also compares the effects of GTIN with those of metformin, a standard anti-diabetic agent. 
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CHAPTER 4: MANUSCRIPT 1 

PROLOGUE 

The habitual consumption of high-calorie diets has been shown to promote the development of 

prediabetes and type 2 diabetes mellitus (T2DM). Prediabetes is an intermediate hyperglycaemic state 

which often precedes the development of T2DM. In prediabetes, glucose homeostasis becomes 

progressively impaired due to the early onset of insulin resistance and compensatory 

hyperinsulinaemia. The current management strategies for prediabetes involve a combination of 

dietary and pharmacological interventions. However, there still remains a low level of patient 

compliance with this approach as most patients merely use pharmacological intervention without any 

change in diet. Hence, the efficacy of pharmacological interventions is reduced. This limitation 

highlights a significant gap in the literature regarding the identification of compounds that remain 

effective even in the absence of dietary intervention. Flavonoids have garnered attention for their 

potent antihyperglycaemic and insulin-sensitising properties. Gossypetin (GTIN) is a 

hexahydroxylated flavonoid which has recently demonstrated potent antioxidant and anti-

inflammatory effects. However, no studies have shown the effects of GTIN on glucose homeostasis 

during the prediabetic state. Hence, in manuscript 1, we investigated the effects of GTIN on glucose 

homeostasis in both the presence and absence of dietary intervention in a diet-induced prediabetic rat 

model. 

The manuscript in Chapter 4 is titled “Effects of gossypetin on glucose homeostasis in diet-induced 

prediabetic rats” and is authored by Naidoo K and Khathi A. 

The manuscript has been published in the journal “Molecules” and formatted according to the 

journal’s guidelines for authors. See Appendix 3. 

 

 

 

Candidate Contribution: Karishma Naidoo was responsible for study conceptualisation, study 

design, all experimental work, statistical analysis, first draft writing and manuscript editing. 
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Abstract: 

 

Flavonoid compounds have gained considerable interest due to their diverse biological activities, 

including their potential role in improving metabolic dysfunction associated with impaired glucose 

regulation. However, the effects of gossypetin (GTIN) on glucose homeostasis during the pre-diabetic 

state remain unexplored. This study examined the effects of GTIN on key markers of glucose 

homeostasis in a diet-induced pre-diabetic rat model. Pre-diabetes was induced by allowing the 

animals to feed on a high-fat high-carbohydrate (HFHC) diet supplemented with 15% fructose water 

for 20 weeks. Following pre-diabetes induction, the pre-diabetic animals were sub-divided into five 

groups (n = 6), where they were either orally treated with GTIN (15 mg/kg) or metformin (MET) (500 

mg/kg), both with and without dietary intervention, over a 12-week period. The results demonstrated 

that animals in the untreated pre-diabetic (PD) control group exhibited significantly higher fasting and 

postprandial blood glucose levels, as well as elevated plasma insulin concentrations and increased 

homeostatic model assessment for insulin resistance (HOMA2-IR) index, relative to the non-pre-

diabetic (NPD) group. Similarly, increased caloric intake, body weight and plasma ghrelin levels were 

observed in the PD control group. Notably, these parameters were significantly reduced in the PD 

animals receiving GTIN treatment. Additionally, glycogen levels in the liver and skeletal muscle, 

which were disturbed in the PD control group, showed significant improvement in both GTIN-treated 

groups. These findings may suggest that GTIN administration, with or without dietary modifications, 

may offer therapeutic benefits in ameliorating glucose homeostasis disturbances associated with the 

PD state. 
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1.0 Introduction 

 

Pre-diabetes is a metabolic state characterised by blood glucose concentrations above normal 

physiological levels but below the diagnostic threshold for type 2 diabetes mellitus (T2DM) [1]. This 

condition is associated with early insulin resistance and hyperinsulinaemia [2, 3]. The prevalence of 

pre-diabetes has been linked to dietary patterns, particularly those high in fats and carbohydrates, 

commonly observed in “Westernized” diets [4]. As of 2017, the global prevalence of impaired 

glucose tolerance (IGT) was estimated at 7.3% among adults, affecting approximately 352.1 

million individuals, with projections indicating an increase to 8.3% by 2045 [1, 4]. Untreated pre-

diabetes is recognised as a precursor to T2DM development and its associated complications [4, 5]. 

 

The development of pre-diabetes involves progressive disruption of glucose regulation through 

impaired peripheral glucose utilisation and altered hepatic glucose metabolism [5]. Additionally, 

decreased cellular glucose uptake stimulates increased food intake, mediated by elevated ghrelin 

levels [6]. The progression from pre-diabetes to T2DM is significantly influenced by lifestyle factors, 

particularly dietary habits and adherence to prescribed interventions. Despite the proven efficacy of 

dietary modifications and pharmacological treatments in mitigating the risk of T2DM, adherence to 

these lifestyle changes remains a challenge [7]. Thus, there is a need for alternative treatments that 

remain effective even in the absence of dietary modifications [6]. 

 

Flavonoids, a diverse group of polyphenolic compounds found abundantly in plants, have 

demonstrated significant antioxidant properties, capable of scavenging various free radicals, including 

hydroxyl radicals, superoxide anions and lipid peroxy radicals [8, 9]. The antioxidant efficacy of 

flavonoids is influenced by their structural configuration and the number of hydroxyl groups present 

[10, 11]. Quercetin, a well-known flavonoid, has been reported to improve glucose homeostasis in 

both pre-diabetic and diabetic states due to its antioxidant activity [12, 13]. GTIN, a hexahydroxylated 

flavonoid extracted from the calyx of Hibiscus sabdariffa, possesses a chemical structure similar to 

that of quercetin. It has been reported to exhibit more potent antioxidant effects compared to quercetin 

[14, 15]. Previous studies have reported that GTIN exhibits several biological effects, including anti-

inflammatory, neuroprotective, hepatoprotective, and renoprotective activities [14, 15]. However, 

despite these promising pharmacological properties, the influence of GTIN on glucose homeostasis 

during the pre-diabetic state remains unexplored. Therefore, this study aims to evaluate the effects of 

GTIN on key markers associated with glucose homeostasis in a diet-induced PD rat model, both with 

and without dietary modifications. 
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2.0 Results 

 

2.1 Oral glucose tolerance (OGT) test 

 

The OGTT was measured at the end of week 12 of the treatment period (n = 6, per group). At 0 min 

(Figure 1a), the PD control group showed significantly (p = < 0.0001) higher fasting blood glucose 

(FBG) levels in comparison to the NPD group. However, PD animals receiving GTIN with either a 

normal diet (GTIN + ND) (p = 0.0017) or a high-fat high-carbohydrate diet (GTIN + HFHC) (p = 

0.0146) showed significantly lower plasma glucose levels in comparison to the PD control group. 

Similarly, FBG levels were significantly (p = 0.0005) lower in PD animals receiving MET with a 

normal diet (MET + ND) in comparison to the PD control group. At 120 min post-glucose load, the 

PD control group showed significantly (p = 0.0015) higher plasma glucose levels in comparison to the 

NPD group. The GTIN + ND and GTIN + HFHC groups had significantly lower blood glucose levels 

by 37.72% and 27.09%, while the MET + ND and MET + HFHC groups showed reductions of 

30.10% and 23.93% in comparison to the PD control group. Additionally, the PD control group 

exhibited a significantly higher area under the curve (AUC) at all intervals (Figure 1b) in comparison 

to the NPD group. Both GTIN-treated groups (31.16% and 19.32%) and MET-treated groups (25.30% 

and 3.45%) exhibited significantly lower AUC values at 60–120 min in comparison to the PD control 

group. 

 

 

Figure 1. The effects of GTIN on (a) blood glucose concentrations during the 2-h OGTT and (b) 

AUC after 12 weeks of treatment. Data are presented as mean ± SEM (n = 6 per group). * p < 0.05 vs. 

NPD; # p < 0.05 vs. PD. 

 

2.2. HOMA2-IR Index 

The HOMA2-IR values were calculated at week 12 of the treatment period (n = 6, per group). The 

results (Table 1) showed that the FBG (p = < 0.0001) and insulin (p = < 0.0001) levels were 

significantly higher in the PD control group in comparison to the NPD group. The HOMA2-IR value 

for the NPD group was within the insulin-sensitive range (<1.0), while the PD control group had a 
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significantly (p = < 0.0001) higher HOMA2-IR value compared to the NPD, which was in the range 

of early insulin resistance (>1.9). Both GTIN + ND and GTIN + HFHC groups showed significantly 

lower FBG (17.44% and 10.76%), insulin levels (57.88% and 53.05%) and HOMA2-IR index values 

(70.37% and 62.0%) in comparison to the PD control group. The MET + ND group also displayed 

significantly lower FBG (16.80%) (p = < 0.0001), insulin (57.20%) (p = < 0.0001) and HOMA2-IR 

values (60.07%) (p = < 0.0001) in comparison to the PD control group. 

Table 1. The effects of GTIN on FBG, plasma insulin and HOMA2-IR index in rats with or without 

dietary modification at week 12 of the treatment period (n = 6, per group). Values are presented as 

mean ± SEM. 

 

Experimental Group 
Plasma Fasting Glucose 

(mmol/L) 

Plasma Insulin 

(pmol/L) 
HOMA2-IR Index 

NPD 4.73 ± 0.12 28.03 ± 0.79 0.85 ± 0.038 

PD 6.17 ± 0.08 * 68.36 ± 4.09 * 2.74 ± 0.19 * 

GTIN + ND 5.08 ± 0.14 #  ̂ 28.22 ± 0.83 # 0.92 ± 0.036 # 

GTIN + HFHC 5.50 ± 0.073 # 31.57 ± 0.43 # 1.11 ± 0.022 # 

MET + ND 5.13 ± 0.12 # 28.70 ± 0.66 # 0.94 ± 0.034 # 

MET + HFHC 5.70 ± 0.073 * 34.51 ± 1.30 # 1.26 ± 0.063 * 

 

* = p < 0.05 denotes comparison with NPD; # = p < 0.05 denotes comparison with PD; ^ = p< 0.05 

denotes comparison with MET + HFHC. 

2.3. Glycated Haemoglobin 

Glycated haemoglobin (HbA1c) concentrations were measured in all experimental groups at week 12 

of the treatment period (n = 6, per group). The results (Figure 2) showed that the HbA1c levels were 

significantly (p = < 0.0001) higher in the PD control group in comparison to the NPD group. 

However, it was observed that the HbA1c levels were significantly lower in both the GTIN + ND (p = 

< 0.0001) and GTIN + HFHC (p = < 0.0001) groups by 54.24% and 50.22% in comparison to the PD 

control group. Similarly, both the MET + ND (p = < 0.0001) and MET + HFHC (p = < 0.0001) 

groups showed significantly lower HbA1c levels by 53.66% and 30.70% in comparison to the PD 

control group. 
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Figure 2. Effects of GTIN on HbA1c levels after 12 weeks of treatment. Data are presented as mean ± SEM (n = 

6 per group). * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

2.4. Caloric Intake 

The caloric intake and percentage increase in caloric intake of the animals were determined every 

fourth week of the 12-week treatment period (n = 6, per group). The results (Table 2) showed that the 

PD control group had significantly (p = < 0.0001) higher caloric intake in comparison to the NPD 

group throughout the treatment period. At week 12, both the GTIN + ND (p = < 0.0001) and GTIN + 

HFHC (p = < 0.0001) groups showed significantly reduced caloric intake (17.26% and 11.86%) and 

percentage increase in caloric intake (19.18% and 6.76%) in comparison to the PD control group. The 

MET + ND group also exhibited significantly (p = < 0.0001) lower caloric intake (15.46%) and 

percentage increase (14.53%) in comparison to the PD control group. 

 

Table 2. The effects of GTIN on caloric intake and percentage increase in caloric intake from week 0 

to week 12 of the treatment phase in rats with or without dietary modification (n = 6, per group). 

Values are presented as mean ± SEM and in percentage increase (↑ = increase and ↓ = decrease). 

 

Caloric Intake (Kcal/g) 

Experimental Group Week 0 Week 4 Week 8 Week 12 

 

NPD 
139.92 ± 2.25 

(100%) 

142.90 ± 2.44 

(↑ 2.15%) 

144.34 ± 2.23 

(↑ 3.14%) 

144.16 ± 2.12 

(↑ 3.02%) 

 

PD 
162.14 ± 2.64 * 

(100%) 

171.16 ± 2.39 * 

(↑ 5.28%) * 

169.43 ± 2.74 * 

(↑ 4.30%) 

170.93 ± 2.99 * 

(↑ 5.13%) 

 

GTIN + ND 
168.13 ± 2.84 * 

(100%) 

160.47 ± 2.79 * 

(↓ 4.77%) *#^ 

150.87 ± 1.98 

(↓ 11.42%) *#^ 

141.10 ± 2.62 #  ̂

(↓ 19.18%) *#^ 

 

GTIN + HFHC 
163.31 ± 4.37 * 

(100%) 

165.08 ± 4.51 * 

(↑ 2.98%) # 

166.06 ± 4.78 * 

(↑ 3.09%) 

150.65 ± 3.64 # 

(↓ 6.76%) *# 

 

MET + ND 
165.12 ± 1.66 * 

(100%) 

162.09 ± 1.67 * 

(↓ 1.87%) *#^ 

159.02 ± 1.89 * 

(↓ 2.12%) *#^ 

144.18 ± 1.56 #  ̂

(↓ 14.53%) *#^ 

 

MET + HFHC 
162.79 ± 2.65 * 

(100%) 

168.86 ± 2.92 * 

(↑ 3.58%) 

168.45 ± 2.04 * 

(↑ 3.39%) 

158.17 ± 2.55 * 

(↓ 2.92%) *# 
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* = p < 0.05 denotes comparison with NPD, # = p < 0.05 denotes comparison with PD, ^ = p < 0.05 

denotes comparison with MET + HFHC. 

2.5. Body Weight 

The body weight and percentage increase body weight of the animals were determined every fourth 

week of the 12-week treatment period (n = 6, per group). The results (Table 3) showed that the body 

weight of the PD control group was significantly (p = < 0.0001) higher throughout the experimental 

period in comparison to the NPD group. At week 8, the GTIN + ND group demonstrated a 

significantly (p = < 0.0001) lower body weight and percentage increase (11.35% and 11.34%) in 

comparison to the PD control group. By week 12, reductions were 12.28% in body weight and 4.92% 

in percentage increase. The GTIN + HFHC group showed a significant (p = < 0.0001) reduction in 

percentage body weight increase by 4.59% at week 12 in comparison to the PD control group. The 

MET + ND group also exhibited a significantly (p = < 0.0001) lower percentage increase in body 

weight by 3.08% in comparison to the PD control group. 

Table 3. The effects of GTIN on body weight and percentage increase in body weight from week 0 to 

week 12 of the treatment phase in rats with or without dietary modification (n = 6, per group). Values 

are presented as mean ± SEM and in percentage increase (↑ = increase and ↓ = decrease). 

 

Body Weight (g) 

Experimental 

Group 
Week 0 Week 4 Week 8 Week 12 

NPD 
528.2 ± 18.21 540.7 ± 18.53 554.0 ± 17.87 554.8 ± 17.51 

(100%) (↑ 2.30%) (↑ 4.65%) (↑ 4.77%) 

PD 
650.2 ± 9.46 * 673.7 ± 11.46 * 692.7 ± 10.17 * 708.0 ± 15.71 * 

(100%) (↑ 3.47%) (↑ 6.13%) (↑ 8.09%) 

GTIN + ND 
665.3 ± 16.86 * 634.0 ± 15.08 * 612.7 ± 17.04 # 597.7 ± 15.74 #  ̂

(100%) (↓ 8.63%) *#^ (↓ 11.34%) *#^ (↓ 4.92%) ^#* 

GTIN + HFHC 
633.0 ± 13.09 637.0 ± 12.96 #  ̂ 651.5 ± 12.21 # 663.0 ± 11.88 

(100%) (↑ 0.67%) (↑ 2.83%) (↑ 4.59%) #  ̂

MET + ND 
638.5 ± 18.71 * 612.7 ± 18.78 #* 618.8 ± 18.19 #^* 619.5 ± 18.73 

(100%) (↓ 4.24%) (↓ 3.18%) (↓ 3.08%) *# 

MET + HFHC 
651.3 ± 23.82 * 

(100%) 

671.3 ± 24.47 

(↑ 2.98%) 

690.7 ± 22.40 * 

(↑ 5.75%) 

700.5 ± 23.49 * 

(↑ 7.06%) * 

 

 

* = p < 0.05 denotes comparison with NPD; # = p < 0.05 denotes comparison with PD; ^ = p< 0.05 

denotes comparison with MET + HFHC. 

2.6. Plasma Ghrelin Concentrations 

Plasma ghrelin concentrations were measured in all experimental groups at week 12 of the treatment 
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period (n = 6, per group). The results (Figure 3) showed that the plasma ghrelin levels were 

significantly (p = < 0.0001) higher in the PD control group in comparison to the NPD group. 

Furthermore, both the GTIN + ND (p = < 0.0001) and GTIN + HFHC (p = < 0.0001) groups had 

significantly lower plasma ghrelin levels by 41.53% and 33.79% in comparison to the PD control 

group. Interestingly, there was no significant difference (p = 0.4213) in the ghrelin concentrations 

between the NPD and GTIN + ND groups. 

Similarly, both the MET + ND (p = < 0.0001) and MET + HFHC (p = 0.0005) groups had 

significantly lower plasma ghrelin by 40.29% and 13.51% in comparison to the PD control group. 

 

 

 

Figure 3. Effects of GTIN on plasma ghrelin concentration after 12 weeks of treatment. Data are 

presented as mean ± SEM (n = 6 per group). * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

2.7. Liver and Skeletal Muscle Glycogen Concentrations 

Liver and skeletal muscle glycogen concentrations were measured in all experimental groups at week 

12 of the treatment period (n = 6, per group). The results showed (Figure 4) that the glycogen 

concentrations in the PD control group were significantly (p = < 0.0001) higher in the liver, while 

significantly (p = < 0.0001) lower in the skeletal muscle in comparison to the NPD group. Both the 

GTIN + ND and GTIN + HFHC groups showed significantly lower liver glycogen levels (p = < 

0.0001, p = < 0.0001) by 54.26% and 52.86% and significantly higher skeletal muscle glycogen (p = 

< 0.0001, p = < 0.0001) levels by 60.40% and 47.66% in comparison to the PD control group. 

Similarly, the MET + ND and MET + HFHC groups exhibited significantly lower liver glycogen 

levels (p = < 0.0001, p = < 0.0001) by 51.70% and 45.27% and higher skeletal muscle glycogen (p = 

< 0.0001, p = < 0.0001) levels by 53.08% and 27.51% in comparison to the PD control group. 
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(a) (b) 

Figure 4. Effects of GTIN on (a) liver and (b) skeletal muscle glycogen concentration after 12 weeks 

of treatment. Data are presented as mean ± SEM (n = 6 per group). * p < 0.05 vs. NPD; # p < 0.05 vs. 

PD; ^ p< 0.05 vs. MET + HFHC. 

 

3.0 Discussion 

Flavonoids are phenolic compounds found in fruits and vegetables as secondary metabolites [16]. 

These naturally occurring compounds possess anti-diabetic effects [10, 17]. Quercetin, a well-known 

flavonoid, has been shown to significantly improve insulin sensitivity, reduce caloric intake, HbA1c 

levels and FBG in the PD state [10, 18, 19]. Thus, there is an increased demand to investigate 

quercetin and its derivatives, as it is hypothesised that similarly structured compounds may exhibit 

similar biological activity [20, 21]. GTIN ameliorates many complications by targeting oxidative 

stress and inflammation [22, 23]. However, the effects of this compound on glucose homeostasis in 

the PD state have not been explored. Hence, this study sought to investigate the effects of GTIN on 

selected glucose homeostasis-associated markers in PD rats, both with and without dietary 

modification. 

 

Pre-diabetes is a state of intermediate hyperglycaemia associated with IGT, impaired FBG and early 

insulin resistance [1]. In normal glucose tolerant (NGT) individuals, blood glucose levels temporarily 

increase following glucose ingestion but return to fasting levels within two hours [24]. Insulin 

resistance impairs glucose disposal in skeletal muscle due to disrupted insulin signalling, glucose 

transport and glycogen synthesis, resulting in elevated blood glucose levels [25, 26]. This impairment 

is also associated with reduced GLUT4 translocation to the skeletal muscle membrane, limiting 

peripheral glucose uptake [27]. Furthermore, HFHC-induced metabolic stress may promote 

inflammatory activation, including NF-κB signalling, which can further disrupt insulin signalling and 

contribute to insulin resistance [28]. Consistent with previous studies, chronic consumption of a 

HFHC diet induced pre-diabetes, as evidenced by the impaired FBG, IGT and HOMA2-IR index in 

the PD control group in comparison to the NPD group [29-31]. However, both the GTIN + ND and 

GTIN + HFHC diet groups showed significantly lower HOMA2-IR index, fasting and postprandial 
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glucose levels compared to the PD control group. This may suggest that GTIN has a beneficial effect 

on FBG levels and improves glucose tolerance even when combined with the HFHC diet, though its 

effects are more pronounced with a normal diet. The AUC was significantly lower in the GTIN + ND 

in comparison to the PD control group. This may suggest that GTIN improves glucose handling and 

reduces glucose exposure. Previous studies have shown that quercetin may stimulate glucose uptake, 

glucose transporter (GLUT)-4 translocation and insulin signalling pathways [32, 33]. It is speculated 

that GTIN may improve glucose parameters by regulating key signalling pathways involved in 

glucose metabolism [34]. One possible mechanism may involve activation of AMP-activated protein 

kinase (AMPK), a key regulator of glucose homeostasis that promotes glucose uptake, improves 

insulin sensitivity and suppresses hepatic glucose production [35]. Additionally, the MET + HFHC 

and MET + ND groups exhibited similar therapeutic effects as the GTIN-treated groups. Metformin 

improves glycaemic control primarily through suppression of hepatic gluconeogenesis and activation 

of AMPK, which enhances insulin sensitivity and peripheral glucose uptake [36]. Therefore, the 

comparable effects observed between GTIN and MET may reflect overlapping metabolic actions, 

although GTIN may additionally influence oxidative stress and inflammatory pathways [37, 38]. Both 

the MET- and GTIN-treated groups were effective in improving glucose tolerance in PD animals, with 

GTIN exhibiting more potent anti-hyperglycaemic effects. 

HbA1c is a non-enzymatic glycation product of haemoglobin that persists in the body for 2–3 months 

[39]. Therefore, the HbA1c test is an effective means to screen for pre-diabetes and T2DM [39]. In the 

PD condition, plasma insulin does not effectively stimulate insulin-responsive tissues such as skeletal 

muscle [40, 41]. This results in increased glycation of haemoglobin due to elevated plasma glucose 

levels [42]. In this study, at week 12 of the treatment period there were significantly higher HbA1c 

levels in the PD control group in comparison to the NPD group. The HFHC diet may have induced 

insulin resistance resulting in elevated HbA1c levels, consistent with previous studies [43, 44]. 

However, both GTIN-treated groups showed significant reductions in HbA1c levels in comparison to 

the PD control group, with no change in comparison to the NPD group. GTIN was more effective at 

lowering HbA1c levels when combined with a normal diet compared to the HFHC diet, suggesting 

that a healthier diet enhances the efficacy of this compound. Previous studies have shown that 

flavonoids such as quercetin significantly improve HbA1c levels by increasing glucose uptake and 

improving insulin sensitivity [45, 46]. This improvement may be associated with enhanced peripheral 

glucose disposal through improved insulin signalling and GLUT4-mediated glucose transport [47]. 

Additionally, the antioxidant and anti-inflammatory properties of flavonoids may reduce metabolic 

stress that contributes to impaired glucose regulation [48, 49]. Additionally, MET has been shown to 

decrease HbA1c by decreasing hepatic glucose production and enhancing peripheral glucose uptake, 

as evidenced by the decreased HbA1c levels in the MET-treated groups [50, 51]. However, GTIN 

appears slightly more effective than MET, particularly in the GTIN + ND group. The effect of GTIN 

was comparable to MET, indicating its potential as a promising alternative treatment in the 
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management of diabetes. 

 

Energy homeostasis is the state of equilibrium between energy intake and expenditure, which is 

impacted by caloric intake and energy storage [52]. High-fat diets (HFD) in rodents increase caloric 

intake, correlating with weight gain [53, 54]. High-fructose diets promote rapid intestinal glucose 

absorption, resulting in repeated postprandial hyperglycaemia and compensatory hyperinsulinaemia, 

which contribute to the development of insulin resistance [55, 56]. This impaired glucose utilisation 

stimulates the secretion of ghrelin, an orexigenic hormone that regulates appetite and energy 

homeostasis [57]. Elevated ghrelin levels increase food intake, thereby promoting body weight gain 

[58]. In this study, at week 12 of the treatment period, the PD control group had significantly higher 

caloric intake, percentage body weight increase and plasma ghrelin levels in comparison to the NPD 

group. The results corroborated with previous findings which have associated elevated ghrelin with 

increased caloric intake and weight gain during pre-diabetes [59, 60]. 

 

However, caloric intake, percentage body weight gain and ghrelin levels were significantly lower in 

both GTIN-treated groups at week 12 of the treatment period in comparison to the PD control group. 

These results may suggest that GTIN administration under both dietary regimens, significantly 

improves satiety and reduces body weight gain. Previous studies have shown that flavonoids reduce 

body weight gain by decreasing caloric intake and increasing satiety [61, 62]. These effects may be 

partly attributed to the inhibition of amylolytic enzymes, including α-amylase and α-glucosidase, 

which delays carbohydrate digestion and reduces intestinal glucose absorption [63]. Consequently, 

postprandial glucose excursions are attenuated, resulting in improved glycaemic control [64]. 

Improved glycaemic control may enhance satiety and reduce caloric intake, thereby limiting body 

weight gain [65]. Similarly, GTIN may have reduced body weight gain through mechanisms similar to 

those reported for flavonoids. These mechanisms may include reduced intestinal glucose absorption, 

resulting in enhanced satiety and lower caloric intake. Additionally, the MET + ND group 

exhibited similar anti-obesity effects as the GTIN-treated groups. MET has been shown to reduce 

caloric intake and body weight through multiple intestinal mechanisms [66, 67]. It decreases intestinal 

glucose absorption and enhances the secretion of glucagon-like peptide-1 (GLP-1), which promotes 

satiety [66]. MET also increases circulating growth differentiation factor-15 (GDF-15), which 

suppresses appetite and promotes weight loss [68]. These mechanisms may have contributed to the 

reductions in caloric intake and body weight observed in the MET+ND group. However, reductions in 

caloric intake and body weight were not significant in the MET + HFHC group. This may suggest 

that GTIN exhibits more potent effects on controlling obesity even in the absence of dietary 

intervention, as compared to MET administration. The results of this study suggest that GTIN may 

have potential metabolic benefits in controlling weight gain; however, further studies are required to 

determine its suitability as a therapeutic intervention for obesity. 
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Glycogen is the main form of glucose storage in the liver and skeletal muscles [69]. It is a readily 

available source of glucose for energy production [69]. Under normal physiological conditions, 

elevated plasma glucose stimulates insulin release, activating glycogen synthase and increasing 

glycogen synthesis in the liver and muscles [70, 71]. In the PD state, insulin resistance impairs insulin 

signalling in skeletal muscle, reducing the translocation of GLUT-4 to the cell membrane and 

limiting peripheral glucose uptake [72]. Consequently, less glucose is available for skeletal muscle 

glycogen synthesis, while excess circulating glucose is diverted to the liver for increased glycogen 

synthesis [73, 74]. In this study, skeletal muscle glycogen levels were significantly lower while liver 

glycogen levels were significantly higher in the PD control group in comparison to the NPD group. 

During the PD state, the excess plasma glucose in the presence of skeletal muscle insulin resistance 

may have been diverted to the liver for storage [75]. However, both GTIN-treated groups had 

significantly higher skeletal muscle glycogen and lower liver glycogen levels in comparison to the PD 

control group. Glycogen distribution is more favourable in the GTIN + ND group in comparison to the 

GTIN + HFHC group. Previous studies have shown that quercetin enhances insulin signalling in 

skeletal muscle by promoting GLUT-4 translocation to the cell membrane, thereby increasing glucose 

uptake [76, 77]. Similarly, GTIN may have improved insulin signalling and glucose uptake in skeletal 

muscle, reducing glucose shunting to the liver. Additionally, the MET-treated groups showed similar 

effects on glycogen levels in the liver and muscle as the GTIN-treated groups. MET has been shown 

to improve insulin sensitivity by promoting GLUT-4 translocation to the plasma membrane of skeletal 

muscle and adipose tissue, thereby increasing peripheral glucose uptake without directly stimulating 

pancreatic insulin secretion [78]. These mechanisms may account for the improved glycogen 

distribution observed in the MET-treated groups. The two treatments were comparable in this regard. 

However, the effects of GTIN on GLUT4 expression and translocation were not investigated in the 

present study. Therefore, future studies should investigate whether GTIN enhances peripheral glucose 

uptake by modulating GLUT4 translocation and insulin signalling pathways. 

The HFHC diet effectively induced pre-diabetes, as evidenced by impaired FBG, IGT, increased 

HbA1c, hyperinsulinaemia and early insulin resistance in comparison to the NPD group. However, the 

administration of GTIN, both in the presence and absence of dietary modification, significantly 

decreased FBG and HbA1c levels as well as improved glucose tolerance and insulin sensitivity in 

comparison to the PD control group. Furthermore, both GTIN-treated groups showed significantly 

lower caloric intake, body weight gain and plasma ghrelin levels in comparison to the PD control 

group. GTIN improved disturbed glycogen levels in the liver and skeletal muscle. Additionally, the 

effects of GTIN were comparable to the conventional anti-diabetic drug MET. This may suggest that 

GTIN, with or without dietary modification, ameliorates disturb glucose homeostasis in the PD state. 

Although these findings demonstrate promising metabolic effects, translation to humans requires 

further investigation. Important considerations include GTIN pharmacokinetics, oral bioavailability, 

metabolism, tissue distribution, toxicity and determination of an appropriate therapeutic dose. Many 
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flavonoids exhibit limited bioavailability due to rapid metabolism; therefore, future studies should 

establish whether biologically active concentrations of GTIN can be achieved safely in humans [79]. 

 

4.0 Materials and Methods 

 

4.1. Chemicals and Drugs 

 

All chemicals and drugs used were of analytical grade and obtained from reputable suppliers (Merck, 

Darmstadt, Germany). 

4.2. Animals and Housing 

This study involved the use of 36 male Sprague-Dawley rats (150–180 g) which were bred and 

housed in the Biomedical Research Unit (BRU) at the University of KwaZulu-Natal (UKZN), 

Westville campus. The animals were maintained under controlled laboratory conditions: a constant 

temperature of 22 ± 2 °C, carbon dioxide (CO2) levels below 5000 ppm, relative humidity of 55 ± 5%, 

and a 12-h light/dark cycle with lights on at 07:00. Noise levels were kept below 65 decibels, and the 

rats had ad libitum access to food and water. All protocols and animal care procedures adhered to the 

guidelines of the Animal Research Ethics Committee of the University of KwaZulu-Natal (ETHICS: 

AREC/00004965/2022). Prior to the study, the rats were acclimatized to their environment for one 

week with standard rat chow and tap water before exposure to the HFHC diet (AVI Products (Pty) 

Ltd., Waterfall, South Africa) [60]. 

4.3. Induction of Pre-Diabetes 

The rats were randomly assigned to two diet groups: Group 1 (n = 6) and Group 2 (n = 30) (Figure 5). 

Pre-diabetes was induced in Group 2 according to the protocol described by Luvuno et al. [60]. Group 

1 rats were maintained on a standard rat diet with tap water, while Group 2 rats were given a HFHC 

diet supplemented with 15% fructose-enriched water. After 20 weeks, pre-diabetes was assessed using 

the American Diabetes Association (ADA) criteria [80]. Rats with FBG levels between 5.6 to 6.9 

mmol/L, an OGTT 2-h glucose concentration between 7.8 to 11.0 mmol/L, and HbA1c levels between 

5.7 to 6.4% were classified as pre-diabetic. Rats fed the standard diet were also evaluated at week 20 

to confirm normoglycemia and were classified as the non-pre-diabetic group. This period marked the 

beginning of the treatment phase (Week 0). 

 

4.4. Experimental Design and Treatment 

Following pre-diabetes induction, the rats were categorized into two primary groups: non-pre-diabetic 

(n = 6) and pre-diabetic (n = 30). The treatment phase commenced the day after pre-diabetes diagnosis 

and continued for 12 weeks. The pre-diabetic rats (n = 30) were subdivided into five experimental 

groups (Groups 2 to 6), each comprising six rats. These groups were as follows: Group 2 (pre-diabetic 

control) continued on the HFHC diet and received as the vehicle, 3 mL/kg of diluted dimethyl 
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sulfoxide (DMSO) (2 mL DMSO: 19 mL normal saline, p.o.); Group 3 (GTIN + ND) received GTIN 

while on the normal diet; Group 4 (GTIN + HFHC) received GTIN while continuing on the HFHC 

diet; Group 5 (MET + ND) received MET (MET) while on the normal diet; and Group 6 (MET + 

HFHC) received MET while on the HFHC diet. GTIN and MET were administered orally at dosages 

of 15 mg/kg and 500 mg/kg, respectively, every third day at 09:00 am. These dosages were selected 

based on previous studies [13, 59, 81]. Parameters such as body weight, caloric intake, and FBG 

levels were monitored at week 0, 4, 8, and 12. The OGTT was conducted at week 12 following the 

protocol established in prior studies [59, 60]. 

4.5. Blood Collection and Tissue Harvesting 

After 12 weeks of treatment, all animals were anaesthetised with Isoflurane (100 mg/kg) (Safeline 

Pharmaceuticals (Pty) Ltd., Roodeport, South Africa) for 3 min using a gas anaesthetic chamber 

(BRU, UKZN, Durban, SA). Following the onset of anaesthesia, blood samples were collected via 

cardiac puncture and transferred into pre-cooled heparinized tubes. The samples were then centrifuged 

(Eppendorf centrifuge 5403, Hamburg, Germany) at 4 °C and 503 g for 15 min to separate the plasma, 

which was subsequently stored at −80 °C in a Bio Ultra freezer (Snijers Scientific, Tilburg, 

Netherlands) until ready for biochemical analysis. The liver and skeletal muscle tissues were excised 

after the animals were sacrificed, snap-frozen in liquid nitrogen, and stored at −80 °C in a BioUltra 

freezer until ready for glycogen assay. 

4.6. Biochemical Analysis 

Plasma insulin, HbA1c and ghrelin levels were measured using ELISA kits (Elabscience 

Biotechnology Co., Ltd., Houston, TX, USA) as per the manufacturer’s instructions. The HOMA2-IR 

index was calculated from the insulin and FBG concentrations 

https://www.dtu.ox.ac.uk/homacalculator/ (accessed on 8 July 2024). 

4.7. Glycogen Assay 

Glycogen levels in liver and skeletal muscle tissues were assessed following established protocols 

[81-83]. Tissue samples (50 mg) were homogenized with 2 mL of 30% potassium hydroxide (KOH) 

and heated at 100 °C for 30 min. The reaction was terminated by the addition of 0.194 mL of 10% of 

sodium tetraoxosulphate VI (Na2SO4). After cooling, the glycogen precipitate was collected, washed 

with ethanol (95%), and resolubilized in 1 mL of H2O. The glycogen content was then quantified by 

mixing 200 µL of the resolubilized sample with 4 mL of anthrone reagent (0.5 g anthrone in 250 mL 

of 95% sulfuric acid) and boiling for 10 min. Absorbance was measured at 620 nm using a Spectrostar 

Nano spectrophotometer (BMG Labtech, Ortenburg, Germany). 

4.8. Statistical Analysis 

Data are expressed as mean ± SEM. Prior to statistical analysis, normality was assessed using the 

https://www.dtu.ox.ac.uk/homacalculator/
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Shapiro–Wilk test, and homogeneity of variance was assessed using Bartlett's test. Statistical analyses 

were performed using two-way analysis of variance (ANOVA) for OGTT, caloric intake and body 

weight data, while all other data were analysed using one-way ANOVA, followed by Tukey–Kramer 

post hoc tests. Area under the curve (AUC) was calculated using GraphPad Prism version 5 software 

(GraphPad Software Inc., San Diego, CA, USA). Statistical significance was determined at p < 0.05. 

 

 

 

Figure 5. Layout of experimental design and grouping 

5. Conclusions 

The findings of this study demonstrate that GTIN supplementation attenuates disturbed glucose 

homeostasis associated with diet-induced pre-diabetes. GTIN improved glycaemic regulation, as 

evidenced by reduced FBG, enhanced glucose tolerance and lowered HbA1c levels. It also improved 

metabolic parameters by reducing caloric intake, body weight gain and plasma ghrelin levels, 
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suggesting its benefits in appetite control and weight management. Additionally, GTIN positively 

influenced glycogen distribution, enhancing glucose uptake in muscles and reducing liver glycogen. 

These beneficial effects were evident regardless of dietary intervention, although greater 

improvements were observed in animals receiving dietary modification. The efficacy of GTIN in 

glucose management was comparable to that of MET, indicating its potential as an alternative 

therapeutic agent in diabetes management. 
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Bridge 

 

The first manuscript presented in Chapter 4 showed that diet-induced prediabetes was associated with 

disturbed glucose homeostasis. This was evidenced by elevated fasting blood glucose levels, 

postprandial glucose levels, glycated haemoglobin and moderate insulin resistance, in conjunction 

with increased caloric intake, body weight gain, elevated plasma ghrelin levels and altered glycogen 

distribution between the liver and skeletal muscle. The administration of gossypetin (GTIN), in both 

the presence and absence of dietary intervention, significantly improved these metabolic parameters. 

The therapeutic effects of GTIN were slightly better than metformin in many respects, especially 

under the HFHC diet. Prediabetes is a well-established risk factor for cardiovascular disease and is 

linked to dyslipidaemia, oxidative stress, endothelial dysfunction and chronic low-grade 

inflammation. The findings presented in manuscript 1 prompted further investigation into the potential 

effects of GTIN on cardiovascular function during the prediabetic state. Accordingly, Chapter 5 

presents the findings of manuscript 2 which aims to investigate the effects of GTIN on cardiovascular 

function, including plasma lipid profile, mean arterial pressure, adiposity indices, oxidative stress 

markers and systemic inflammatory mediators in diet-induced prediabetes. 
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CHAPTER 5: MANUSCRIPT 2 

PROLOGUE 

 

Literature has shown that cardiovascular complications associated with type 2 diabetes mellitus begin 

during the prediabetic state. Moderate insulin resistance, oxidative stress and low-grade inflammation 

during prediabetes contribute to endothelial dysfunction, elevated blood pressure and lipid 

abnormalities, which increase the risk of developing cardiovascular diseases. Current management 

strategies for prediabetes-associated cardiovascular complications involve a combination of dietary 

and pharmacological interventions. However, low patient adherence to dietary intervention 

compromises the health benefits of the combined interventions. Consequently, identifying compounds 

capable of attenuating prediabetes-associated cardiovascular complications, regardless of dietary 

intervention is warranted. Flavonoids have been extensively studied for their potent antioxidant and 

anti-inflammatory effects within the cardiovascular system. In manuscript 1, gossypetin (GTIN) 

significantly improved markers associated with glucose homeostasis in a diet-induced prediabetic rat 

model. However, the effects of GTIN on cardiovascular function in the prediabetic state was not 

investigated. Hence, in manuscript 2, we investigated the effects of GTIN on cardiovascular function 

in both the presence and absence of dietary intervention in a diet-induced prediabetic rat model. 

The manuscript in Chapter 5 is titled “Investigating the effects of gossypetin on cardiovascular 

function in diet-induced prediabetic male Sprague Dawley rats” and is authored by Naidoo K and 

Khathi A. 

The manuscript has been published in the “International Journal of Molecular Sciences” and 

formatted according to the journal’s guidelines for authors. See Appendix 4. 

 

 

 

Candidate Contribution: Karishma Naidoo was responsible for study conceptualisation, study 

design, all experimental work, statistical analysis, first draft writing and manuscript editing. 
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Abstract 

Gossypetin (GTIN), a naturally derived flavonoid, has demonstrated promising biological activities; 

however, its influence on cardiovascular complications associated with the pre-diabetic state remains 

unclear. This study examined the effects of GTIN on cardiovascular function in a diet-induced pre-

diabetic rat model, which has not been previously studied. Pre-diabetes was induced using a high-fat 

high-carbohydrate (HFHC) diet supplemented with 15% fructose water for 20 weeks. Thereafter, the 

pre-diabetic animals were sub-divided into five groups (n = 6), where they were either orally treated 

with GTIN (15 mg/kg) or metformin (MET) (500 mg/kg), both in the presence and absence of dietary 

intervention for 12 weeks. The results demonstrated that the pre-diabetic (PD) control group exhibited 

significantly higher plasma triglyceride, total cholesterol, low-density lipoprotein and very low-

density lipoprotein levels, along with decreased high-density lipoprotein (HDL) levels in comparison 

to the non-pre-diabetic (NPD) group. This was accompanied by significantly higher mean arterial 

pressure (MAP), body mass index (BMI), waist circumference (WC) and plasma endothelial nitric 

oxide (eNOS) levels in PD control. Additionally, there were increased heart malondialdehyde levels, 

reduced heart superoxide dismutase and glutathione peroxidase activity as well as increased plasma 

interleukin-6, tumour necrosis factor alpha and c-reactive protein levels present in the PD control 

group. Notably, both GTIN-treated groups showed significantly reduced plasma lipid levels and 

increased HDL, as well as decreases in MAP, BMI, WC and eNOS levels in comparison to PD 

control. Additionally, GTIN significantly decreased heart lipid peroxidation, enhanced antioxidant 

activity and decreased plasma inflammation markers. These findings may suggest that GTIN 

administration in both the presence and absence of dietary intervention may offer therapeutic potential 

in ameliorating cardiovascular disturbances associated with the PD state. However, future studies are 

needed to determine the physiological mechanisms by which GTIN improves cardiovascular function 

in the PD state. 
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1.0 Introduction 

 

High-caloric diets have been linked to an increased risk of metabolic disorders, including pre-

diabetes, which is a multifactorial condition influenced by genetic, environmental and lifestyle factors 

[1-3]. Pre-diabetes is an intermediate state between normal glucose tolerance (NGT) and overt type 2 

diabetes mellitus (T2DM) [4]. The International Diabetes Federation estimated that about 298 million 

adults worldwide have been diagnosed with pre-diabetes, with projections showing that this number 

will increase to about 414 million by the year 2045 [5]. This condition is characterised by moderate 

hyperglycaemia, moderate insulin resistance and impaired glucose tolerance [4]. Studies have shown 

that many of the complications seen in T2DM begin in the pre-diabetic (PD) state [6, 7]. Excess 

saturated fatty acids, trans fatty acids and pro-inflammatory adipokines have been shown to promote 

the development of insulin resistance, which is a risk factor for pre-diabetes [7-10]. Pre-diabetes has 

been shown to be associated with an increased risk of cardiovascular diseases (CVDs) and endothelial 

dysfunction [11]. This condition has been shown to promote adverse effects through multiple 

pathways by generating reactive oxygen species (ROS) [12]. Increased oxidative stress reduces the 

bioavailability of nitric oxide (NO), promoting increased blood pressure [13]. Chronic low-grade 

inflammation has been observed in the PD state, and this has been characterised by increased levels of 

pro-inflammatory markers, including tumour necrosis factor (TNF)-α, interleukin (IL)-6 and c-

reactive protein (CRP) [14, 15]. This has further been accompanied by increased plasma levels of 

triglycerides (TG), low-density lipoproteins (LDL) and decreased high-density lipoproteins (HDL), 

which have been shown to promote foam cell accumulation in artery walls and, subsequently, 

atherosclerosis [16]. 

 

The current strategy for the management of pre-diabetes involves both the combination of lifestyle 

modification and pharmacological intervention [17]. However, patients often neglect lifestyle 

modifications due to the financial burden of dietary changes and ease of access to pharmacological 

treatment [18]. Furthermore, studies have shown that individuals with lower educational backgrounds 

may lack knowledge of healthy dietary habits and preventive behaviours [19-21]. Limited nutrition 

education is a contributing factor to the development of pre-diabetes, as individuals with insufficient 

knowledge tend to make unhealthy lifestyle choices, including the consumption of high-calorie, 

nutrient-deficient foods that contribute to insulin resistance and metabolic dysfunction [22-25]. 

Additionally, a lack of understanding about the importance of dietary changes and higher prices of 

healthier foods may lead to an over-reliance on pharmacological treatments instead of lifestyle 

modifications, delaying the potential benefits of dietary intervention in reducing the risk of T2DM 

development [18, 26-28]. Studies have shown that pharmacological intervention in the absence of 

dietary modification shows limited effectiveness in the treatment of pre-diabetes [29, 30]. This 

highlights the need for pharmacological treatments that can effectively manage pre-diabetes and its 

associated complications in both the presence and absence of dietary intervention [31]. Flavonoids 
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have received increasing attention as potential cardioprotective agents due to their antioxidant, anti-

inflammatory, and vascular regulatory properties [32, 33]. Quercetin is a well-known flavonol that has 

shown efficacy in alleviating hyperglycaemia, hyperlipidaemia, hypertension and oxidative stress [34, 

35]. Studies have shown that quercetin administration was associated with reduced CVD risk [36, 37]. 

Interestingly, GTIN (Figure 1) is structurally similar to quercetin, with an extra hydroxyl group [38, 

39]. It exhibits many of the same biological activities as quercetin and has demonstrated more potent 

antioxidant activity [38, 40, 41]. The capacity of GTIN to scavenge free radicals assists in cell 

protection and may reduce the risk of CVDs [39, 42]. Furthermore, a recent study revealed that GTIN 

administration significantly enhanced insulin sensitivity, improved glucose tolerance and lowered 

fasting blood glucose levels [43]. Despite these findings, no studies have investigated the effects of 

GTIN on cardiovascular complications in the PD state. Hence, this study investigated the effects of 

diet-induced pre-diabetes on cardiovascular complications in both the presence and absence of dietary 

modification. 

 

 

 

 

Figure 1. The chemical structure of gossypetin [44]. 

 

2. Results 

2.1. Lipid Profile Markers 

Lipid profile marker concentrations were measured in all experimental groups at week 32 of the 

treatment period (n = 6, per group). The results (Table 1) showed that the PD control group had 

significantly higher levels of plasma TG (p = < 0.0001), total cholesterol (TC) (p = < 0.0001), LDL 

(p= < 0.0001) and very low-density lipoproteins (VLDL) (p = < 0.0001), along with lower HDL 

levels (p = 0.0004 ) in comparison to the NPD group. However, PD animals receiving GTIN with a 

normal diet (GTIN + ND) (p = < 0.0001 ) and with a HFHC diet (GTIN + HFHC) (p = < 0.0001 ) 

showed a significant reduction in these parameters and an increase in plasma HDL ( p = < 0.0001, p = 

0.0002) levels in comparison to the PD control group. Additionally, PD animals receiving MET 

with a normal diet (MET + ND) (p = < 0.0001) and with a HFHC diet (MET + HFHC) (p = < 

0.0001) exhibited significantly similar results as the GTIN-treated groups. 
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Table 1. The effects of GTIN on lipid profile markers in both the presence and absence of dietary 

modification at week 32 of the treatment period (n = 6, per group). Values are presented as mean ± 

SEM. 

Parameters 
Experimental Groups 

   

 NPD PD GTIN + ND GTIN + HFHC MET + ND MET + HFHC 

TG 

(mmol/L) 
1.03 ± 0.077 2.27 ± 0.22 * 0.91 ± 0.04 # 1.18 ± 0.050 # 1.05 ± 0.071 # 1.19 ± 0.013 # 

TC 

(mmol/L) 
2.65 ± 0.12 4.36 ± 0.05 * 2.80 ± 0.058 #^ 3.08 ± 0.091 # 2.84 ± 0.045 # 3.25 ± 0.076 # 

HDL 

(mmol/L) 
1.38 ± 0.084 0.70 ± 0.12 * 1.52 ± 0.093 # 1.41 ± 0.066 # 1.56 ± 0.11 # 1.22 ± 0.10 # 

LDL 

(mmol/L) 
0.74 ± 0.14 2.79 ± 0.14 * 0.72 ± 0.10 #  ̂ 1.06 ± 0.07 # 0.69 ± 0.094 # 1.30 ± 0.066 # 

VLDL 

(mmol/L) 
0.53 ± 0.024 0.87 ± 0.011 * 0.56 ± 0.012 #^ 0.62 ± 0.018 # 0.56 ± 0.0065 # 0.64 ± 0.012 # 

 

 

* = p < 0.05 denotes comparison with NPD, # = p < 0.05 denotes comparison with PD, ^ = p < 0.05 

denotes comparison with MET + HFHC. NPD: non-pre-diabetic control; PD: pre-diabetic control; 

gossypetin and normal diet (GTIN + ND); gossypetin and high-fat high-carbohydrate diet (GTIN + 

HFHC); metformin and normal diet (MET + ND); metformin and high-fat high-carbohydrate group 

(MET + HFHC). 

2.2. MAP Levels 

The MAP levels of all the animals were determined from week 20 to week 32 of the experimental 

period (n = 6, per group). The results (Figure 2) showed that the MAP levels were significantly (p = < 

0.0001) higher in the PD control group throughout the treatment period in comparison to the NPD. 

However, the GTIN+ND (p = < 0.0001, p = 0.0017) and GTIN+HFHC (p = 0.0017, p = < 0.0001) 

groups showed significant reductions to MAP levels at weeks 28 and 32 in comparison to the PD 

control. Additionally, the MET+ND (p = 0.0148, p = < 0.0001) and MET+HFHC (p = < 0.0001, p = 

0.0007) groups exhibited significantly similar results as the GTIN-treated groups at weeks 28 and 32 

of the treatment period. 
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Figure 2. Effects of GTIN on mean arterial pressure (MAP) from week 20 to week 32. Data are 

presented as mean ± SEM (n = 6 per group). * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

 

2.3. BMI and WC 

The BMI and WC of all the animals were determined from week 20 to week 32 of the experimental 

period (n = 6, per group). The results (Figure 3) showed that the BMI and WC in the PD control group 

were significantly (p < 0.05) higher throughout the treatment period in comparison to the NPD group. 

However, the GTIN+ND (p = 0.0002, p = < 0.0001) and GTIN+HFHC (p = < 0.0001, p = < 0.0001) 

groups exhibited a significant reduction in BMI and WC at week 28 and week 32 of the treatment 

period in comparison to the PD control. The MET + ND group showed significantly reduced BMI (p 

= 0.0068) and WC (p = < 0.0001) at week 28 in comparison to the PD control. Additionally, both 

MET-treated groups showed significantly (p < 0.05) similar results at week 32 in comparison to the 

PD control. 
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(a) (b) 

 

 

Figure 3. Effects of GTIN on (a) body mass index (BMI) and (b) waist circumference (WC) in rats 

with or without dietary modification from week 20 to week 32 (n = 6 per group). Data are presented 

as mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

2.4. eNOS Levels 

The plasma eNOS concentrations were measured in all experimental groups at week 32 of the 

treatment period (n = 6, per group). The results (Figure 4) showed significantly (p = < 0.0001) higher 

eNOS levels in the PD control group in comparison to the NPD group. However, the GTIN+ND (p = 

< 0.0001) and GTIN+HFHC (p = 0.0180) groups showed significantly lower eNOS levels in 

comparison to the PD control. The MET+ ND groups exhibited significantly (p = < 0.0001) similar 

results in comparison to the PD control. The GTIN + HFHC (p = 0.0013) and MET-HFHC (p = 

0.0001) groups had significantly higher eNOS levels in comparison to the NPD. 

 

 

 

 

Figure 4. Effects of GTIN on plasma eNOS levels in rats with or without dietary modification at week 

32 of the treatment period (n = 6 per group). Data are presented as mean ± SEM. * p < 0.05 vs. NPD; 

# p < 0.05 vs. PD. 
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2.5. Lipid Peroxidation, Antioxidant and Inflammatory Markers 

The concentrations of heart lipid peroxidation, antioxidants and plasma inflammatory markers were 

assessed in the experimental groups at week 32 of the treatment period (n = 6 per group). The results 

(Table 2) indicated that the PD control group showed significantly (p = < 0.0001) higher 

malondialdehyde (MDA) levels along with reduced heart SOD (p = < 0.0001) and Gpx (p = < 0.0001) 

activity in comparison to the NPD group. Furthermore, the PD control group showed significantly 

higher plasma levels of IL-6 (p = < 0.0001), TNF-α (p = < 0.0001) and CRP (p = < 0.0001) in 

comparison to the NPD group. Although the GTIN+ND group exhibited lower heart SOD and GPx 

activity, as well as lower plasma IL-6 and TNF-α levels than the NPD group, these differences were 

not statistically significant. However, both GTIN-treated groups demonstrated a significant (p < 0.05) 

reversal in the level of these markers relative to the PD control. Additionally, the MET + ND group 

exhibited significantly similar effects on heart MDA (p = < 0.0001), SOD (p = < 0.0001), and Gpx (p 

= < 0.0001) activity in comparison to the GTIN-treated groups. Notably, both MET-treated groups 

significantly (p < 0.05) lowered plasma inflammatory markers in comparison to the PD control. 

Table 2. The effects of GTIN on heart oxidative stress, antioxidant and plasma inflammatory markers 

in both the presence and absence of dietary modification at week 32 of the treatment period (n = 6, per 

group). Values are presented as mean ± SEM. 

 

Parameters 
  Experimental Groups   

 NPD PD GTIN + ND GTIN + HFHC MET + ND MET + HFHC 

MDA 

(nmol/g 

protein) 

 

3.95 ± 0.59 

 

7.73 ± 0.18 * 

 

4.42 ± 0.47 #^ 

 

5.38 ± 0.23 # 

 

4.97 ± 0.28 # 

 

6.68 ± 0.24 # 

T-SOD Activity 

(U/mgprot) 

 

19.88 ± 0.89 

 

6.88 ± 0.83 * 

 

17.65 ± 0.59 #^ 

 

13.74 ± 0.30 # 

 

16.98 ± 0.73 # 

 

9.80 ± 0.68 

GPx Activity 

(U/mgprot) 

 

941.00 ± 27.93 

 

415.10 ± 9.69 * 

 

932.60 ± 40.95 #^ 

 

837.3 ± 20.84 # 

 

842.10 ± 16.60 # 

 

463.00 ± 49.69 

IL-6 

(pg/mL) 

 

20.22 ± 3.55 

 

54.98 ± 3.56 * 

 

18.79 ± 1.10 #^ 

 

22.60 ± 0.65 # 

 

22.80 ± 0.99 # 

 

25.76 ± 0.89 # 

TNF-α 

(pg/mL) 

 

14.96 ± 0.31 

 

31.77 ± 0.51 * 

 

13.09 ± 0.31 #^ 

 

21.15 ± 3.03 # 

 

13.77 ± 0.61 # 

 

25.83 ± 0.81 # 

hs-CRP 

(pg/mL) 

 

4.98 ± 0.58 

 

15.91 ± 0.18 * 

 

5.12 ± 0.71 #^ 

 

6.58 ± 0.074 #^ 

 

6.03 ± 0.18 # 

 

7.74 ± 0.11 # 

* = p < 0.05 denotes comparison with NPD; # = p < 0.05 denotes comparison with PD, ^ = p < 0.05 

denotes comparison with MET + HFHC. NPD: non-pre-diabetic control; PD: pre-diabetic control; 

gossypetin and normal diet (GTIN + ND); gossypetin and high-fat high-carbohydrate diet (GTIN + 



109  

HFHC); metformin and normal diet (MET + ND); metformin and high-fat high-carbohydrate group 

(MET + HFHC). 

3. Discussion 

High-calorie diets have been shown to lead to the development of pre-diabetes by promoting insulin 

resistance (IR) and hyperinsulinaemia [46]. This diet further contributes to the development of 

obesity, oxidative stress and low-grade inflammation [45]. This combination increases the risk of 

developing CVDs such as hypertension, myocardial infarction and stroke [46]. Various scientific 

studies recommend that a combination of lifestyle and pharmacological intervention is necessary to 

effectively manage pre-diabetes [17, 47]. However, the over-reliance on pharmacological 

interventions without making necessary dietary changes may hinder the benefits of dietary 

modifications [48, 49]. Flavonoids such as quercetin have been shown to mitigate the risk of CVDs 

during pre-diabetes by improving endothelial function, reducing inflammation and enhancing insulin 

sensitivity [50]. Gossypetin is present in various plant species, including Hibiscus sabdariffa, 

Hibiscus vitifolius, Gossypium herbaceum and Gossypium arboretum, from the Malvaceae family [51-

54]. It has also been found in Empetrum nigrum from the Ericaceae family and Acacia constricta from 

the Fabaceae family [51, 52, 54]. Notably, the majority of studies have focused on the qualitative 

analysis of GTIN, with scarce studies quantifying the percentage content [55-58]. A previous study 

showed that of the seven compounds isolated from a Hibiscus sabdariffa phenolic extract, GTIN 

exhibited the highest yield of 23% [59]. Interestingly, the phenolic content in Hibiscus sabdariffa 

ranges from 24.36 to 44.43 mg of gallic acid equivalents/100 g of dried calyces [56, 60, 61]. 

Furthermore, studies have shown that GTIN exhibits potent antioxidant and anti-inflammatory 

properties [39, 62]. The multiple hydroxyl groups present within GTIN’s structure facilitate its ability 

to mitigate oxidative stress [39, 62]. Despite these findings, the effects of this compound on 

cardiovascular function in the PD state have not been investigated. 

 

Under normal physiological conditions, plasma lipid levels are regulated through the assistance of 

lipoproteins [63]. VLDLs transport hepatic TG while LDLs primarily transport cholesterol within the 

bloodstream [63]. HDLs facilitate reverse cholesterol transport to the liver [64]. In individuals with 

normal metabolic function, the lipid profile is characterised by TC levels below 5.2 mmol/L, LDL 

cholesterol concentrations less than 2.6 mmol/L, HDL cholesterol levels greater than 1.1 mmol/L, TG 

below 1.7 mmol/L and VLDL levels less than 0.8 mmol/L [65-67]. In contrast, individuals with pre-

diabetes have been shown to exhibit disturbed lipid profiles, which may be characterised by elevated 

plasma TG, TC, LDL and VLDL, along with decreased HDL levels [68-72]. These abnormalities may 

include plasma TG levels ranging from 1.7 mmol/L to 2.2 mmol/L, TC levels exceeding 5.2 mmol/L, 

LDL levels greater than 2.6 mmol/L, VLDL concentrations between 0.8 and 1.2 mmol/L and HDL 

levels below 1.0 mmol/L in comparison to healthy individuals [68-72]. The chronic consumption of 

high-calorie diets, which include high sugar, saturated fats and processed foods, leads to 
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dyslipidaemia by inducing IR and oxidative stress [73-75]. These conditions stimulate increased 

lipolysis, which in turn promotes TG synthesis and raises plasma VLDL levels [76]. Additionally, 

increased ROS levels promote LDL oxidation which inhibits LDL clearance [77]. This has been 

associated with foam cell formation and an increased risk of developing arteriosclerosis [78]. 

Furthermore, oxidative stress may impair mitochondrial function, reducing fatty acid oxidation and 

exacerbating lipid accumulation, while activation of inflammatory pathways such as nuclear factor 

kappa B (NF-κB) further contributes to dyslipidaemia and vascular injury [79, 80]. In this study, 

plasma TG, TC, LDL and VLDL levels were significantly higher along with lower plasma HDL levels 

in the PD control in comparison to the NPD group. This study’s results corroborated with previous 

findings of dyslipidaemia present during pre-diabetes [30, 81]. However, the GTIN + ND and 

GTIN + HFHC groups significantly reduced these parameters while increasing plasma HDL levels in 

comparison to the PD control. 

 

Flavonoids have been shown to reduce LDL oxidation by targeting oxidative stress and decrease TG 

levels by promoting fatty acid oxidation [82, 83]. Quercetin promotes HDL synthesis, which helps 

maintain cholesterol homeostasis [84]. A previous study has shown that GTIN reduced oxidised LDL-

induced foam cell formation and intracellular lipid accumulation [85]. Similarly, in our study, GTIN 

may have improved the lipid profile during pre-diabetes by enhancing LDL clearance, promoting fatty 

acid oxidation and HDL synthesis [82]. These effects may be mediated by activation of AMP-

activated protein kinase (AMPK) [86]. AMPK promotes fatty acid oxidation, inhibits hepatic lipid 

synthesis, and improves metabolic homeostasis [87]. In addition, GTIN may reduce oxidative stress 

[86]. This reduction may suppress NF-κB signalling and thereby reduce inflammation-associated 

disturbances in lipid metabolism [88]. Additionally, the MET + ND and MET + HFHC groups 

demonstrated similar effects on lipid profiles compared to the GTIN-treated groups. MET has been 

shown to improve dyslipidaemia by enhancing insulin sensitivity and regulating hepatic lipid 

metabolism [89, 90]. MET exerts many of these effects through activation of AMPK [91]. In contrast, 

GTIN may provide additional cardioprotective benefits through its potent antioxidant and anti-

inflammatory properties [39, 92]. Although their primary mechanisms may differ, both compounds 

appear to act on pathways that improve lipid homeostasis and reduce cardiovascular risk [42, 93]. This 

may explain the comparable improvements observed with GTIN and MET. While the MET + ND and 

MET + HFHC groups were effective in improving lipid profile markers in the PD state, GTIN 

exhibited more pronounced effects. 

Under normal physiological conditions, the regulation of MAP levels involves the integration of 

neural, hormonal and local mechanisms [94]. NO is a vasodilator that is produced by eNOS and is 

important in the regulation of vascular tone [95]. However, intermediate hyperglycaemia promotes 

mitochondrial dysfunction and the formation of advanced glycated end products and triggers 

inflammatory pathways [96]. These mechanisms contribute to increased oxidative stress, which 
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damages endothelial cells [97, 98]. Endothelial dysfunction reduces NO availability, which 

subsequently increases vascular resistance and MAP levels [97, 98]. In this study, MAP levels were 

significantly higher throughout the treatment period in comparison to the NPD group. This was 

further accompanied by elevated plasma eNOS levels at week 32 in the PD control group. These 

results corroborated with previous studies, which have reported similar findings in the PD state [81, 

99]. The findings may suggest that eNOS levels increased to compensate for elevated MAP levels. 

However, the GTIN + ND and GTIN + HFHC groups exhibited significantly lower MAP levels at 

week 28 and week 32 in comparison to the PD control. This was further accompanied by decreased 

plasma eNOS levels at week 32 of the treatment period. 

 

Studies have shown that quercetin improves MAP levels by reducing oxidative stress and activating 

eNOS synthesis [100, 101]. Furthermore, previous literature has shown that 15 mg/kg and 20 mg/kg 

GTIN administration ameliorates intermediate hyperglycaemia, reduces oxidative stress and enhances 

AMP-activated protein kinase (AMPK) activity [39, 86]. AMPK activation enhances the NO pathway, 

which promotes vasodilation [86]. Similarly, in our study, 15 mg/kg GTIN may have decreased MAP 

levels by facilitating vasodilation through its effects on intermediate hyperglycaemia and oxidative 

stress. Reduced oxidative stress may also preserve endothelial nitric oxide signalling by improving 

NO bioavailability and limiting endothelial dysfunction [102]. Furthermore, attenuation of oxidative 

stress may suppress NF-κB activation, thereby reducing vascular inflammation and contributing to 

improved endothelial function [103]. The plasma eNOS levels in the GTIN + ND and GTIN + HFHC 

groups may have been attributed to reduced oxidative stress. Additionally, both MET-treated 

groups exhibited effects on MAP levels that were similar to the GTIN-treated group. This was 

further accompanied by decreased plasma eNOS levels in the MET + ND group in comparison to the 

PD control. This may suggest that MET is effective in controlling MAP levels when used in 

conjunction with dietary intervention. While both GTIN and MET improved vascular function, MET 

is suggested to exert these effects predominantly through AMPK activation and improved insulin 

sensitivity, whereas GTIN may additionally protect the endothelium through its antioxidant and anti-

inflammatory properties [39, 92, 93]. These findings suggest that GTIN may provide complementary 

cardiovascular benefits beyond its glucose-lowering effects. 

 

Adiposity is influenced by caloric intake, energy expenditure and hormonal control [104]. This 

condition promotes chronic inflammation, which accelerates plaque buildup in the arteries and 

subsequently increases the risk of CVDs [105]. BMI and WC are useful in monitoring adiposity and 

visceral fat in the management of pre-diabetes [106, 107]. During chronic overnutrition, excess 

nutrient availability suppresses AMP-activated protein kinase (AMPK) activity [108]. This reduces 

fatty acid oxidation and mitochondrial energy expenditure, leading to increased lipid accumulation 

[108]. In contrast, increased nutrient availability enhances peroxisome proliferator-activated receptor 

gamma (PPARγ) activation [109]. PPARγ promotes the differentiation of pre-adipocytes into mature 
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adipocytes and increases lipid storage [109]. Similarly, persistent activation of mechanistic target of 

rapamycin complex 1 (mTORC1) in response to nutrient abundance stimulates anabolic processes, 

including lipogenesis, protein synthesis and adipocyte growth [110]. These metabolic disturbances 

may have contributed to the increased BMI and WC observed in the PD group. 

 

However, the GTIN + ND and GTIN + HFHC groups showed significantly lower BMI and WC at 

week 28 and week 32 of the treatment period in comparison to the PD control. In a recent study, it 

was shown that GTIN administration significantly reduced caloric intake and weight gain by 

decreasing plasma ghrelin levels [43]. This may account for the reduced BMI and WC observed in the 

GTIN-treated groups. Additionally, flavonoids have been reported to reverse obesity-associated 

metabolic disturbances through activation of AMPK and inhibition of mTORC1 signalling [111]. This 

promotes fatty acid oxidation and mitochondrial energy expenditure while suppressing SREBP-1c-

mediated lipogenesis [112]. Flavonoids may also attenuate excessive PPARγ activation, thereby 

reducing adipocyte differentiation and lipid storage [113]. Through these mechanisms, flavonoids 

mimic aspects of caloric restriction by shifting metabolism from energy storage towards increased fat 

utilisation [111]. As GTIN is a flavonoid, it is plausible that the reductions in BMI and WC observed 

in the present study were mediated through these mechanisms [114]. Furthermore, improved 

mitochondrial function resulting from AMPK activation may enhance cellular energy utilisation, 

thereby contributing to the reductions in adiposity observed following GTIN treatment [86]. 

Interestingly, the MET + ND group showed significantly lower BMI at week 28 in comparison to the 

PD control. MET reduces body weight and adiposity through multiple metabolic mechanisms [115]. It 

activates AMPK, which improves cellular energy regulation and enhances fatty acid oxidation [116]. 

MET also inhibits hepatic gluconeogenesis, reducing excessive hepatic glucose production and 

improving insulin sensitivity [117]. Furthermore, MET suppresses appetite through hypothalamic 

pathways and increases secretion of gut-derived hormones, such as glucagon-like peptide-1 (GLP-1) 

[118]. This promotes satiety and reduces caloric intake [119]. MET may also decrease intestinal 

glucose absorption and enhance peripheral glucose uptake through increased GLUT4 translocation in 

skeletal muscle [120]. While both MET-treated groups were effective in reducing BMI and WC by 

week 32, the GTIN-treated groups had already shown effectiveness by week 28. However, dose-

response and pharmacokinetic studies are required to determine GTIN therapeutic potential over 

MET. This may suggest that 15 mg/Kg GTIN administration both in the presence and absence of 

dietary modification exhibits a faster onset of effectiveness than MET. 

 

Under normal conditions, there exists a balance between ROS levels and antioxidants [121]. However, 

intermediate hyperglycaemia has been shown to promote the accumulation of increased ROS through 

mitochondrial dysfunction [14, 122]. Furthermore, elevated advanced glycated end-products and free 

fatty acids observed in the PD state trigger inflammation-induced ROS production [123]. The 

accumulation of ROS contributes to oxidative stress, which triggers lipid peroxidation [124]. MDA is 
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the toxic by-product produced by lipid peroxidation and is responsible for damaging cellular functions 

[125]. The redox imbalances observed during pre-diabetes may contribute to the development of 

CVDs [126]. In this study, heart MDA levels were significantly higher in the PD control group 

compared to the NPD group. This was further accompanied by significantly lower heart SOD and Gpx 

activity in the PD control. These results may suggest that the reduced antioxidant capacity of heart 

tissue may have compromised its ability to maintain redox balance, leading to increased lipid 

peroxidation. However, the GTIN + ND and GTIN + HFHC groups showed significantly lower heart 

MDA levels in comparison to the PD control. This was further accompanied by increased heart SOD 

and Gpx activity in both GTIN-treated groups. Previous studies have shown that GTIN exhibits potent 

antioxidant effects, which have been attributed to its free radical scavenging capability [42, 127]. 

Interestingly, the specific arrangement of hydroxyl and methoxy groups on the flavonoid backbone 

structure of GTIN (Figure 1) may contribute to its antioxidant effects [42, 92]. This study’s results 

may suggest that 15 mg/Kg GTIN administration in both the presence and absence of dietary 

modification reduces oxidative stress and lipid peroxidation by enhancing the antioxidant enzyme 

activity of heart tissue. By reducing oxidative stress, GTIN may also preserve mitochondrial function 

and limit activation of redox-sensitive inflammatory pathways such as NF-κB, thereby providing 

additional cardioprotective effects [128]. Additionally, both MET-treated groups showed significantly 

similar effects on heart MDA levels as the GTIN-treated groups. This was further accompanied by 

increased heart SOD and GPx activity in only the MET + ND group. Previous studies have shown that 

MET decreases oxidative stress by promoting AMPK activation, improving insulin sensitivity, 

upregulating antioxidant enzyme expression and improving mitochondrial function [129, 130]. This 

may suggest that MET exhibits beneficial effects on antioxidant enzyme activity when used in 

conjunction with dietary modification. The antioxidant activity of GTIN may involve direct 

scavenging of ROS due to its polyhydroxylated flavonoid structure [131]. In contrast, MET mainly 

exerts antioxidant effects indirectly through improved metabolic regulation [132]. 

Under normal physiological conditions, inflammation is essential in the response to injury and tissue 

healing [133]. This has to be regulated to prevent chronic inflammation, which promotes tissue 

damage observed in CVDs [134]. However, during pre-diabetes, oxidative stress has been shown to 

activate pathways that release pro-inflammatory cytokines such as TNF-α, IL-6 and CRP [14, 135]. 

The inflammatory response recruits and activates immune cells at the site of injury [136]. Activated 

immune cells produce ROS and cytokines, which further worsen inflammation and tissue damage 

[137]. This chronic inflammatory state is partly mediated through activation of NF-κB signalling, a 

key regulator of inflammatory gene expression [138]. Persistent NF-κB activation promotes the 

production of cytokines such as TNF-α and IL-6, thereby contributing to endothelial dysfunction and 

cardiovascular complications associated with pre-diabetes [139]. In this study, levels for inflammatory 

markers, such as plasma IL-6, TNF-α and CRP, were significantly higher in the PD control group in 

comparison to the NPD group. This study’s findings corroborate previous studies that reported the 
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presence of low-grade inflammation in the PD state [135, 140]. However, the GTIN + ND and GTIN 

+ HFHC groups showed significantly lower inflammatory marker levels in comparison to the PD 

control. A previous study showed that GTIN reduces inflammation by targeting ROS accumulation 

[62]. Therefore, it may be speculated that GTIN reduces low-grade inflammation by targeting 

oxidative stress due to its potent antioxidant properties [86]. We speculate by reducing ROS 

accumulation, GTIN may indirectly attenuate NF-κB activation, resulting in reduced inflammatory 

cytokine production and improved cardiovascular protection. Additionally, both MET-treated groups 

exhibited effects on these parameters similar to the GTIN-treated groups. Previous studies have shown 

that MET reduces inflammation by activating the AMPK, which inhibits NF-kB signaling [141, 142]. 

By suppressing NF-κB, MET reduces the production of TNF-α and IL-6, improving cardiovascular 

function [116]. Although both GTIN and MET demonstrated anti-inflammatory effects, their 

mechanisms may differ [90, 143]. MET primarily regulates inflammation through AMPK-dependent 

inhibition of NF-κB signalling, whereas GTIN may provide additional anti-inflammatory effects 

through direct antioxidant activity and reduction of oxidative stress [90, 143]. The anti-inflammatory 

effects of the conventional anti-diabetic drug MET were comparable to GTIN. 

 

This study highlights the potential of 15 mg/Kg GTIN as an effective compound for improving 

cardiovascular function in the PD state. The results demonstrated that GTIN significantly improved 

lipid profile markers, reducing plasma TC, TG, LDL and VLDL, while increasing HDL in comparison 

to the NPD group. Additionally, GTIN administration decreased MAP, BMI, WC and plasma eNOS 

levels. It also reduced heart oxidative stress by lowering MDA levels and enhanced antioxidant 

activity through increased SOD and Gpx activity. Moreover, GTIN decreased inflammation, as 

indicated by lower plasma IL-6 and TNF-α levels. Notably, these beneficial effects were observed 

both in the presence and absence of dietary intervention, highlighting GTIN’s potential role in 

cardiovascular health management. 

 

Although GTIN demonstrated promising cardiometabolic effects in this preclinical model, further 

investigations are required to determine its translational potential in humans. Important considerations 

include pharmacokinetic characteristics, oral bioavailability, metabolism, tissue distribution, toxicity 

and the establishment of an appropriate therapeutic dose. As flavonoids often exhibit limited 

bioavailability due to extensive metabolism, future studies should determine whether sufficient 

concentrations of GTIN can be achieved safely to produce biological effects in humans [144]. 

Furthermore, long-term toxicity studies and clinical trials are required to establish whether GTIN can 

complement or provide an alternative therapeutic strategy to established treatments such as MET in 

the prevention of cardiovascular complications associated with pre-diabetes. 

4. Materials and Methods 
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4.1. Chemicals and Drugs 

 

All chemicals and drugs were of analytical grade and purchased from standard commercial suppliers. 

 

4.2. Animals and Housing 

This study utilised 36 male Sprague Dawley rats (150–180 g), which were bred and housed in the 

Biomedical Research Unit (BRU) at the University of KwaZulu-Natal (UKZN), Westville campus. 

The animals were maintained under standard laboratory conditions, which included a constant 

temperature of 22 ± 2 °C, a carbon dioxide (CO2) content of <5000 p.m., a relative humidity of 55 ± 

5% and illumination (12 h light/dark cycle, lights on at 07h00). The noise level was maintained at less 

than 65 decibels. All animals were allowed access to food and fluids ad libitum. The Animal 

Research Ethics Committee of the University of KwaZulu-Natal (ethics: AREC/00004965/2022) 

granted permission for all animal experimentation and protocols. Before exposure to the experimental 

diets, the rats were allowed to acclimatise to their new environment while consuming standard rat diet 

and tap water [145]. The care and handling procedures were followed in accordance with the Animal 

Research Ethics Committee (AREC) of UKZN. 

4.3. Induction of Pre-Diabetes 

The animals were randomly assigned into two dietary groups: group A (n = 6) and group B (n = 30). 

Experimental pre-diabetes was induced in the animals using a method previously outlined by Luvuno 

et al. [145]. Group A animals received a standard rat diet with tap water while group B received the 

HFHC diet supplemented with 15% fructose-enriched water for the induction of pre-diabetes (AVI 

Products (Pty) Ltd., Waterfall, South Africa). At week 20, the animals were assessed for pre-diabetes 

based on the American Diabetes Association (ADA) criteria [146]. Animals with a fasting blood 

glucose concentration of 5.6 to 6.9 mmol/L, 2 h oral glucose tolerance test glucose concentration of 

7.8 to 11.0 mmol/L and a glycated haemoglobin concentration of 5.7 to 6.4% were classified as the 

pre-diabetic group. The animals that received the standard diet were also evaluated at week 20 to 

confirm normoglycaemia and were classified as the non-pre-diabetic group. 

4.4. Experimental Design and Treatment 

Following the induction of pre-diabetes, the pre-diabetic group (n = 30) was further divided into five 

sub-groups (Group B to Group F), consisting of six animals each. The pre-diabetic animals either 

continued the HFHC diet or changed to a normal standard diet (ND) while receiving either 15 mg/Kg 

GTIN or 500 mg/Kg MET orally once every third day for 12 weeks. We selected an oral dose of 15 

mg/Kg GTIN based on previous studies showing its effectiveness and safety within the 10 mg/Kg–20 

mg/Kg range [42, 43, 147, 148]. Similarly, 500 mg/Kg MET was chosen due to its proven therapeutic 

effects at this dose and minimal side effects [30, 149, 150]. The timing of dosage was chosen to 

minimise drug accumulation and toxicity [30, 117, 151]. The non-pre-diabetic control (Group A) 

animals continued the ND while the pre-diabetic control group (PD, Group B) remained on the HFHC 
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diet and received as the vehicle 3 mL/Kg of diluted dimethyl sulphoxide (2 mL DMSO: 19 mL normal 

saline, p.o.)(Merck, Darmstadt, Germany). Group C (GTIN + ND) animals received GTIN and were 

changed to the ND diet while Group D (GTIN + HFHC) received GTIN and continued the HFHC 

diet. The Group E (MET + ND) animals received MET and changed to the ND diet while Group F 

animals (MET + HFHC) received MET and continued the HFHC diet. Parameters such as body mass 

index (BMI), waist circumference (WC) and blood pressure were monitored at weeks 20, 24, 28 and 

32 as described in the established protocol [30]. The systolic and diastolic pressure of all experimental 

animals was measured using a non-invasive tail-cuff method and the MAP was calculated using the 

formula MAP = [(2 × diastolic) + systolic]/3 [30, 152]. 

 

4.5. Blood Collection and Tissue Harvesting 

At the end of week 32, all animals were anaesthetised with Isofor (100 mg/kg) (Safeline 

Pharmaceuticals (Pty) Ltd., Roodeport, South Africa) for 3 min using a gas anaesthetic chamber 

(BRU, UKZN, Durban, South Africa). Once the animals were unconscious, blood samples were 

obtained from the animals through cardiac puncture and transferred into individual pre-cooled 

heparinised containers. The blood samples were centrifuged (Eppendorf AG, Eppendorf centrifuge 

5403, Hamburg, Germany) at 4 °C, 503 g for 15 min to obtain plasma. Each plasma sample was 

aspirated into plain sample bottles and stored at −80 °C in a Bio Ultra freezer (Snijers Scientific, 

Tilburg, The Netherlands) until ready for biochemical analysis. Thereafter, the heart was removed and 

snap-frozen in liquid nitrogen before storage in a BioUltra freezer (Snijers Scientific, Tilburg, The 

Netherlands) at −80 °C until biochemical analysis. 

4.6. Biochemical Analysis 

At the end of week 32, the plasma lipid profile was analysed by measuring TG, TC and HDL 

according to manufacturer instructions using their respective assay kits (Elabscience Biotechnology 

Co., Ltd., Houston, TX, USA). The absorbance of the samples for TG and TC was measured at 510 

nm, while HDL absorbance was measured at 600 nm using a Spectrostar Nanospectrophotometer 

(BMG Labtech, Ortenberg, Baden-Württernberg, LGBW, Germany). VLDL and LDL cholesterol 

levels were calculated using Friedewald’s formula: LDL = TC − HDL − (TG/2.2) and VLDL = TG/2.2 

[153]. Heart malondialdehyde (MDA) levels were assessed following a previously published protocol 

[154]. Heart SOD and GPx activity as well as plasma eNOS, TNF-α, IL-6 and CRP were measured 

using their respective ELISA kits (Elabscience Biotechnology Co., Ltd., Houston ,TX, USA). 

4.7. Statistical Analysis 

The statistical data were presented as mean ± SEM. Prior to statistical analysis, the assumptions of 

normality and homogeneity of variance were assessed to ensure the suitability of the data for 

parametric analyses. MAP, BMI and WC data were analysed using a two-way analysis of variance 

(ANOVA), whereas data collected at a single time point were analysed using one-way ANOVA. The 
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Tukey–Kramer post hoc test was used for multiple comparisons. Statistical significance was 

determined at p < 0.05. 

 

5. Conclusions 

 

Taken together, GTIN administration, both in the presence and absence of dietary modification, 

reduced elevated BMI, WC and MAP, attenuated oxidative stress and inflammation, improved 

endothelial function, and enhanced antioxidant enzyme activity in diet-induced prediabetes. The 

results were comparable to those observed with MET administration, indicating that GTIN may serve 

as a viable alternative for managing cardiovascular complications in the PD state. Nonetheless, further 

research is necessary to elucidate the mechanisms underlying the observed effects of GTIN 

administration. 
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Bridge 

 

The second manuscript presented in Chapter 5 showed that diet-induced prediabetes was associated 

with impaired cardiovascular function. This was evidenced by elevated plasma triglycerides, total 

cholesterol, low-density lipoprotein, very low-density lipoprotein, increased mean arterial pressure, 

body mass index, waist circumference and heightened markers of oxidative stress and systemic 

inflammation. The administration of gossypetin (GTIN), in both the presence and absence of dietary 

intervention, significantly improved cardiovascular function in diet-induced prediabetes. The findings 

presented in manuscript 2 prompted further investigation into the effects of GTIN on liver function, 

due to the shared mechanisms underlying cardiovascular disease and non-alcoholic fatty liver disease 

in prediabetes. Accordingly, Chapter 6 presents the findings of manuscript 3, which aims to assess the 

effects of GTIN on liver function, including liver triglycerides, liver weight, oxidative stress markers, 

inflammatory mediators, liver injury enzymes and histopathological changes in diet-induced 

prediabetes. 
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CHAPTER 6: MANUSCRIPT 3 

 

PROLOGUE 

 

Literature has shown that liver complications associated with type 2 diabetes mellitus (T2DM) begin 

during the prediabetic state. Moderate hyperglycaemia and insulin resistance, as seen in prediabetes, 

induce hepatic oxidative stress, lipid accumulation and liver injury. This has been shown to contribute 

to the development and progression of non-alcoholic fatty liver disease. Liver dysfunction in 

prediabetes further exacerbates systemic insulin resistance, creating a vicious cycle that promotes the 

development of T2DM. Despite the importance of managing liver dysfunction in prediabetes, 

effective treatment remains a challenge. Dietary modification is essential for preventing liver 

complications in prediabetic patients. However, poor adherence to dietary modifications remains a 

significant barrier to attaining optimal therapeutic outcomes. Pharmacological treatments such as 

metformin have demonstrated benefits in improving liver health, but limitations in efficacy and 

inconsistent clinical outcomes highlight the need for alternative therapies. Flavonoids derived from 

natural sources have emerged as promising candidates due to their antioxidant and anti-inflammatory 

properties. In the previous manuscripts, gossypetin (GTIN) has been shown to significantly improve 

glucose homeostasis and cardiovascular function in a diet-induced prediabetic rat model. However, 

the effects of GTIN on prediabetes-associated liver complications were not explored. Hence, in 

manuscript 3, we investigated the effects of GTIN on liver health in both the presence and absence of 

dietary intervention in a diet-induced prediabetic rat model. 

The manuscript in Chapter 6 is titled “Investigating the effects of gossypetin on liver health in diet-

induced prediabetic male Sprague Dawley rats” and is authored by Naidoo K and Khathi A. 

The manuscript has been published in the journal “Molecules” and formatted according to the 

journal’s guidelines for authors. See Appendix 5. 

Candidate Contribution: Karishma Naidoo was responsible for study conceptualisation, study 

design, all experimental work, statistical analysis, first draft writing and manuscript editing. 
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Abstract 

 

The rising prevalence of non-alcoholic fatty liver disease among patients with type 2 diabetes mellitus 

has emerged as a global health challenge. Gossypetin (GTIN) is a natural flavonoid which has 

recently demonstrated antihyperglycaemic, antioxidant, and anti-inflammatory effects. Despite these 

findings, no studies have investigated its effects on liver health in the pre-diabetic state. Hence, this 

study aimed to investigate the effects of GTIN on liver health in diet-induced pre-diabetic male rats in 

the presence and absence of dietary intervention and to compare these effects with those of metformin 

(MET). Following 20 weeks of pre-diabetes induction, the animals were divided into six groups (n = 

6) as follows: non-pre-diabetic (NPD) control, pre-diabetic (PD) control, and PD groups treated with 

GTIN (15 mg/kg body weight (bw)) or metformin (500 mg/kg bw) on either a normal diet or a high-

fat, high-carbohydrate diet for 12 weeks. significantly higher liver triglycerides (TAG), liver weights, 

sterol regulatory binding element regulatory protein-1c (SREBP-1c), malondialdehyde (MDA) levels, 

and liver injury enzyme levels, along with decreased liver superoxide dismutase (SOD) activity, 

glutathione peroxidase (GPx) activity, and plasma bilirubin levels in comparison to NPD. 

Histologically, there was an increased lipid droplet accumulation and structural disarray in the PD 

group. GTIN treatment significantly reduced liver TAGs, liver weights, and plasma SREBP-1c levels, 

as well as improved liver SOD and GPx activity while decreasing liver MDA levels and liver injury 

enzymes in comparison to the PD control. Notably, GTIN treatment increased plasma bilirubin levels. 

Liver histology in the GTIN-treated groups revealed decreased lipid droplet accumulation and 

improved tissue integrity. Similar results were observed for the liver parameters in the MET-treated 

groups. The findings of this study may suggest that GTIN and MET exhibit therapeutic effects on 

liver health in diet-induced pre-diabetes in both the presence and absence of diet intervention. Dietary 

intervention may confer beneficial effects on liver health, with the most favorable therapeutic 

outcomes observed through a combination of treatment with dietary intervention. Additionally, GTIN 

may exhibit greater hepatoprotective effects than MET in rats without dietary intervention. 
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1.0 Introduction 

 

The increasing prevalence of calorie-dense dietary patterns has contributed to the growing burden of 

diabetes and associated liver complications such as non-alcoholic fatty liver disease (NAFLD) [1]. 

Pre-diabetes precedes the onset of overt type 2 diabetes mellitus (T2DM), with previous studies 

showing that around 70% of untreated pre-diabetic individuals progress to T2DM [2, 3]. Insulin 

resistance and hyperinsulinemia associated with pre-diabetes contribute to the development of liver 

complications [4]. Insulin resistance promotes increased liver triglyceride accumulation by disrupting 

the ability of insulin to suppress adipose tissue lipolysis [5]. Hyperinsulinemia, elevated glucose, and 

free fatty acid flux into the liver upregulates hepatic de novo lipogenesis through steroid regulatory 

elementary binding protein-1c (SREBP-1c) [6]. The accumulation of lipids in the liver contributes to 

hepatic insulin resistance and the development of NAFLD [7]. This triggers a cascade of oxidative 

and inflammatory events which leads to liver damage [7]. Moreover, it has been shown that liver 

injury marker levels, which include alanine transaminase and aspartate transaminase, were 

significantly higher in the pre-diabetic state [8]. Histopathological changes observed in NAFLD 

include lipid droplet accumulation, inflammation, and lobular disarray [9]. This condition may not 

only disrupt the normal functioning of the liver but can also create a feedback loop in which liver 

impairment further exacerbates the pre-diabetic state [10]. 

Lifestyle modification remains the cornerstone of NAFLD management, although pharmacological 

therapy is frequently required [11, 12]. There has been low patient compliance with lifestyle 

modifications due to the challenges of maintaining long-term dietary change and exercise [13, 14]. 

Metformin is primarily used as a first-line treatment for T2DM and has been shown to improve liver 

health in the diabetic state [15]. However, there have been some challenges with the current drugs 

under investigation, which include inconsistent findings and a lack of evidence supporting their 

effectiveness in humans [16]. Thus, there is a need to identify compounds which are effective in 

treating diabetic liver complications in the presence and absence of dietary modifications. Flavonoids 

found in plant sources have been shown to improve T2DM and associated liver complications through 

their multifactorial effects, low toxicity, and vast availability [17, 18]. Gossypetin (GTIN) is a 

naturally occurring flavonoid that serves as a structural analog of quercetin with an additional 

hydroxyl group [19]. This compound has been isolated from the calyx and flowers of Hibiscus 

sabdariffa [20]. Previous studies have highlighted GTIN for its potent antioxidant and anti-

inflammatory properties [21, 22]. Recent studies have demonstrated that GTIN improves glucose 

homeostasis and cardiovascular function in the pre-diabetic state [23, 24]. Despite these current 

findings, no studies have explored the effects of GTIN on liver health in the pre-diabetic state. Hence, 

this study aimed to investigate the effects of GTIN on liver health in both the presence and absence of 

dietary intervention in a diet-induced pre-diabetic male rat model and to compare these effects with 

those of metformin. The oral dose of 15 mg/kg GTIN was selected to be used in our study based on 
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previous studies, demonstrating its efficacy and safety within the 10–20 mg/kg range [25, 26]. The 500 

mg/kg dose of MET was selected due to its established therapeutic benefits and minimal adverse 

effects [4, 27]. 

2. Results 

2.1. Liver Triglycerides and Liver Weights 

Liver triglyceride levels and liver weights were measured to assess the extent of lipid accumulation 

and liver enlargement. A one-way ANOVA showed significant differences in liver TAG levels (F (5, 

30) = 68.11, p < 0.0001) and liver weights (F (5, 30) = 78.87, p < 0.0001) between the groups. Post 

hoc comparisons showed (Figure 1) that the pre-diabetic (PD) control group exhibited significantly (p 

= < 0.0001) higher liver TAG levels and liver weights (p= 0.0007) in comparison to the non-pre-

diabetic (NPD) group. However, the PD animals receiving gossypetin with a normal diet (GTIN+ND) 

and a high-fat, high-carbohydrate diet (GTIN+HFHC) exhibited significantly lower liver TAG levels 

(p = < 0.0001, p = < 0.0001) and liver weights (p = 0.0006, p = 0.0360) in comparison to the PD 

control. Similar results were observed in the PD animals receiving metformin with a normal diet 

(MET+ND) and high-fat, high-carbohydrate diet (MET+HFHC) for liver TAG levels (p = < 0.0001, p 

= < 0.0001) and liver weights (p = 0.0026, p = < 0.0001). A two-way ANOVA revealed that both 

treatment (F (1, 20) = 45.16, p < 0.0001) and diet (F (1, 20) = 67.03, p < 0.0001) exhibited significant 

main effects on liver TAGs. Similarly, significant main effects of treatment (F (1, 20) = 18.08, p < 

0.0004) and diet (F (1, 20) = 79.37, p < 0.0001) were observed for liver weight. There was a 

significant interaction between treatment and diet on liver TAG (F (1, 20) = 10.73, p = 0.0038). 

However, there was no significant interaction between treatment and diet on liver weight (F (1, 20) = 

3.76, p = 0.0667). Post hoc comparisons showed that GTIN treatment (GTIN+HFHC) resulted in 

significantly lower liver TAG (p = < 0.0001) levels and liver weights (p = < 0.0001) in comparison to 

MET treatment (MET+HFHC). Animals on an ND (GTIN+ND and MET+ND) exhibited significantly 

(p < 0.05) lower levels of both parameters in comparison to those on a HFHC diet (GTIN+HFHC and 

MET+HFHC). 
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(a) (b) 

Figure 1. Effects of GTIN on (a) liver TAG levels and (b) liver weight in rats with or without dietary 

intervention at week 32 of the treatment period (n = 6 per group). Data are presented as mean ± SEM. 

* p < 0.05 vs. NPD; # p < 0.05 vs. PD; ^ p < 0.05 vs. MET+HFHC 

 

2.2. Plasma SREBP-1c Levels 

Plasma SREBP-1c levels were measured to assess the regulation of lipogenesis in the liver. A one-way 

ANOVA showed significant differences (F (5, 30) = 74.47, p < 0.0001) in plasma SREBP-1c levels 

between the groups. Post hoc comparisons showed (Figure 2) that the PD control group exhibited 

significantly (p = < 0.0001) higher plasma SREBP-1c levels in comparison to the NPD group. 

However, the GTIN+ND (p = < 0.0001) and GTIN+HFHC (p = < 0.0001) groups exhibited 

significantly lower plasma SREBP-1c levels in comparison to the PD control. Similar results were 

observed for plasma SREBP-1c levels in the MET+ND (p = < 0.0001) and MET+HFHC (p = < 

0.0001) groups. A two-way ANOVA revealed that both treatment (F (1, 20) = 24.86, p < 0.0001) and 

diet (F (1, 20) = 223.30, p < 0.0001) exhibited significant main effects on plasma SREBP-1c levels. 

There was a significant (F (1, 20) = 10.74, p = 0.0038) interaction between treatment and diet on 

plasma SREBP-1c levels. Post hoc comparisons showed that GTIN treatment (GTIN+ND) resulted in 

significantly (p < 0.05) lower plasma SREBP-1c levels in comparison to MET treatment (MET+ND). 

Animals on an ND (GTIN+ND and MET+ND) exhibited significantly (p < 0.05) lower levels of this 

parameter in comparison to those on a HFHC diet (GTIN+HFHC and MET+HFHC). 

 

 

Figure 2. Effects of GTIN on plasma SREBP-1c levels in rats with or without dietary intervention at 

week 32 of the treatment period (n = 6 per group). Data are presented as mean ± SEM. * p < 0.05 vs. 

NPD; # p < 0.05 vs. PD; ★ p < 0.05 vs. MET+ND. 
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2.3. Liver Oxidative Status 

 

Liver oxidative status was assessed by measuring MDA levels for lipid peroxidation and SOD and 

GPx activities for enzymatic antioxidant defense. A one-way ANOVA showed significant differences 

in liver MDA (F (5, 30) = 14.44, p < 0.0001), SOD activity (F (5, 30) = 211.50, p < 0.0001), and Gpx 

activity (F (5, 30) = 29.17, p < 0.0001) between the groups. Post hoc comparisons showed (Figure 3) 

that the PD control group exhibited significantly (p = < 0.0001) higher liver MDA levels with reduced 

SOD (p = < 0.0001) and GPx activity (p = < 0.0001) in comparison to the NPD group. However, the 

GTIN+ND and GTIN+HFHC groups exhibited significantly lower liver MDA levels (p = < 0.0001, p 

= 0.0018) with improved SOD (p = < 0.0001, p = < 0.0001) and GPx activity (p = < 0.0001, p = < 

0.0001) in comparison to the PD control. Similar results were observed for liver MDA levels and Gpx 

activity in the MET+ND (p = < 0.0001) and MET+HFHC (p = 0.0057) groups. The MET+ND group 

showed significantly (p = < 0.0001) higher liver Gpx activity in comparison to the PD control. 

A two-way ANOVA revealed that both treatment (F (1, 20) = 10.51, p < 0.0041) and diet (F (1, 20) = 

34.04, p < 0.0001) exhibited significant main effects on liver MDA levels. Similarly, both treatment 

(F (1, 20) = 252.90, p < 0.0001) and diet (F (1, 20) = 138.50, p < 0.0001) exhibited significant main 

effects on liver SOD activity. Furthermore, both treatment (F (1, 20) = 10.59, p = 0.0040) and diet (F 

(1, 20) = 21.54, p = 0.0002) exhibited significant main effects on liver Gpx activity. There was no 

significant (F (1, 20) = 0.42, p = 0.5242) interaction between treatment and diet on liver MDA levels. 

However, there was a significant interaction between treatment and diet on liver SOD activity (F (1, 

20) = 1.05, p = 0.3174) and Gpx activity (F (1, 20) = 4.54, p = 0.0457). Post hoc comparisons showed 

that GTIN treatment (GTIN+ND and GTIN+HFHC) resulted in significantly (p = 0.0002, p = < 

0.0001) higher liver SOD activity in comparison to MET treatment (MET+ND and MET+HFHC). 

Additionally, GTIN treatment (GTIN+HFHC) resulted in significantly (p < 0.05) higher liver Gpx 

activity in comparison to MET treatment (MET+HFHC). Animals on an ND (GTIN+ND and 

MET+ND) exhibited significantly (p < 0.05) lower liver MDA levels and higher SOD activity in 

comparison to those on a HFHC diet (GTIN+HFHC and MET+HFHC). 
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Figure 3. Effects of GTIN on liver oxidative stress markers in rats with or without dietary 

intervention at week 32 of the treatment period (n = 6 per group). Data are presented as mean ± SEM. 

* p < 0.05 vs. NPD; # p < 0.05 vs. PD; ★ p < 0.05 vs. MET+ND; ^ p < 0.05 vs. MET+HFHC. 

 

2.4. Plasma Liver Injury Enzymes 

Plasma aspartate transaminase (AST) and alanine transaminase (ALT) were measured to assess liver 

function and injury. A one-way ANOVA showed significant differences in plasma AST (F (5, 30) = 

59.97, p < 0.0001) and ALT (F (5, 30) = 122.50, p < 0.0001) levels between the groups. Post hoc 

comparisons showed (Figure 4) that the PD control group exhibited significantly (p = < 0.0001) 

higher plasma AST and ALT levels in comparison to the NPD group. However, the GTIN+ND and 

GTIN+HFHC groups exhibited significantly (p = < 0.0001) lower plasma AST and ALT levels in 

comparison to the PD control. Similar results (p = < 0.0001) were observed for plasma AST and ALT 

levels in the MET+ND and MET+HFHC groups. A two-way ANOVA revealed that both treatment (F 

(1, 20) = 33.80, p < 0.0001) and diet (F (1, 20) = 105.60, p < 0.0001) exhibited significant main 

effects on plasma AST levels. Similarly, both treatment (F (1, 20) = 27.82, p < 0.0001) and diet (F (1, 
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20) = 79.67, p < 0.0001) exhibited significant main effects on plasma ALT levels. There was a 

significant (F (1, 20) = 14.33, p = 0.0012) interaction between treatment and diet on plasma AST 

levels. However, there was no significant (F (1, 20) = 3.33, p = 0.0829) interaction between treatment 

and diet on plasma ALT levels. Post hoc comparisons showed that GTIN treatment (GTIN+HFHC) 

resulted in significantly (p < 0.05) lower plasma AST and ALT levels in comparison to MET treatment 

(MET+HFHC). Animals on an ND (GTIN+ND and MET+ND) exhibited significantly (p < 0.05) 

lower levels of both these parameters in comparison to those on a HFHC diet (GTIN+HFHC and 

MET+HFHC). 

 

 

 

(a) (b) 

 

Figure 4. Effects of GTIN on plasma (a) AST and (b) ALT levels in rats with or without dietary 

intervention at week 32 of the treatment period (n = 6 per group). Data are presented as mean ± SEM. 

* p < 0.05 vs. NPD; # p < 0.05 vs. PD; ^ p < 0.05 vs. MET+HFHC. 

 

2.5. Plasma Bilirubin 

Plasma bilirubin levels were measured to assess liver function and antioxidant status in the pre-

diabetic state. A one-way ANOVA showed significant (F (5, 30) = 62.93, p < 0.0001) differences in 

plasma bilirubin levels between the groups. Post hoc comparisons showed (Figure 5) that the PD 

control group exhibited significantly (p < 0.05) lower plasma bilirubin levels in comparison to the 

NPD group. However, the GTIN+ND (p = < 0.0001) and GTIN+HFHC (p = < 0.0001) groups 

exhibited significantly higher plasma bilirubin in comparison to the PD control. Similar results 

observed for plasma bilirubin levels in the MET+ND (p = < 0.0001) and MET+HFHC (p = < 0.0001) 

groups. A two-way ANOVA revealed that both treatment (F (1, 20) = 14.85, p < 0.0010) and diet (F 

(1, 20) = 51.21, p < 0.0001) exhibited significant main effects on plasma bilirubin levels. There was a 

significant (F (1, 20) = 4.85, p = 0.0396) interaction between treatment and diet on plasma bilirubin 

levels. Post hoc comparisons showed that GTIN treatment (GTIN+HFHC) resulted in significantly (p 

< 0.05) higher plasma bilirubin levels in comparison to MET treatment (MET+HFHC). Animals on an 

ND (GTIN+ND and MET+ND) exhibited significantly (p < 0.05) higher levels of this parameter in 

comparison to those on a HFHC diet (GTIN+HFHC and MET+HFHC). 
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Figure 5. Effects of GTIN on plasma bilirubin levels in rats with or without dietary intervention at 

week 32 of the treatment period (n = 6 per group). Data are presented as mean ± SEM. * p < 0.05 vs. 

NPD; # p < 0.05 vs. PD; ^ p < 0.05 vs. MET+HFHC. 

2.6. Liver Histology 

Liver histology was measured to assess liver architecture and cellular damage. The results (Figure 6B) 

showed increased lipid droplet accumulation, hepatocyte nucleus displacement, disturbed sinusoidal 

space, and hepatocyte plate arrangement in the PD group in comparison to the NPD group. There was 

no remarkable difference in the number of binucleated hepatocytes in the PD group in comparison to 

the NPD group. The GTIN+ND (Figure 6C) and GTIN+HFHC (Figure 6D) groups showed a decrease 

in lipid droplet accumulation and hepatocyte nucleus displacement, as well as improved sinusoidal 

space and hepatocyte arrangement in comparison to the PD group. Similar results were observed in 

the MET+ND (Figure 6E) and MET+HFHC (Figure 6F). There was no remarkable difference in the 

number of binucleated hepatocytes in the treatment groups (GTIN+ND, GTIN+HFHC, MET+ND, 

MET+HFHC) in comparison to the PD group. The histopathological scores for each parameter are 

shown in Table 1. For each histological parameter, the scores were the same for all animals within 

each group. 



142  

 

 

Figure 6. Effects of GTIN on liver histopathology in rats with or without dietary intervention at week 

32 of the treatment period (n = 2 per group). Representative H&E-stained liver sections (40×; scale 

bar = 50 µm). (A) NPD; (B) PD; (C) GTIN+ND; (D) GTIN+HFHC; (E) MET+ND; (F) MET+HFHC. 

BN = binuclear; DN = displaced nucleus; H = hepatocyte; LD = lipid droplet; N = nucleus; S = 

sinusoid 
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Table 1. Histopathological scoring of liver tissue at week 32 of the experimental period (n = 2, per 

group). 

 

Groups Lipid Droplets 
Nuclei 

Displacement 

Sinusoid 

Arrangement 

Hepatocyte Plate 

Arrangement 

Binuclear 

Hepatocytes 

NPD 0 0 0 0 1 

PD 3 2 3 3 1 

GTIN+ND 1 1 1 1 1 

GTIN+HFHC 1 1 1 1 1 

MET+ND 1 1 1 1 1 

MET+HFHC 2 1 2 2 1 

 

 

3. Discussion 

Excess glucose influx into the liver triggers the activation of lipogenic transcription factor SREBP-1c, 

which drives de novo lipogenesis and leads to increased TAG accumulation [27]. In this study, the 

liver TAG levels, liver weights, and plasma SREBP-1c levels were significantly higher in the PD 

group in comparison to the NPD group. The development of NAFLD has been associated with 

unhealthy dietary patterns characterized by high saturated fat and carbohydrate content along with a 

low intake of fruits and vegetables [28]. Additionally, fructose has been identified as a key factor in 

the development of NAFLD in humans and rodents [29]. The high-fat, high-carbohydrate (HFHC) 

diet and fructose-supplemented water used to induce pre-diabetes in our study may have promoted 

insulin resistance, contributing to hyperinsulinemia and elevated glucose levels, as previously reported 

[30]. Furthermore, as demonstrated in Chapter 4, the PD animals exhibited increased caloric intake. 

Under insulin-resistant conditions, skeletal muscle glucose uptake and glycogen storage are impaired, 

allowing excess glucose to remain in the circulation and be delivered to the liver [31]. This impaired 

peripheral glucose disposal may be associated with reduced insulin signalling and decreased GLUT4 

translocation in skeletal muscle, resulting in increased hepatic glucose availability [32]. The increased 

hepatic glucose availability may have stimulated SREBP-1c activation, promoting the conversion of 

carbohydrates into fatty acids and increasing hepatic TAG accumulation [33]. Furthermore, excessive 

nutrient availability during pre-diabetes suppresses AMPK activity, which normally inhibits 

lipogenesis and promotes fatty acid oxidation [34]. Reduced AMPK activity may therefore contribute 

to enhanced SREBP-1c activation and hepatic lipid accumulation [34]. These metabolic alterations 

may have contributed to the elevated liver TAG levels and liver weights observed in the PD group. 

 

However, both GTIN-treated groups exhibited significantly lower liver TAG levels, liver weights, and 

plasma SREBP-1c levels in comparison to the PD control. A recent study showed that the 
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administration of 15 mg/kg body weight (bw) of GTIN promoted weight loss and improved insulin 

sensitivity by reducing ghrelin levels and caloric intake [23]. Additionally, another study found that 

the administration of 20 mg/kg bw of GTIN to mice on a methionine–choline-deficient diet for 4 

weeks reduced hepatic lipid accumulation by inhibiting lipogenic pathways and promoting β-

oxidation [25]. They also found that GTIN attenuates hepatic lipid accumulation by promoting AMP-

activated protein kinase (AMPK) activation [25]. Therefore, in our study, we speculate that GTIN 

may have reduced liver TAG accumulation by improving insulin sensitivity, promoting β-oxidation, 

and inhibiting lipogenic pathways, as evidenced by the low plasma SREBP1c levels in the GTIN-

treated groups. Activation of AMPK by GTIN may have contributed to these effects by inhibiting 

SREBP-1c-mediated lipogenesis while enhancing mitochondrial fatty acid oxidation [25]. Improved 

mitochondrial function may reduce excessive lipid accumulation by promoting efficient energy 

utilisation and preventing lipid-induced metabolic stress [35]. 

 

Furthermore, as demonstrated in Chapter 4, GTIN improved peripheral glucose handling by 

promoting skeletal muscle glucose uptake and glycogen storage. Increased glucose disposal by 

skeletal muscle may reduce the amount of circulating glucose delivered to the liver [36]. 

Consequently, less glucose may be available to activate SREBP-1c and drive the conversion of 

carbohydrates into fatty acids [36]. This may explain the reductions in plasma SREBP-1c levels, liver 

TAG accumulation, and liver weight observed in the GTIN-treated groups. These findings suggest 

coordinated regulation of glucose metabolism between skeletal muscle and the liver during GTIN 

treatment. 

 

Similar results were observed for liver TAG levels, liver weights, and plasma SREBP-1c levels in 

MET-treated groups. Studies have shown that MET was effective in reducing intrahepatic lipid 

accumulation [15, 37]. In skeletal muscle, MET has been reported to activate AMPK, which increases 

glucose transporter-4 translocation and improves glucose uptake [15, 37]. Similar to GTIN, improved 

peripheral glucose disposal may reduce hepatic glucose availability, limiting SREBP-1c-mediated de 

novo lipogenesis and hepatic TAG accumulation. These mechanisms may explain the lower liver 

TAG levels, liver weights, and plasma SREBP-1c levels observed in the MET-treated groups [15, 37]. 

Although GTIN and MET may share overlapping mechanisms through AMPK activation and 

improved insulin sensitivity, their modes of action may differ [15, 25, 37]. Metformin primarily 

improves metabolic homeostasis by reducing hepatic gluconeogenesis and enhancing insulin 

sensitivity, whereas GTIN may additionally exert hepatoprotective effects through antioxidant and 

anti-inflammatory activity [21, 38, 39]. Therefore, the comparable improvements observed following 

GTIN and MET treatment may reflect convergence on AMPK-related metabolic pathways, while 

GTIN may provide additional protection against oxidative and inflammatory damage associated with 

NAFLD progression [21, 38, 39]. 
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Animals maintained on a normal diet exhibited significantly lower levels of liver TAGs, liver weights, 

and plasma SREBP-1c levels in comparison to those on the HFHC diet. Our findings corroborated a 

previous study which showed that the consumption of a HFHC diet consisting of 30% fat and 55% 

carbohydrate for 10 weeks promoted increased de novo lipogenesis [40]. Another study showed that 

mice fed a high-fat diet (HFD) composed of 42% fat and 42.7% carbohydrates for 3 months 

significantly increased liver weight [41]. Additionally, a study showed that the consumption of a HFD 

composed of 60% fats for 2 weeks significantly increased liver TAG levels [42]. A significant 

interaction between treatment and diet was observed for liver TAG levels and plasma SREBP-1c 

concentrations, whereas no significant interaction was observed for liver weight. These findings may 

suggest that the therapeutic effects of treatment on liver TAG and SREBP-1c levels may be enhanced 

when combined with dietary intervention. Furthermore, GTIN treatment exhibited significantly lower 

liver TAG levels and liver weights in comparison to MET in HFHC-fed animals. GTIN treatment also 

exhibited significantly lower plasma SREBP-1c levels than MET in animals on a normal diet. These 

findings may suggest that GTIN exerts greater therapeutic effects on liver TAGs, liver weights, and 

SREBP-1c levels than MET treatment, particularly in animals without dietary intervention. 

 

Reactive oxygen species (ROS) are generated from various endogenous and exogenous sources, 

including mitochondrial respiration, enzymatic reactions, and xenobiotics [43]. The body utilizes 

enzymatic and non-enzymatic antioxidant systems to counteract the harmful effects of ROS 

production [43]. Enzymatic antioxidants include SOD, GPx, and catalase, while non-enzymatic 

antioxidants include glutathione, vitamin C, vitamin E, and bilirubin, among others [43]. In the pre-

diabetic state, liver MDA levels, which are a by-product of lipid peroxidation, were significantly 

higher in comparison to the control group [44, 45]. Insulin resistance associated with NAFLD 

increases the flow of free fatty acids (FFAs) into the liver which triggers β-oxidation to manage the 

excess lipids [46]. Mitochondria adapt to lipid accumulation in hepatocytes by increasing β-oxidation 

[43]. However, increased substrate delivery to the electron transport chain (ETC) leads to increased 

ROS production [43]. In NAFLD, elevated ROS levels not only promote lipid peroxidation but also 

deplete antioxidant molecules and impair antioxidant enzyme activity [47]. Patients with NAFLD 

exhibit a diminished antioxidant capacity in hepatocytes, as evidenced by a significant decrease in 

enzymatic antioxidants such as SOD, GPx, and catalase [47]. Moreover, oxidative stress plays a 

pivotal role in the progression from simple steatosis to NASH [48]. 

In this study, the liver MDA levels were significantly higher in the PD group in comparison to the 

NPD group. This was further accompanied by significantly lower liver SOD and Gpx activity. This 

may suggest increased hepatic lipid peroxidation and decreased enzymatic antioxidant activity in the 

liver during the pre-diabetic state. The increased oxidative burden observed in the PD group may 

indicate impaired mitochondrial homeostasis, as excessive nutrient availability can overload 
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mitochondrial oxidative pathways and increase ROS generation [49]. Mitochondrial dysfunction may 

further worsen hepatic insulin resistance by impairing energy metabolism and promoting 

inflammatory signalling [49]. 

However, both GTIN-treated groups showed significantly lower liver MDA levels in comparison to 

the PD control. This was further accompanied by significantly increased liver SOD and Gpx activity. 

Flavonoids are natural antioxidants present in the human diet and have gained attention as promising 

treatment options for NAFLD due to their potent antioxidant effects and safety profile [50, 51]. Their 

therapeutic effects on oxidative stress have been attributed to the activation of AMPK signaling and 

the nuclear factor erythroid 2-related factor 2 (Nrf2) pathways [52]. AMPK signaling reduces ROS 

production, while Nrf2 activation promotes the upregulation of GPx and catalase [53]. A recent study 

showed that the administration of 20 mg/kg bw of GTIN for 4 weeks directly reduces oxidative stress 

in the liver rather than upregulating Nrf2-dependent antioxidant responses [25]. However, another 

study showed that the oral administration of 30 mg/kg bw of GTIN for 3 days upregulated SOD 

expression by increasing the nuclear translocation of Nrf2 [54]. 

Therefore, the antioxidant effects of GTIN may involve multiple complementary mechanisms, 

including direct ROS scavenging due to its flavonoid structure, AMPK-mediated improvement of 

mitochondrial function, and modulation of endogenous antioxidant defence pathways [21, 25, 54]. By 

reducing mitochondrial oxidative stress, GTIN may prevent further lipid peroxidation and preserve 

hepatocyte function during pre-diabetes [49]. 

The observed improvement on liver SOD and GPx activity in the GTIN-treated groups of our study 

may have been due to the longer treatment duration of 12 weeks as compared to the 4-week treatment 

period reported in the previous study [25]. Similar results were observed for liver MDA levels and 

SOD activity in the MET-treated groups, while the MET+ND showed comparable Gpx activity. Our 

study’s results corroborated previous studies showing that MET alleviates oxidative stress in the liver 

by enhancing the activity of SOD and GPx in a high-fat diet-fed rat model [55, 56]. Although both 

treatments reduced oxidative stress, MET primarily achieves this through AMPK activation and 

improved metabolic regulation, whereas GTIN may additionally provide direct antioxidant protection 

through its phenolic structure [25, 57]. This difference may explain the enhanced antioxidant enzyme 

activity observed in the GTIN-treated groups compared with MET. 

 

Animals maintained on a normal diet exhibited significantly lower levels of liver MDA as well as 

higher activities of SOD and GPx in comparison to those on the HFHC diet. The results of this study 

corroborated a previous study which showed that consumption of a diet containing 44.3% fat and 20% 

fructose for 4 weeks resulted in increased liver MDA levels and decreased SOD and Gpx activity [58]. 

Interestingly, a significant interaction between diet and treatment was observed for liver Gpx activities 

despite small differences in mean values. There was no significant interaction detected for liver MDA 



147  

and SOD activity. These findings suggest that the most pronounced reductions in liver Gpx activities 

may be achieved through a combination of pharmacological and dietary intervention. The lack of 

interaction between treatment and diet on liver MDA levels and SOD activity may suggest that the 

effects of treatment are not influenced by diet. Furthermore, GTIN treatment demonstrated 

significantly higher SOD activity in comparison to MET in rats fed a normal diet and HFHC diet. 

Additionally, GTIN exhibited significantly higher GPx activity in comparison to MET in HFHC-fed 

animals. This may suggest that GTIN treatment exerts greater beneficial effects than MET on liver 

SOD and GPx activity in rats without dietary intervention. However, these findings should be 

interpreted cautiously, as antioxidant effects observed in animal models may not directly translate to 

humans [59]. Future studies investigating GTIN pharmacokinetics, tissue availability, metabolism and 

optimal therapeutic dosing are required to determine whether sufficient concentrations can be 

achieved in humans to produce similar hepatoprotective effects. 

 

Under normal physiological conditions, ALT and AST are enzymes found in hepatocytes [60]. The 

increased levels of AST and ALT in circulation serve as a marker for liver injury, since these enzymes 

are released when hepatocytes are damaged [60]. Studies have shown increased plasma ALT and AST 

levels in the progression of NAFLD [61, 62]. Liver injury is driven by insulin resistance, 

oxidative stress, and inflammation, all of which have been associated with high-caloric diets [63]. 

Hepatic fatty acid accumulation during insulin resistance enhances β-oxidation, which increases ROS 

production and promotes oxidative stress [64]. This damages cell membranes of hepatocytes, which 

leads to liver tissue injury [64]. Furthermore, oxidative stress-induced activation of inflammatory 

pathways, including NF-κB signalling, may promote the release of pro-inflammatory cytokines such 

as TNF-α and IL-6, further contributing to hepatocyte injury and NAFLD progression [65]. 

 

In this study, the plasma AST and ALT levels were significantly higher in the PD control group in 

comparison to the NPD group. This may suggest that diet-induced pre-diabetes damages hepatocytes, 

and this may have been due to hepatic FFA accumulation and lipid peroxidation, as seen in the PD 

group. However, both GTIN-treated groups showed significantly lower plasma AST and ALT levels 

in comparison to the PD control. Our results corroborated two recent studies which showed that GTIN 

administration reduced liver injury [25, 66]. In our study, GTIN may have reduced liver damage due 

to its ability to regulate lipid metabolism and mitigate oxidative stress [25]. The hepatoprotective 

effects of GTIN may therefore be attributed to the combined reduction of hepatic lipid accumulation, 

attenuation of oxidative stress, and suppression of inflammation-associated damage [38, 66]. By 

reducing ROS-mediated activation of NF-κB signalling, GTIN may limit inflammatory cytokine 

production and preserve hepatocyte integrity. Similar results were observed for plasma AST and ALT 

levels in the MET-treated groups. Previous studies have shown that MET reduces liver injury by 

enhancing insulin sensitivity and decreasing hepatic lipid accumulation through activation of the 
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AMPK pathway Animals maintained on a normal diet exhibited significantly lower levels of plasma 

AST and ALT levels in comparison to those on the HFHC diet. Our findings corroborated a previous 

study which has shown that consumption of a HFD composed of 49% fat for 8 weeks promoted 

significantly elevated plasma AST and ALT levels [67]. Another study showed that the consumption 

of a high-carbohydrate diet composed of 80% carbohydrates also promoted an increase in plasma AST 

and ALT levels [68]. A significant interaction between diet and treatment was observed for plasma 

AST levels, whereas no significant interaction was detected for plasma ALT levels. These findings 

may suggest that dietary intervention enhances the beneficial effects of treatment on plasma AST 

levels. The lack of interaction between treatment and diet on plasma ALT may suggest that the effects 

of treatment are not influenced by diet. Furthermore, GTIN treatment exhibited significantly lower 

plasma AST and ALT levels in comparison to MET in HFHC-fed animals. This may suggest that 

GTIN treatment exerts greater beneficial effects than MET on plasma AST and ALT levels in rats 

without dietary intervention. 

Bilirubin is formed in the reticuloendothelial cells of the liver, spleen, and bone marrow through the 

breakdown of heme [68]. Studies have shown that bilirubin exerts potent antioxidant, anti-

inflammatory, and cytoprotective effects in T2DM, hepatic steatosis, and cardiovascular diseases [69, 

70]. In this study, the plasma bilirubin levels were significantly lower in the PD control in comparison 

to the NPD group. This study’s results corroborated previous studies which have shown similar results 

in the pre-diabetic state [4, 71]. Plasma bilirubin levels have been shown to be inversely associated 

with T2DM and NAFLD [72, 73]. Bilirubin has been explored for its therapeutic effects in managing 

NAFLD in T2DM due to a lack of approved pharmacological treatments [73]. Bilirubin has been 

shown to enhance insulin sensitivity in diet-induced obese mice by suppressing endoplasmic 

reticulum stress and chronic inflammation in adipose tissue and the liver [74]. Furthermore, a 

previous study showed that bilirubin was more effective in protecting against lipid peroxidation than 

glutathione [75]. Notably, plasma bilirubin contributes to the total antioxidant capacity of the blood 

[76]. In this study, both GTIN-treated groups exhibited significantly higher plasma bilirubin levels in 

comparison to the PD control. The increased plasma bilirubin may have contributed to the reduction 

in hepatic oxidative stress. These findings suggest that GTIN may contribute to improved liver health 

by enhancing antioxidant plasma bilirubin levels. The increase in bilirubin following GTIN treatment 

may represent an additional endogenous antioxidant response that complements GTIN’s direct free-

radical scavenging activity, thereby reducing oxidative damage associated with NAFLD progression. 

 

Similar results were observed for plasma bilirubin levels in the MET-treated groups. This study’s 

results corroborated a previous study showing elevated plasma bilirubin levels after MET 

administration [71]. Notably, animals maintained on a normal diet exhibited significantly higher 

plasma bilirubin levels in comparison to those on the HFHC diet. Our findings corroborated a 
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previous study which has shown that plasma bilirubin decreased after consumption of a HFD [77]. A 

significant interaction between diet and treatment was observed for plasma bilirubin levels. This may 

suggest that the effects of pharmacological treatment on plasma bilirubin levels may be enhanced 

when combined with dietary intervention. Furthermore, GTIN treatment exhibited significantly higher 

plasma bilirubin levels in comparison to MET in HFHC-fed animals. This may suggest that GTIN 

treatment exerts greater beneficial effects than MET on plasma bilirubin in rats without dietary 

intervention. 

 

Under normal physiological conditions, the liver is composed of hexagonal lobules with hepatocytes 

arranged in radial plates around the central vein [78]. Sinusoids are located between hepatocytes and 

facilitate the exchange of nutrients and waste [78]. Macrovesicular steatosis is a key histological 

feature of NAFLD and has been observed in the pre-diabetic state [72, 79]. The accumulation of fat in 

hepatocytes displaces the nucleus to the periphery and lipid-laden hepatocytes reduce sinusoidal space 

in NAFLD [80]. High-caloric diets and insulin resistance promotes increased hepatic FFA influx, 

which contributes to hepatic steatosis [46]. In this study, the PD group exhibited notable features such 

as increased lipid droplet accumulation, the displacement of hepatocyte nuclei, disturbed sinusoidal 

space, and hepatocyte plate arrangement in comparison to the NPD group. These histological findings 

are consistent with the elevated liver TAG and plasma SREBP-1c levels observed in the PD group. 

Increased SREBP-1c-mediated de novo lipogenesis may have promoted hepatic lipid accumulation, 

leading to structural liver damage [81]. Furthermore, the hepatocyte plate arrangement may have been 

disrupted due to fat deposition, leading to disarray within the liver lobules. 

 

However, both GTIN-treated groups showed reductions in lipid droplet accumulation, displaced 

hepatocyte nuclei, and improved sinusoidal space and hepatocyte arrangement in comparison to the 

PD group. These improvements are consistent with the reductions in plasma SREBP-1c levels and 

liver TAG accumulation observed following GTIN treatment. This suggests that reduced hepatic 

lipogenesis may have contributed to the restoration of normal liver architecture. These improvements 

may have been attributed to the antilipidaemic, antioxidant, and anti-inflammatory properties of GTIN 

[21, 22]. The ability of GTIN to improve multiple pathological features of NAFLD may be associated 

with its flavonoid structure, which allows modulation of oxidative stress, inflammatory pathways and 

metabolic signalling [66, 82]. However, direct molecular confirmation of pathways such as AMPK 

activation, NF-κB inhibition and mitochondrial protection was not performed in this study and should 

be investigated in future studies. 

Additionally, the MET+ND and MET+HFHC groups showed similar histological improvements as 

the GTIN-treated groups. The improved hepatic architecture observed in the MET-treated groups may 

be attributed to the reductions in plasma SREBP-1c levels and hepatic TAG accumulation. However, 

the MET+HFHC group showed increased lipid droplet accumulation, reduced sinusoidal space, and 
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moderate disruption to hepatocyte plate arrangement in comparison to the MET+ND group. The 

HFHC diet may have limited the ability of MET to effectively reduce hepatic lipid accumulation [83]. 

There was no remarkable difference in the number of binucleated hepatocytes among all six groups, 

which may suggest that hepatocyte regeneration may be occurring at similar rates. 

 

Although GTIN demonstrated comparable or greater effects than MET in several liver-related 

outcomes, translation of these findings into clinical applications requires consideration of important 

pharmacological factors. Flavonoids often exhibit limited oral bioavailability due to poor absorption, 

rapid metabolism and extensive conjugation reactions [84, 85]. Therefore, future studies should 

investigate GTIN pharmacokinetics, including absorption, plasma half-life, metabolic conversion and 

tissue distribution, to determine whether effective concentrations observed in animal models can be 

achieved in humans. Furthermore, long-term toxicity studies are required to establish the safety profile 

and therapeutic window of GTIN before clinical application. 

 

This study highlights the potential of GTIN as an effective compound for ameliorating liver 

complications associated with the pre-diabetic state. The results demonstrated that GTIN 

administration in the presence and absence of dietary intervention significantly improved liver TAG 

levels, liver weights, plasma SREBP-1c, and bilirubin levels in comparison to the PD group. 

Additionally, GTIN administration reduced liver MDA levels and increased liver SOD and Gpx 

activity. It also decreased liver injury, demonstrated by reduced plasma AST and ALT levels. 

Moreover, GTIN improved liver histology by reducing steatosis and restoring liver architecture in 

comparison to the PD group. The effects of GTIN on liver parameters were comparable to MET 

treatment. Moreover, dietary intervention may positively influence liver health in pre-diabetes. 

However, the combination of pharmacological and dietary intervention may exhibit greater 

therapeutic outcomes on liver health than when used independently. Notably, GTIN may exert greater 

protective effects than MET in rats without dietary intervention. 

 

4. Materials and Methods 

4.1. Chemicals and Drugs 

The chemicals employed were of analytical grade and sourced from standard commercial suppliers 

(Merck, Darmstadt, Germany). Gossypetin was purchased from INDOFINE Chemical Company 

(Hillsborough, NJ, USA). Metformin was purchased from Sigma-Aldrich (St. Louis, MI, USA). 

 

4.2. Animals and Housing 

The study involved 36 male Sprague Dawley rats (150–180 g), which were bred and kept in the 

Biomedical Research Unit (BRU) at the University of KwaZulu-Natal (UKZN), Westville campus. 

Under standard laboratory conditions, the animals were housed at a constant temperature of 22 ± 2 °C, 
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a carbon dioxide (CO2) content of <5000 p.m, relative humidity of 55 ± 5%, and a 12 h light/dark 

cycle (lights on at 07:00). Noise levels were kept under 65 decibels. Food and water were provided ad 

libitum to all animals. All animal experiments and handling were approved by the Animal Research 

Ethics Committee of the University of KwaZulu-Natal (ethics number: AREC/00004965/2022). Pain 

and discomfort were closely monitored in accordance with the humane endpoint criteria outlined by 

the UKZN Institutional Animal Ethics Committee. The rats were housed in well-ventilated 

polycarbonate plastic cages (Techniplast, Labotec, Midrand, South Africa). Before the experimental 

diet (high fat high carbohydrate) was introduced, the rats were allowed to acclimatize to their new 

environment while consuming a standard rat diet (Meadow Feeds, Lanseria, South Africa) and tap 

water for 1 week [30]. 

4.3. Induction of Pre-Diabetes 

The animals were randomly distributed into two groups based on diet (Figure 7) as follows: group 1 

(n = 6) and group 2 (n = 30). The induction of experimental pre-diabetes in the animals was carried 

out using the protocol outlined by Luvuno et al. [30]. Group 1 animals were given a standard rat diet 

and tap water, while group 2 animals received a high-fat, high-carbohydrate (HFHC) diet (AVI 

Products (Pty) Ltd., Waterfall, Johannesburg, South Africa) supplemented with 15% fructose-enriched 

water to induce pre-diabetes for 20 weeks. The HFHC diet was composed of 55% carbohydrates, 30% 

fats, and 15% proteins of the total energy content [30]. Following 20 weeks, the animals were 

assessed for pre-diabetes using the American Diabetes Association criteria [86]. Animals with a 

fasting blood glucose concentration of 5.6 to 6.9 mmol/L and a 2 h oral glucose tolerance test glucose 

concentration of 7.8 to 11.0 mmol/L were classified as the pre-diabetic group. The animals on the 

standard diet were also assessed at week 20 to confirm normoglycemia and were categorized as the 

non-pre-diabetic group. To measure glucose concentration, blood was collected using the tail-prick 

method [87]. Glucose levels were assessed using a OneTouch Select glucometer (LifeScan, Malta, 

Kent, UK). Blood samples were taken at week 20 and every 4 weeks during the treatment period to 

monitor changes in glucose levels. The sample size was selected based on similar studies and power 

analysis  to  ensure  adequate  statistical  power  while  ensuring  animal  welfare  [71,  88]. 
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Figure 7. Layout of experimental design and grouping. 

 

4.4. Experimental Design and Treatment 

Following the induction of pre-diabetes, the pre-diabetic group (n = 30) was randomly subdivided into 

five groups (Groups 2 to 6), each group comprising six animals each. The pre-diabetic animals either 
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continued the HFHC diet or changed to a normal standard diet (ND) while receiving either 15 mg/kg 

body weight (b.w) gossypetin (GTIN) or 500 mg/kg bw metformin (MET) orally once every third day 

at 9:00 a.m. for 12 weeks. The doses of 15 mg/kg GTIN and 500 mg/kg MET were selected based on 

previous studies, demonstrating their effectiveness in similar pre-diabetic rat models [4, 24]. The non-

pre-diabetic control (NPD, Group 1) animals were continuously fed on a normal diet (ND). The pre-

diabetic control (PD, Group 2) group consisted of untreated pre-diabetic rats that were continuously 

fed a HFHC diet. Group 3 (GTIN+ND) animals were changed to the ND and received GTIN, whereas 

Group 4 (GTIN+HFHC) animals remained on the HFHC diet and received GTIN. Group 5 

(MET+ND) animals were changed to the ND and were given MET, while Group 6 (MET+HFHC) 

animals continued on the HFHC diet and received MET. In all treatment groups, the drugs were 

dissolved in 3 mL/kg of diluted dimethyl sulfoxide (DMSO) (prepared as 2 mL DMSO in 19 mL 

normal saline, p.o). To ensure consistency and control for any potential effects of the vehicle, the 

control groups were also administered the same dose of DMSO without any dissolved drug. We have 

used 10% DMSO as a vehicle, as it has proven to dissolve organic compounds based on previous 

studies in our laboratory [89, 90]. The amount of DMSO administered was 3 mL/kg every third day. 

We have selected this volume based on the recommended safe volume to be administered to rodents 

[91]. 

4.5. Blood Collection and Tissue Harvesting 

At the end of week 32 of the experimental period, all animals were anesthetized for 3 min with Isofor 

(100 mg/kg bw) (Safeline Pharmaceuticals (Pty) Ltd., Roodeport, South Africa) using a gas anesthetic 

chamber (BRU, UKZN, Durban, South Africa). After the animals were anesthetized, blood was 

obtained via cardiac puncture and placed into pre-cooled heparinized containers. The blood samples 

were centrifuged (Eppendorf centrifuge 5403, Germany) at 4 °C, at 503 g for 15 min to obtain plasma. 

Each plasma sample was transferred into Eppendorf tubes and stored in a Bio Ultra freezer (Snijers 

Scientific, Tilburg, The Netherlands) until ready for biochemical analysis. The liver was removed, 

weighed, and rinsed with a cold normal saline solution. The left lobe was immediately snap-frozen in 

liquid nitrogen and stored at −80 °C in a BioUltra freezer (Snijers Scientific, Tilburg, The 

Netherlands) for biochemical analysis, while the right lobe was preserved in 10% formalin buffer for 

histopathological examination. 

4.6. Biochemical Analysis 

At the end of week 32 of the experimental period, various biochemical parameters were assessed. 

 

4.6.1. Plasma Biochemical Analysis 

Plasma aspartate transaminase (AST), alanine transaminase (ALT), and bilirubin levels were analyzed 

with IDEXX Catalyst One Chemistry Analyzer (IDEXX Laboratories Inc. Westbrook, ME, USA). 
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Plasma sterol regulatory element binding protein 1c (SREBP-1c) levels were measured using the 

relevant ELISA kit (catalog no.: EKC39725) according to the manufacturer’s instructions (Biomatik 

USA, LLC, Wilmington, DE, USA) (Supplementary Materials S1). The absorbance was measured at 

450 nm using the Spectrostar Nanospectrophotometer (BMG Labtech, Ortenberg, Baden-

Württernberg, LGBW, Germany). 

4.6.2. Liver Biochemical Analysis 

Liver tissue samples and the homogenate medium used for determining liver triglycerides levels, 

superoxide dismutase, and glutathione peroxidase activity were prepared according to the 

manufacturer’s instructions (Elabscience Biotechnology Co., Ltd., Houston, TX, USA). Briefly, 20 

mg of liver tissue was harvested for each assay. The tissue was washed with ice-cold phosphate-

buffered saline (PBS, 0.01 M, pH 7.4) and then homogenized on ice in 180 µL of PBS. The 

homogenate was centrifuged at 10,000× g for 10 min at 4 °C. The supernatant was collected and kept 

on ice for immediate analysis or stored at −80 °C for later use. 

Liver triglyceride (TAG) levels were quantified using the triglyceride colorimetric assay kit (GPO-

PAP method, catalog no.: E-BC-K238) according to the manufacturer’s instructions (Elabscience 

Biotechnology Co., Ltd., Houston, TX, USA) (Supplementary Materials S2). The activity of 

superoxide dismutase (SOD) was determined using the total superoxide dismutase (T-SOD) activity 

assay kit (WST-1 method, catalog no.: E-BC-K020-M) according to the manufacturer’s instructions 

(Supplementary Materials S3). The activity of glutathione peroxidase (Gpx) was measured using the 

glutathione peroxidase (GSH-Px) activity assay kit (catalog no.: E-BC-K096-S) (Supplementary 

Materials S4). The Spectrostar Nanospectrophotometer (BMG Labtech, Ortenberg, Baden-

Württernberg, LGBW, Germany) was used to measure the absorbance for TAG at 510 nm, SOD at 

450 nm, and GPx at 412 nm. 

 

4.7. MDAAssay 

The liver malondialdehyde (MDA) concentration was quantified following a previously established 

laboratory protocol [92]. Briefly, 50 mg of liver tissue was homogenized in 500 µL of 0.2% 

phosphoric acid. The homogenate was centrifuged at 400× g for 10 min. Thereafter, 400 µL of the 

homogenate was combined with 400 µL of 2% phosphoric acid and then divided into two glass tubes, 

each receiving equal volumes of the solution. Then, 200 µL of 7% phosphoric acid was added to both 

tubes, followed by the addition of 400 µL of thiobarbituric acid (TBA)/butylated hydroxytoluene 

(BHT) solution to the sample tube and 400 µL of 3 mM hydrochloric acid (HCl) to the blank tube. To 

adjust the pH to 1.5, 200 µL of 1 M HCl was added to both tubes. The tubes were heated at 100 °C for 

15 min and allowed to cool to room temperature. After cooling, 1.5 mL of butanol was added, the 

solution was vortexed for 1 min for thorough mixing, and then allowed to settle until two phases 

could be distinguished. The upper butanol phase was transferred to Eppendorf tubes and centrifuged 
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at 13,200× g for 6 min. The samples were aliquoted into a 96-well microtiter plate in triplicate, and 

the absorbance was measured at 532 nm (reference 600 nm) using a Spectrostar 

Nanospectrophotometer (BMG Labtech, Ortenberg, Baden-Württernberg, LGBW, Germany). The 

absorbance from these wavelengths was used to calculate the concentration of MDA using Beer’s 

Law as follows: MDA concentration = Average Absorbance/Absorption coefficient (156 nm) [93]. 

4.8. Histological Analysis 

A histological examination of the liver was performed on two randomly selected animals per group, 

following a previously documented protocol [92]. Due to budget constraints, histological assessment 

was limited to two animals per group. Histological findings were interpreted in conjunction with the 

biochemical and molecular markers to provide an integrated assessment of liver injury. Following 

removal from the animals, liver tissues were immediately fixed in 10% formalin buffer. The samples 

were dehydrated with alcohol and embedded in paraffin wax. A microtome was used to slice 5 µm 

sections of liver tissue, which were then stained with hematoxylin and eosin (H&E). The processed 

tissue sections were visualized and captured with a Leica SCN400 scanner and analyzed using Aperio 

ImageScope software (version 12.4.6.5003; Leica Biosystems, Buffalo Grove, IL, USA). Prior to 

histopathological assessment, all tissue sections were assigned random identification codes, and 

histopathological scoring was performed by the investigator using predefined scoring criteria while 

blinded to the treatment groups, thereby minimising observer bias. As all tissue sections were 

evaluated by a single observer, interobserver variability was not applicable. 

Lipid droplet scores were assigned using the Brunt method [94] as follows: Grade 0: none; Grade 1: 

<33% hepatocytes affected; Grade 2: 33–66% hepatocytes affected; Grade 3: >66% hepatocytes 

affected. 

Nuclei displacement scores were assigned as follows: Grade 0: none; Grade 1: 1–24% displaced 

nuclei; Grade 2: 25–50% displaced nuclei; Grade 3: >50% displaced nuclei. 

Sinusoid disruption scores were assigned as follows: Grade 0: normal well-defined sinusoids; Grade 

1: mild changes with some sinusoidal dilation but no significant loss; Grade 2: moderate disruption 

with sinusoidal dilation and focal areas of loss; Grade 3: severe disruption with large loss of 

sinusoidal space. 

Hepatocyte plate arrangement scores were assigned as follows: Grade 0: radial plate arrangement; 

Grade 1: mild disruption where some plates are irregular but general organization is maintained; 

Grade 2: moderate disruption where plates are disorganized with gaps; Grade 3: severe disruption 

with no clear plate formation. 

Binuclear hepatocyte scores were assigned as follows: Grade 0: none; Grade 1: <5% binucleated 

hepatocytes; Grade 2: 5–20% binucleated hepatocytes; Grade 3: >20% binucleated hepatocytes. 

4.9. Statistical Analysis 
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Data were presented as the mean ± standard error of the mean (SEM). The Shapiro–Wilk test was 

used to evaluate the normality of the data and Bartlett’s test was used to test for homogeneity of 

variance. A one-way analysis of variance (ANOVA) was used to compare differences among all 

groups for the dependent variable. An ordinary two-way ANOVA was conducted on the GTIN+ND, 

GTIN+HFHC, MET+ND, and MET+HFHC groups. This analysis assessed the effects of two factors, 

namely diet (ND vs. HFHC) and treatment (GTIN vs. MET) on the dependent variable. Post hoc 

comparisons were made using the Tukey test via GraphPad Prism 5 software GraphPad Prism version 

5 software (GraphPad Software Inc., San Diego, CA, USA). Statistical significance was determined at 

a value of p < 0.05. 

 

5. Limitations and Future Recommendations 

A limitation of this study was the restricted sample size for histological analysis, as only two animals 

per group were examined due to logistical constraints and shortages of laboratory supplies. 

Histopathological scoring was performed by a single blinded observer using predefined scoring 

criteria to minimise observer bias. However, interobserver variability could not be assessed because 

the tissue sections were not independently evaluated by a second observer. Despite this limitation, the 

histological findings were interpreted alongside the biochemical and molecular data, which showed 

consistent trends and strengthened the overall assessment of hepatic injury. Additionally, while lipid 

peroxidation and antioxidant activity were assessed, only selected markers were measured. Future 

studies should investigate a broader range of oxidative stress markers and antioxidant enzymes. 

Quantitative histological analysis should also be conducted on a larger sample size, and control 

animals without DMSO should be included in future studies. 

6. Conclusions 

Taken together, GTIN may serve as an effective candidate for managing liver complications in the 

pre-diabetic state in the presence and absence of dietary modification. This was evidenced by reduced 

liver TAGs, liver weights, and plasma SREBP-1c levels in the GTIN-treated animals. It also reduced 

liver MDA levels and injury while improving plasma bilirubin levels, SOD activity, Gpx activity, and 

liver histology. Similar results were observed for the liver parameters in the MET-treated groups. 

Although combined pharmacological treatment and dietary modification produced the most 

favourable hepatic outcomes, GTIN demonstrated notable hepatoprotective effects even in the 

absence of dietary intervention. Further studies investigating the molecular mechanisms underlying 

GTIN-mediated hepatic protection are warranted. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/doi/s1, Supplementary Materials S1: Protocol for SREBP-1c assay. 

Supplementary Materials S2: Protocol for triglyceride assay. Supplementary Materials S3: Protocol 

for superoxide dismutase activity assay. Supplementary Materials S4: Protocol for glutathione 

https://www.mdpi.com/article/doi/s1
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Bridge 

 

The third manuscript presented in Chapter 6 showed that diet-induced prediabetes was associated with 

altered liver function. This was evidenced by elevated liver triglycerides, increased liver weight, 

heightened levels of oxidative stress markers, inflammatory mediators and liver injury enzymes, along 

with histopathological disturbances. The administration of gossypetin (GTIN), in both the presence 

and absence of dietary intervention, significantly ameliorated these liver disturbances. The findings 

presented in manuscript 3 prompted further investigation into the effects of GTIN on kidney function, 

given the interconnected pathophysiology of hepatic and renal complications in prediabetes. 

Accordingly, Chapter 7 presents the findings of manuscript 4, which aims to investigate the effects of 

GTIN on kidney function, including kidney weight, glomerular filtration rate, renal oxidative stress 

markers, inflammatory mediators, electrolyte handling and markers of kidney injury in diet-induced 

prediabetes. 
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CHAPTER 7: MANUSCRIPT 4 

 

PROLOGUE 

 

Emerging evidence indicates that renal complications associated with type 2 diabetes mellitus begin 

during the prediabetic state. In prediabetes, renal complications arise from moderate hyperglycaemia-

induced oxidative stress and increased pro-inflammatory cytokine production, along with glomerular 

hyperfiltration driven by elevated intraglomerular pressure. As seen in prediabetes, over-activation of 

the renin-angiotensin-aldosterone system, further contributes to podocyte injury, electrolyte 

imbalances and impaired glomerular filtration efficiency. The management of renal impairment during 

prediabetes typically involves a combination of pharmacological and dietary interventions. However, 

patient compliance with long-term dietary intervention is often poor, reducing the effectiveness of 

pharmacological treatments. Consequently, there is a critical demand for therapeutic agents capable of 

improving renal function independently of dietary intervention. Flavonoids have been shown to 

improve diabetic nephropathy by reducing oxidative stress and inflammation. In the previous 

manuscripts, gossypetin (GTIN) has been shown to improve markers associated with glucose 

homeostasis, cardiovascular function and liver health in a diet-induced prediabetic rat model. 

However, the effects of GTIN on prediabetes-associated kidney complications were not explored. 

Hence, in manuscript 4, we investigated the effects of GTIN on kidney function in both the presence 

and absence of dietary intervention in a diet-induced prediabetic rat model. 

The manuscript in Chapter 7 is titled “Investigating the effects of gossypetin on kidney function in 

diet-induced prediabetic male Sprague Dawley rats” and is authored by Naidoo K and Khathi A. 

The manuscript is currently under review in the journal “Pharmaceutics” and has been formatted 

according to the journal’s guidelines for authors. 

Candidate Contribution: Karishma Naidoo was responsible for study conceptualisation, study 

design, all experimental work, statistical analysis, first draft writing and manuscript editing. 
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Abstract 

 

Background/Objectives: Renal dysfunction is increasingly recognised as an early complication of 

metabolic disturbances associated with pre-diabetes. Gossypetin (GTIN) is a natural derivative of the 

well-known flavonoid, quercetin; however, studies regarding its biological effects remain limited. 

This study sought to investigate the effects of GTIN on selected markers of kidney function in both 

the presence and absence of dietary intervention in diet-induced prediabetes. Methods: Experimental 

prediabetes was induced by administering a high-fat, high-carbohydrate (HFHC) diet alongside 

drinking water supplemented with 15% fructose for a duration of 20 weeks. Following induction of 

the pre-diabetic state, animals were assigned into five groups (n = 6), receiving either gossypetin (15 

mg/kg) or metformin (500 mg/kg) with a normal or HFHC diet for 12 weeks. Results: GTIN 

administration in both the presence and absence of dietary intervention significantly decreased kidney 

weight, fluid intake and urine output while also promoting renal function, as evidenced by an elevated 

glomerular filtration rate and improved biochemical markers, including creatinine, albumin, urea and 

uric acid, compared to the prediabetic (PD) group. The GTIN-treated group also showed improved 

sodium and potassium handling, along with reduced plasma aldosterone levels. Decreased 

malondialdehyde, reduced inflammatory markers as well as elevated total antioxidant status levels in 

the kidneys were also observed. Plasma kidney injury molecule-1 and urinary podocin mRNA 

expression were significantly decreased. Conclusions: GTIN administration, even without dietary 

intervention, may exhibit renoprotective effects in diet-induced prediabetes. 



169  

1. Introduction 

 

The chronic consumption of calorie-dense diets consisting of refined carbohydrates and saturated fats, 

combined with sedentary lifestyles contribute to the development of prediabetes [1]. Prediabetes is an 

intermediate hyperglycaemic state that often precedes the development of type 2 diabetes mellitus 

(T2DM) [2]. It has been reported that around one-third of type 2 diabetic individuals exhibit renal 

damage [3]. Studies have shown that early markers of renal dysfunction are present during the 

prediabetic state [4, 5]. The prevalence of renal damage in prediabetes was reported to be 70% higher 

compared to normal glucose-tolerant individuals [4]. In prediabetes, renal dysfunction arises from 

altered blood flow and nephron damage leading to reduced filtration, proteinuria and kidney injury [4, 

6]. Elevated plasma glucose levels damage the glomerular filtration membrane, leading to 

albuminuria [7]. It was reported that glomerular filtration rate (GFR) increases as a compensatory 

response to moderate hyperglycaemia and insulin resistance [8]. However, sustained hyperfiltration 

raises intraglomerular pressure, promoting glomerular injury [9]. Plasma creatinine, urea and uric acid 

levels may be altered in prediabetes due to impaired renal filtration efficiency [5, 10]. Sodium and 

potassium imbalances have been reported due to increased tubular reabsorption, impaired filtration 

and renin-angiotensin-aldosterone system (RAAS) activation in prediabetes [11, 12]. 

Moderate hyperglycaemia, as seen during prediabetes, has been shown to induce oxidative stress and 

activate the RAAS, leading to increased expression of inflammatory cytokines [11]. RAAS activation 

raises plasma aldosterone levels, leading to sodium and water retention [13]. Individuals with 

prediabetes have shown increased urine output and water intake as a compensatory response to 

excessive fluid loss [14]. Kidney total antioxidant status (TAS) is reduced in prediabetes due to 

oxidative stress and diminished antioxidant defenses [15]. In prediabetes, podocyte injury and initial 

glomerular damage are reflected by higher levels of kidney injury molecule-1 (KIM-1) and urinary 

podocin [10]. Kidney weight has been shown to be increased during prediabetes due to glomerular 

hypertrophy and inflammation [16]. 

Current management of diabetic nephropathy relies on pharmacological therapy supported by lifestyle 

modifications [17]. However, patients often rely solely on pharmacological intervention without 

implementing necessary lifestyle changes [18]. This has been shown to limit the effectiveness of 

pharmacological interventions [18]. Consequently, there is a growing need to identify affordable 

pharmacological agents that can ameriolate renal dysfunction in prediabetes in the absence of dietary 

intervention. Natural compounds with antioxidant and antidiabetic properties have gained attention as 

potential therapeutic options to treat renal dysfunction [19]. Quercetin has demonstrated insulin-

sensitizing, antioxidant and renoprotective effects in models of T2DM [20]. Gossypetin (GTIN) is a 

natural hydroxylated flavone found in Hibiscus sabdariffa and is structurally similar to quercetin [21, 

22]. Emerging research has shown that GTIN exhibited glucose lowering, cardioprotective and 
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hepatoprotective effects [23-25]. However, the effects of GTIN on renal function during the pre-

diabetic state remain unexplored. Accordingly, this study evaluates the effects of GTIN on kidney 

function in both the presence and absence of dietary intervention in a diet-induced rat model. 

2. Materials and Methods 

 

2.1 Chemicals and drugs 

 

All chemicals and drugs were of analytical grade and purchased from standard commercial suppliers 

(Merck, Darmstadt, Germany). 

2.2 Animals and Housing 

 

Thirty-six male Sprague Dawley rats (weighing 150–180 g) were bred and maintained at the 

Biomedical Research Unit (BRU) located at the University of KwaZulu-Natal, Westville campus. The 

animals were kept under controlled laboratory conditions with a stable temperature of 22 ± 2 °C, 

carbon dioxide levels below 5000 ppm, relative humidity maintained at 55 ± 5%, and a 12-hour 

light/dark cycle with lights on at 07:00 a.m. Noise was limited to less than 65 decibels. All animals 

had free access to food and water. All procedures involving animals and their handling received 

approval from the Animal Research Ethics Committee at the University of KwaZulu-Natal (ethics 

approval number: AREC/00004965/2022). Pain and distress were carefully observed following the 

humane endpoint guidelines set by the UKZN Institutional Animal Ethics Committee. The rats were 

kept in well-ventilated polycarbonate cages (Techniplast, Labotec, Midrand, South Africa). Before 

introducing the high fat high carbohydrate diet, the rats were acclimated to their new surroundings for 

one week while being fed a standard rat diet (Meadow Feeds, Lanseria, South Africa) and provided 

with tap water. 

2.3 Induction of prediabetes 

 

Animals were randomly divided into two groups according to diet: group 1 (n = 6) and group 2 (n = 

30). Prediabetes was induced in the animals using the protocol from Luvuno et al. [26]. Group 1 

consumed a standard rat diet and tap water, while group 2 was provided a high-fat high-carbohydrate 

(HFHC) diet (AVI Products (Pty) Ltd., Waterfall, Johannesburg, South Africa) supplemented with 

15% fructose water over a period of 20 weeks to induce prediabetes. Following 20 weeks, the animals 

were assessed for prediabetes using the American Diabetes Association criteria [27]. Animals with a 

fasting blood glucose concentration of 5.6 to 6.9 mmol/L and a 2-hour oral glucose tolerance test 

glucose concentration of 7.8 to 11.0 mmol/L were classified as the prediabetic group. The animals on 

the standard diet were also assessed at week 20 to confirm normoglycaemia and were categorised as 



171  

the non-prediabetic group. To ensure appropriate statistical power and uphold animal welfare 

standards, the sample size was chosen in accordance with similar studies and power analysis [10, 28]. 

2.4 Experimental design and treatment 

 

Following prediabetes induction, the prediabetic group (n = 30) was further divided into five sub-

groups (Group 2-6), with each group comprising six rats. These animals either remained on the high-

fat high-carbohydrate (HFHC) diet or were switched to a standard normal diet (ND), while being 

administered either 15 mg/kg of gossypetin (GTIN) or 500 mg/kg of metformin (MET) orally every 

third day over a 12-week period. The selected GTIN dose of 15 mg/kg was based on prior studies 

demonstrating its efficacy and safety within the 10–20 mg/kg range [29-31]. Likewise, the 500 mg/kg 

MET dosage was chosen for its established therapeutic benefits and low risk of adverse effects [4, 32]. 

Group 1 consisted of non-prediabetic control (NPD) animals maintained on a normal diet (ND). 

Group 2 consisted of prediabetic control (PD) animals that continued on the HFHC diet. Animals in 

Group 3 (GTIN + ND) received GTIN treatment and were switched to the ND, while Group 4 (GTIN 

+ HFHC) were administered GTIN but remained on the HFHC diet. Group 5 (MET + ND) animals 

were treated with metformin (MET) and transitioned to the ND, whereas Group 6 (MET + HFHC) 

received MET and continued on the HFHC diet. 

2.5 Determination of fluid intake and urine output 

 

The animals were placed in individual metabolic cages for 24 hours to measure fluid intake and urine 

output at weeks 20, 24, 28 and 32. During this period, the rats were not fasted but had free access to 

water. Fluid intake was determined by measuring the difference between the initial and final volumes 

of water in graduated drinking bottles over the 24-hour period. Urine was collected in the metabolic 

cage collection tubes, centrifuged at 13,000 rpm for 5 minutes at 4 °C, and the resulting supernatants 

were stored at −80 °C in a Bio Ultra freezer (Snijders Scientific, Tilburg, The Netherlands) until 

analysis of kidney function parameters. 

2.6 Blood collection and tissue harvesting 

 

At the end of week 32, the animals were put under anesthesia with Isofor (100 mg/kg) (Safeline 

Pharmaceuticals (Pty) Ltd., Roodepoort, South Africa) for 3 minutes using a gas anesthesia chamber 

(BRU, UKZN, Durban, South Africa). Upon the animals becoming unconscious, blood samples were 

collected by cardiac puncture and placed into individually cooled heparinised tubes. Blood samples 

were spun at 503×g for 15 minutes at 4 °C using an Eppendorf 5403 centrifuge (Eppendorf AG, 

Hamburg, Germany) to isolate plasma. The separated plasma was aliquoted into Eppendorf tubes and 

preserved at −80 °C in a Bio Ultra freezer (Snijders Scientific, Tilburg, The Netherlands) for later 

biochemical evaluation. After removal, the kidneys were weighed and rinsed with normal saline, then 
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rapidly frozen in liquid nitrogen and stored at −80 °C for subsequent biochemical analysis. 

 

2.7 Biochemical analysis 

 

 

At the end of week 32, creatinine, urea and uric acid levels were determined in both plasma and urine 

samples (Elabscience Biotechnology Co., Ltd., Houston, TX, USA). Plasma albumin, sodium and 

potassium concentrations were also measured using the same manufacturer’s assay kits (Elabscience 

Biotechnology Co., Ltd., Houston, TX, USA). Urine albumin and electrolytes (Na+ and K+) levels 

were measured by Global Clinical and Viral Laboratories (Amanzimtoti, Durban, South Africa). 

The glomerular filtration rate (GFR) of all the animals was determined from the estimation of 

creatinine in the plasma and urine (creatinine clearance) as follows [33]: 

 

 

GFR [mL/min] = 

Urine creatinine ( 
mg

)× 24 hrs urine volume (mL) 
 dl  

Plasma creatinine (mg/dl)× 60 min x 24 hours 

Kidney total antioxidant status (TAS) levels were measured using the assay kit as instructed by the 

manufacturer (Elabscience Biotechnology Co., Ltd., Houston, TX, USA). Kidney inflammatory 

markers (IL-6, TNF-α) as well as plasma kidney injury molecule (KIM-1) and aldosterone 

concentrations were determined from their specific ELISA kits as instructed by the manufacturer 

(Elabscience Biotechnology Co., Ltd., Houston, TX, USA). 

2.8 Quantitative real-time PCR 

 

Ribonucleic acid (RNA) was isolated from urine by using the ZR Urine RNA Isolation Kit (Zymo 

Research Corp., Irvine, CA, USA) according to the manufacturer’s protocol. The purity of the RNA 

was confirmed by the relative absorbance ratio of 260/280 nm via a Nanodrop 1000 

spectrophotometer (Thermo Scientific, Santa Clara, CA, USA). 

The cDNA synthesis kit was used to produce reverse transcription reactions using 2 μg of urine RNA 

as described by the manufacturer (New England Biolabs, Ipswich, MA, USA). The Luna Universal 

qPCR Master Mix was utilized for amplification (New England Biolabs, Ipswich, MA, USA). All 

samples were run in duplicate and β-actin mRNA was used as a housekeeping gene. Table 1 below 

shows the primer sequences (Inqaba Biotec, Pretoria, South Africa) that were utilised in this study. 

The cycling conditions were as follows: initial denaturation at 95°C for 60 seconds, followed by 45 

cycles of denaturation at 95°C for 15 seconds and extension at 60°C for 30 seconds. A melt curve 

analysis was performed from 60°C to 95°C according to instrument-specific recommendations. The 

2-ΔΔCt relative quantification method was used to represent gene expression values. 
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Table 1. List of primers used in this study 

 

Gene of interest Sequence 

Podocin 
Forward: 5'- TGGAAGCTGAGG CACAAAGA-3' 

Reverse: 5'- AGAATCTCAGCCGCCATCCT-3' 

β-actin 
Forward: 5'-AGTGCCAGCCTCGTCTCATA-3' 

Reverse: 5'-GATGGTGATGGGTTTCCCGT-3' 

 

2.9 Statistical analysis 

 

The results were expressed as mean ± SEM. Normality was assessed using the Shapiro–Wilk test, and 

homogeneity of variance was assessed using the Bartlett's test. Fluid intake and urine output, were 

analysed using a two-way analysis of variance (ANOVA), whereas data collected at a single time 

point were analysed using one-way ANOVA. The Tukey–Kramer post hoc test was used for multiple 

comparisons. Statistical significance was determined at p < 0.05. 

 

3. Results 

 

3.1 Kidney weights 

 

Kidney weights were assessed in all experimental animals at the end of the study period (n = 6 per 

group). As shown in Figure 1, the PD control group exhibited a significant increase (p = < 0.0001) in 

kidney weight compared to the NPD group. In contrast, both the GTIN + ND (p = < 0.0001) and 

GTIN + HFHC (p = < 0.0001) groups demonstrated significantly reduced kidney weights relative to 

the PD group. A similar reduction (p = < 0.0001) was observed in the MET + ND group when 

compared to the PD group. 

 

 

Figure 1. Effects of GTIN and MET with or without dietary intervention on kidney weight in diet-

induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are presented as mean ± SEM. 

* p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

 

3.2 Fluid intake and urine output 
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Fluid intake and urine output were monitored in all groups from week 20 to week 32 of the study 

period (n = 6 per group). As illustrated in Figure 2, the PD group displayed a significant increase both 

fluid intake (p = < 0.0001) and urine output (p = < 0.0001) throughout the treatment period compared 

to the NPD group. In contrast, the GTIN + ND and GTIN + HFHC groups exhibited significantly 

reduced (p < 0.05) fluid intake and urine output from week 24 to week 32 relative to the PD group. 

Similarly, both the MET + ND and MET + HFHC groups showed significant reductions (p < 0.05) in 

these parameters over the same time frame compared to the PD group. 

 

 

 

Figure 2. Effects of GTIN and MET with or without dietary intervention on fluid intake and urine 

output in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are presented as 

mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

3.3 Glomerular filtration rate (GFR) 

 

Glomerular filtration rate (GFR) was assessed in all animals at the end of the study period (n = 6 per 

group). As shown in Figure 3, the PD group exhibited a significant reduction (p = < 0.0001) in GFR 

compared to the NPD group. In contrast, both the GTIN + ND (p = < 0.0001) and GTIN + HFHC (p = 

< 0.0001) groups demonstrated significantly increased GFR values relative to the PD group. 

Similarly, the MET + ND (p = < 0.0001) and MET + HFHC (p = < 0.0001) groups showed 

significantly elevated GFR compared to the PD group. 
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Figure 3. Effects of GTIN and MET with or without dietary intervention on glomerular filtration rate 

(GFR) in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are presented as 

mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

 

3.4 Plasma and urine creatinine 

 

Plasma and urine creatinine levels were evaluated in all animals at the end of the study period (n = 6 

per group). As presented in Figure 4, the PD group showed a significant increase in plasma creatinine 

(p = < 0.0001) and a decrease in urine creatinine levels (p = < 0.0001) compared to the NPD group. In 

contrast, the GTIN + ND and GTIN + HFHC groups exhibited significantly lower plasma creatinine 

(p = < 0.0001, p = < 0.0001) and higher urine creatinine levels (p = < 0.0001, p = < 0.0001) relative to 

the PD group. Similarly, both the MET + ND and MET + HFHC groups demonstrated significant 

improvements (p < 0.05) in these parameters when compared to the PD group. 

 

 

 

Figure 4. Effects of GTIN and MET with or without dietary intervention on plasma and urine 

creatinine levels in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are 

presented as mean ± SEM. *p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

3.5 Plasma and urine albumin 

 

Plasma and urine albumin levels were assessed in all animals at the end of the study period (n = 6 per 

group). As illustrated in Figure 5, the PD group exhibited significantly lower plasma albumin (p = < 

0.0001) and higher urine albumin (p = < 0.0001 levels compared to the NPD group. In contrast, both 
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the GTIN + ND and GTIN + HFHC groups showed significantly increased plasma albumin (p = < 

0.0001, p = < 0.0001) and decreased urine albumin levels (p = < 0.0001, p = < 0.0001) relative to the 

PD group. Similarly, the MET + ND group demonstrated a significant improvement in both 

parameters (p < 0.05) when compared to the PD group. 

 

 

 

Figure 5. Effects of GTIN and MET with or without dietary intervention on plasma and urine 

albumin levels in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are 

presented as mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

3.6 Plasma and urine urea 

 

Plasma and urine urea levels were evaluated in all animals at the end of the study period (n = 6 per 

group). As depicted in Figure 6, the PD group exhibited a significant increase in plasma urea (p = < 

0.0001) and a decrease in urine urea levels (p = < 0.0001) compared to the NPD group. In contrast, 

both the GTIN + ND and GTIN + HFHC groups demonstrated significantly lower plasma urea (p = < 

0.0001, p = < 0.0001) and higher urine urea levels (p = < 0.0001, p = < 0.0001) relative to the PD 

group. Similarly, the MET + ND and MET + HFHC groups also showed significant improvements in 

these parameters (p < 0.05) when compared to the PD group. 

 

 

Figure 6. Effects of GTIN and MET with or without dietary intervention on plasma and urine urea 

levels in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are presented as 

mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 
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3.7 Plasma and urine uric acid 

 

Plasma and urine uric acid levels were measured in all animals at the end of the study period (n = 6 

per group). As illustrated in Figure 7, the PD group showed significantly elevated plasma uric acid (p 

= < 0.0001) and reduced urine uric acid (p = < 0.0001) levels compared to the NPD group. In 

contrast, both the GTIN+ ND and GTIN + HFHC groups exhibited significantly lower plasma uric 

acid (p = < 0.0001, p = < 0.0001) and higher urine uric acid levels (p = < 0.0001, p = < 0.0001) 

relative to the PD group. Similarly, the MET + ND and MET + HFHC groups demonstrated 

significant improvements in these parameters (p < 0.05) when compared to the PD group. 

 

 

 

Figure 7. Effects of GTIN and MET with or without dietary intervention on plasma and urine uric 

acid levels in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are 

presented as mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

3.8 Plasma and urine sodium 

 

Plasma and urine sodium levels were assessed in all animals at the end of the study period (n = 6 per 

group). As shown in Figure 8, the PD group exhibited significantly elevated plasma sodium (p = < 

0.0001) and reduced urine sodium levels (p = < 0.0001) compared to the NPD group. The GTIN + ND 

group demonstrated significantly lower plasma sodium (p = < 0.0001) and higher urine sodium levels 

(p = < 0.0001) relative to the PD group. Similarly, the MET + ND group showed a significant 

reduction in plasma sodium levels (p < 0.05) compared to the PD group. Although both the MET + 

ND and MET + HFHC groups displayed higher urine sodium levels than the PD group, these 

differences were not statistically significant (p > 0.05). 
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Figure 8. Effects of GTIN and MET with or without dietary intervention on plasma and urine sodium 

levels in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are presented as 

mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

3.9 Plasma and urine potassium 

 

Plasma and urine potassium levels were measured in all animals at the end of the study period (n = 6 

per group). As depicted in Figure 9, the PD group exhibited significantly lower plasma potassium (p = 

< 0.0001) and higher urine potassium levels (p = < 0.0001) compared to the NPD group. In contrast, 

the GTIN + ND and GTIN + HFHC groups showed significantly increased plasma potassium (p = < 

0.0001, p = < 0.0001) and decreased urine potassium levels (p = < 0.0001, p = < 0.0001) relative to 

the PD group. Similarly, the MET + ND and MET + HFHC groups demonstrated significant 

improvements in potassium regulation, with higher plasma and lower urine potassium levels (p < 

0.05) compared to the PD group. 

 

 

Figure 9. Effects of GTIN and MET with or without dietary intervention on plasma and urine sodium 

levels in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are presented as 

mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

3.10 Plasma aldosterone 
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Plasma aldosterone levels were measured in all animals at the end of the study period (n = 6 per 

group). As shown in Figure 10, the PD group exhibited significantly elevated plasma aldosterone 

levels (p = < 0.0001) compared to the NPD group. In contrast, both the GTIN + ND (p = < 0.0001) 

and GTIN + HFHC (p = < 0.0001) groups demonstrated significantly reduced plasma aldosterone 

levels relative to the PD group. Similarly, the MET + ND group showed a significant decrease (p = < 

0.0001) in plasma aldosterone compared to the PD group. 

 

 

Figure 10. Effects of GTIN and MET with or without dietary intervention on plasma aldosterone 

levels in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are presented as 

mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

3.11 Kidney oxidative status and inflammatory markers 

 

Kidney oxidative status and inflammatory marker levels in all animals were measured at the end of 

the study period (n = 6 per group). The results (Table 2) showed that the PD group had significantly 

higher kidney MDA levels (p = < 0.0001) and lower total antioxidant status (TAS) (p = < 0.0001) in 

comparison to the NPD group. This was accompanied by significantly higher kidney IL-6 (p = < 

0.0001) and TNF-α levels (p = < 0.0001) in comparison to the NPD group. However, the GTIN + ND 

and GTIN + HFHC groups showed significantly lower kidney MDA (p = < 0.0001, p = < 0.0001) 

levels and higher TAS (p = < 0.0001, p = < 0.0001) in comparison to the PD group. This was 

accompanied by significantly lower kidney IL-6 and TNF-α levels in comparison to the PD control. 

Similarly, the MET + ND and MET+HFHC groups showed significantly (p < 0.05) lower kidney 

MDA levels and higher TAS levels. This was accompanied by significantly (p < 0.05) lower kidney 

IL-6 and TNF-α levels in comparison to PD group. 
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Table 2. Effects of GTIN and MET with or without dietary intervention on kidney oxidative status 

and inflammatory markers in diet-induced prediabetes after 12 weeks of treatment (n=6, in each 

group). Values are expressed as mean ± SEM. 

 

 
Parameters 

  
Experimental groups 

  

 NPD PD GTIN+ND GTIN+HFHC MET+ND MET+HFHC 

MDA 

(mmol/L) 

121.80±6.92 408.00±25.48* 136.40±5.29# 158.30±11.81# 151.30±13.58# 173.70±13.84# 

 

TAS 

(mmol Trolex/ kg wet 

wgt) 

 

1.28±0.070 

 

0.28±0.018* 

 

0.91±0.017# 

 

0.52±0.03# 

 

0.80±0.016# 

 

0.44±0.021# 

 

IL-6 

(pg/mL) 

 

 

21.53±1.51 

 

 

345.60±7.34* 

 

 

39.00±0.94# 

 

 

60.01±0.76# 

 

 

52.50±1.30# 

 

 

243.90±22.82# 

 

TNF-α 

(pg/mL) 

 

25.12±1.22 

 

447.80±113.40* 

 

62.64±1.75# 

 

66.24±2.30# 

 

40.99±2.20# 

 

246.30±33.90# 

 

* = p <0.05 compared to NPD; # = p < 0.05 compared to PD. 

 

3.12 Plasma kidney injury molecule-1 (KIM-1) 

 

Plasma KIM-1 levels were measured in all animals at the end of the study period (n = 6 per group). As 

illustrated in Figure 11, the PD group exhibited significantly elevated plasma KIM-1 levels (p = < 

0.0001) compared to the NPD group. In contrast, both the GTIN + ND (p = < 0.0001) and GTIN + 

HFHC groups (p = < 0.0001) showed significantly reduced plasma KIM-1 levels relative to the PD 

group. Similarly, the MET + ND (p = < 0.0001) and MET + HFHC (p = < 0.0001) groups 

demonstrated significant decreases in plasma KIM-1 compared to the PD group. 
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Figure 11. Effects of GTIN and MET with or without dietary intervention on plasma KIM-1 levels in 

diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are presented as mean ± 

SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

3.13 Urine podocin mRNA relative expression 

 

Urine podocin mRNA relative expression levels were measured in all animals at the end of the study 

period (n = 6 per group). As shown in Figure 12, the PD group exhibited significantly higher urine 

podocin mRNA expression (p = < 0.0001) compared to the NPD group. In contrast, both the GTIN + 

ND (p = < 0.0001) and GTIN + HFHC (p = < 0.0001) groups demonstrated significantly reduced 

urine podocin mRNA levels relative to the PD group. Similarly, the MET + ND (p = < 0.0001) and 

MET + HFHC groups (p = < 0.0001) showed significant decreases in podocin mRNA expression 

compared to the PD group (p < 0.05). 

 

 

Figure 12. Effects of GTIN and MET with or without dietary intervention on urine podocin mRNA 

relative expression in diet-induced prediabetes after 12 weeks of treatment (n = 6 per group). Data are 

presented as mean ± SEM. * p < 0.05 vs. NPD; # p < 0.05 vs. PD. 

4. Discussion 

 

High-calorie diets commonly seen in westernized lifestyles have been shown to promote the 

development of PD [34]. Several studies have shown that renal complications observed in T2DM 

begin during the prediabetic state [5, 10]. It was reported that approximately 4.5%–26% of 
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individuals with prediabetes exhibit early signs of kidney dysfunction [35]. The combination of 

dietary and pharmacological interventions has been widely accepted for managing diabetes-associated 

renal complications [36, 37]. However, poor compliance to dietary intervention by patients has limited 

the effectiveness of pharmacological therapies [38]. Thus, there is a need to identify compounds that 

are effective in both the presence and absence of dietary intervention. Flavonoids have previously 

been shown to exhibit reno-protective effects by reducing oxidative stress and inflammation in the 

kidneys [39, 40]. GTIN is a natural flavonoid found in Hibiscus plant species, which exhibits 

therapeutic potential [41]. Recent studies have demonstrated that GTIN possesses potent antioxidant, 

anti-inflammatory and antihyperglycaemic effects in the prediabetic state [22, 31, 42]. However, no 

studies have investigated the effects of GTIN on kidney function in diet-induced prediabetes. Hence, 

this study investigated the effects of GTIN on kidney function in the presence and absence of dietary 

intervention in a diet-induced prediabetic rat model. 

Fluid intake and urine output are essential markers of fluid balance and kidney function [43]. In the 

PD state, fluid intake and urine output increase due to disruptions in glucose metabolism [10, 14]. 

Moderate hyperglycaemia promotes mild glucosuria which triggers osmotic diuresis and increases 

thirst [44]. Moreover, prediabetes-induced oxidative stress and inflammation impairs the ability of the 

kidneys to concentrate urine, contributing to polyuria and polydipsia [45]. These functional 

disturbances have been shown to be accompanied by structural changes in the kidneys [6]. Notably, 

kidney weight increases during prediabetes due to renal hypertrophy, inflammation and extracellular 

matrix accumulation [5, 6]. In this study, the PD group showed significantly higher fluid intake and 

urine output throughout the treatment period. This was accompanied by significantly higher kidney 

weights in comparison to the NPD group. Our findings corroborated with previous studies which have 

reported increased fluid intake, urine output and kidney weights during prediabetes [10, 46]. However, 

the GTIN-treated groups showed significantly lower fluid intake and urine output throughout the 

treatment period. This was accompanied by significantly lower kidney weights in comparison to the 

PD group. We speculate that GTIN may have reduced fluid intake and urine output by improving the 

concentrating ability of the kidneys and limiting glucosuria. The observed reduction in kidney weights 

may be attributed to the antioxidant and anti-inflammatory effects of GTIN which may have mitigated 

renal hypertrophy [22, 31]. Additionally, improved peripheral glucose handling following GTIN 

treatment may have contributed to reduced renal glucose exposure. Flavonoids such as quercetin have 

been shown to enhance insulin signalling and GLUT4 translocation in insulin-responsive tissues, 

thereby increasing glucose uptake and reducing circulating glucose levels [47, 48]. Although GLUT4 

expression and translocation were not measured in this study, improved glucose disposal may have 

indirectly reduced renal stress associated with hyperglycaemia. 

Similarly, the MET-treated groups showed significantly lower fluid intake and urine output 

throughout the treatment period. Additionally, the MET+ND group showed significantly lower kidney 
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weights in comparison to the PD group. Studies have shown that MET lowers blood glucose, thereby 

reducing renal glucose filtration and urine output [49, 50]. Metformin also reduces oxidative stress 

and inflammation-induced renal hypertrophy in T2DM [51]. While the MET-treated groups were 

effective in reducing these parameters in the PD state, GTIN exhibited more pronounced effects. 

GFR reflects the volume of plasma filtered through the glomeruli into Bowman’s capsule per unit 

time [52]. In prediabetes, GFR is elevated as a compensatory response to moderate insulin resistance 

and elevated blood glucose levels [53]. However, sustained glomerular hyperfiltration induces 

oxidative stress on glomerular structures, contributing to renal injury [54]. Notably, studies have 

shown that albuminuria may be present before the onset of T2DM [8, 28]. Low-grade inflammation 

and oxidative stress, as seen in prediabetes, compromises the glomerular filtration barrier, promoting 

albumin leakage into urine [55]. In this study, the PD group showed significantly lower GFR in 

comparison to the NPD group. The PD group also showed significantly higher plasma creatinine and 

lower urine creatinine levels. This was accompanied by significantly lower plasma albumin and higher 

urine albumin in comparison to the NPD group. The low GFR may suggest that the PD group has 

progressed beyond compensatory hyperfiltration and exhibits early renal impairment. The disturbed 

plasma and urine creatinine levels may suggest impaired renal clearance and filtration capacity in the 

PD state. The reduced plasma albumin and increased urine albumin may suggest glomerular barrier 

dysfunction. 

However, the GTIN-treated groups showed significantly higher GFR in comparison to the PD group. 

The GTIN-treated groups also showed significantly lower plasma creatinine and higher urine 

creatinine levels. This was accompanied by significantly higher plasma albumin and lower urine 

albumin in comparison to the PD group. These findings suggest that GTIN may enhance GFR, 

improve renal clearance and exert renoprotective effects on the glomerular filtration membrane. This 

improvement may be associated with reduced oxidative damage to glomerular endothelial cells and 

preservation of filtration barrier integrity. Oxidative stress-induced mitochondrial dysfunction 

contributes to renal injury by impairing ATP production and promoting inflammatory signalling [56]. 

Therefore, the antioxidant activity of GTIN may protect renal cells against mitochondrial dysfunction 

associated with prediabetic metabolic stress [57]. 

Our findings corroborated with a recent study which showed that GTIN improves GFR in a 

nephrotoxicity model [29]. This may be due to the ability of GTIN to mitigate insulin resistance, 

oxidative stress and inflammation [31, 42]. The MET-treated groups showed similar effects on GFR 

and creatinine levels to the GTIN-treated groups. This was accompanied by significantly higher 

plasma albumin and lower urine albumin levels in comparison to the PD group. Studies have shown 

that MET improves GFR and renal clearance by activating adenosine monophosphate-activated 

protein kinase (AMPK) [51, 58]. AMPK activation promotes vasodilation which enhances renal blood 
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flow and filtration [58]. MET also reduces oxidative stress and preserves glomerular barrier integrity, 

thereby decreasing albuminuria [59]. Further studies comparing GTIN directly with MET using 

molecular markers of AMPK activation, mitochondrial function and inflammatory pathways are 

required to confirm these mechanisms. 

Urea and uric acid are waste products of amino acid and purine metabolism, primarily excreted by the 

kidneys [60]. In prediabetes, low-grade inflammation and oxidative stress have been shown to impair 

kidney function [61]. Hyperinsulinaemia associated with prediabetes promotes uric acid reabsorption 

via upregulation of sodium–hydrogen exchangers in the proximal tubules [62]. Moreover, moderate 

hyperglycaemia and insulin resistance seen in prediabetes has been shown to increase uric acid 

synthesis [63]. In this study, the PD group showed significantly higher plasma urea and lower urine 

urea levels in comparison to the NPD group. This was accompanied by significantly higher plasma 

uric acid and lower urine uric acid levels. This study’s results corroborated with previous studies 

which have shown similar results in the PD state [5, 63]. The GTIN-treated groups exhibited notably 

reduced plasma urea concentrations alongside increased urea levels in the urine in comparison to the 

PD group. Similarly, plasma uric acid levels were significantly decreased, while urinary uric acid 

levels were elevated. The observed alterations in plasma and urinary levels of urea and uric acid 

suggest that GTIN may improve renal clearance in the context of prediabetes. It is proposed that the 

improvement in renal clearance observed with GTIN treatment may be attributed to its modulatory 

effects on hyperinsulinaemia and moderate insulin resistance. Additionally, renal clearance may have 

been improved due to the antioxidant and anti-inflammatory effects of GTIN [31, 64]. The 

improvement in insulin sensitivity following GTIN administration may reduce excessive renal 

exposure to glucose and metabolic stress. This may subsequently limit mitochondrial dysfunction and 

ROS generation within renal tubular cells, thereby preserving renal transport processes involved in 

waste excretion. However, further studies evaluating renal mitochondrial activity and glucose 

transporter regulation are required to confirm these mechanisms. 

The MET-treated groups showed similar effects on plasma and urine urea and uric acid levels as the 

GTIN-treated groups. Studies have shown that MET enhances renal handling of urea and uric acid by 

improving insulin sensitivity and glycaemic control [65, 66]. Another study showed that MET reduces 

uric acid reabsorption by down-regulating sodium–hydrogen exchangers, consequently decreasing 

purine breakdown [67]. The comparable effects of GTIN and MET suggest that both compounds may 

improve renal clearance through improved metabolic control. However, GTIN may provide additional 

benefits due to its antioxidant and anti-inflammatory properties, whereas MET primarily improves 

renal outcomes through metabolic regulation and AMPK-dependent pathways [68]. 

Plasma and urine levels of sodium and potassium reflect renal electrolyte regulation [69]. This 

regulation is controlled by hormonal systems such as the RAAS [69]. Hyperinsulinaemia has been 

shown to alter sodium and potassium balance [70]. Hyperinsulinaemia increases the activity of 
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sodium transporters in the proximal tubules, promoting sodium reabsorption and contributing to fluid 

retention [71]. Moreover, RAAS activation as seen in prediabetes raises aldosterone levels, which 

increases sodium retention and renal potassium excretion [11]. In our study, the PD group showed 

significantly higher plasma sodium and lower urine sodium levels in comparison to the NPD group. 

The PD group also showed significantly lower plasma potassium levels and higher urine potassium 

levels in comparison to the NPD group. This was accompanied by significantly higher plasma 

aldosterone levels in the PD group. The altered electrolyte levels in prediabetes may suggest impaired 

renal filtration. Hyperinsulinaemia may have upregulated renal sodium transporters leading to 

increased sodium retention. The increased urinary potassium levels in the PD group may be due to 

RAAS activation and elevated aldosterone. 

However, the GTIN+ND group showed significantly lower plasma sodium and higher urine sodium 

levels in comparison to the PD group. The GTIN+ND and GTIN+HFHC groups also showed 

significantly lower plasma potassium and higher urine potassium levels in comparison to the PD 

group. This was accompanied by significantly lower plasma aldosterone levels in comparison to the 

PD group. This may suggest that GTIN improves renal handling of sodium and potassium during 

prediabetes. The reduced plasma aldosterone levels in the GTIN-treated groups may have contributed 

to decreased sodium retention and potassium excretion. The reduction in aldosterone levels following 

GTIN treatment may be associated with decreased oxidative stress and inflammatory activation, as 

oxidative stress has been implicated in excessive RAAS activation [72]. Additionally, improved 

insulin sensitivity may reduce hyperinsulinaemia-mediated sodium retention [73]. The MET+ND 

group showed significantly lower plasma sodium with non-significantly higher urine sodium in 

comparison to the PD group. The 

MET-treated groups showed similar effects on plasma and urine potassium levels as the GTIN-treated 

groups. This was accompanied by significantly lower plasma aldosterone in comparison to the PD 

group. Studies have shown that MET enhances insulin sensitivity and exerts stimulatory effects on 

renal sodium transporters [66, 73]. This leads to decreased sodium reabsorption in the proximal 

tubules [73]. Additionally, MET inhibits oxidative stress and inflammation-induced RAAS activation 

[74]. This reduces renal sodium retention and potassium excretion [73]. It was observed that the most 

favourable health outcomes in renal electrolyte handling may be achieved when treatment is 

combined with dietary intervention. 

Malondialdehyde (MDA) levels in the kidney is a key marker of lipid peroxidation and oxidative 

stress [75]. Kidney total antioxidant status (TAS) reflects the overall enzymatic and non-enzymatic 

antioxidant capacity of renal tissue [76]. In prediabetes, moderate hyperglycaemia and insulin 

resistance stimulate reactive oxygen species (ROS) production through mitochondrial dysfunction, 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation and advanced glycation 

end-products (AGEs) formation [77]. Excess ROS in prediabetes damage renal cells and deplete 
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antioxidant defenses evidenced by reduced kidney TAS levels [78]. The decline in TAS contributes to 

cellular injury, fibrosis and promotes inflammatory responses [78]. Studies have shown the presence 

of low-grade inflammation in kidney tissue during the PD state, evidenced by elevated interleukin-6 

(IL-6) and tumor necrosis factor-α (TNF-α) [6, 79]. In this study, the PD group showed significantly 

higher kidney MDA and lower TAS levels in comparison to the NPD group. This was accompanied by 

significantly higher kidney IL-6 and TNF-α levels in comparison to the NPD group. These findings 

may suggest the presence of renal oxidative stress and low-grade inflammation in the PD state. 

Renal tissue from GTIN-treated groups demonstrated lower MDA and higher TAS levels in 

comparison to PD group. This was accompanied by significantly lower kidney inflammatory markers 

in comparison to the PD group. These findings may suggest that GTIN reduces lipid peroxidation and 

improves antioxidant status in the kidney during prediabetes. Our results corroborated with a recent 

study which  showed  that  GTIN  significantly  escalated  the  antioxidant enzymes 

activities accompanied by alleviation in MDA levels in a nephrotoxicity model [29]. The significant 

decrease in inflammatory markers may suggest that GTIN exerts anti-inflammatory effects within 

renal tissue. The antioxidant effects of GTIN may be mediated through activation of endogenous 

antioxidant pathways and suppression of oxidative stress-induced inflammatory signalling. In contrast 

to MET, which reduces inflammation mainly through AMPK activation and inhibition of NF-κB 

signalling, GTIN may suppress inflammatory pathways through its flavonoid-mediated free radical 

scavenging and antioxidant actions [80, 81]. The MET-treated groups showed similar effects on 

kidney MDA, TAS and inflammatory markers in comparison to the PD group. Studies have shown 

that MET activates AMPK, which enhances antioxidant enzyme expression and reduces ROS 

production [82, 83]. It also suppresses nuclear factor kappa B (NF-κB) signalling and limits immune 

cell infiltration, reducing IL-6 and TNF-α levels [84]. 

KIM-1 is an early biomarker of tubular damage which is expressed following injury [85]. Podocin is a 

crucial podocyte protein that maintains the selective permeability of the glomerular filtration barrier 

[86]. In prediabetes, moderate insulin resistance, oxidative stress and low-grade inflammation 

contribute to subclinical tubular injury [87, 88]. This down-regulates the expression of key slit 

diaphragm proteins such as podocin which compromises podocyte function [ 8 8 ] . Consequently, this 

leads to podocyte detachment and increased urinary podocin excretion [88]. In this study, the PD 

group showed significantly higher plasma KIM-1 levels and urine podocin mRNA expression in 

comparison to the NPD group. These findings may suggest that the PD state is associated with early 

tubular and podocyte injury. However, the GTIN-treated groups showed significantly lower plasma 

KIM-1 levels and urine podocin mRNA expression in comparison to the PD group. This may suggest 

that GTIN attenuates early tubular injury and podocyte injury in the PD state. The renoprotective 

effects of GTIN may be attributed to its ability to reduce oxidative stress-induced cellular injury [22, 

64]. Mitochondrial dysfunction caused by excessive ROS production is an important contributor to 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzyme-activity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzyme-activity
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tubular epithelial injury and podocyte damage [89]. By improving antioxidant capacity and reducing 

inflammatory activation, GTIN may preserve renal cellular integrity. Furthermore, inhibition of 

inflammatory pathways such as NF-κB may contribute to reduced cytokine production and protection 

against progressive renal injury [29, 81]. Similarly, the MET-treated groups showed significantly 

lower plasma KIM-1 levels and urine podocin mRNA levels in comparison to the PD group. Studies 

have shown that MET preserves renal tubular and podocyte integrity by lowering hyperglycaemia-

induced oxidative stress and inflammation through AMPK activation [58, 59]. The comparable effects 

of GTIN and MET on KIM-1 and podocin suggest that both compounds may prevent early renal 

damage associated with prediabetes. However, MET has a well-established clinical profile, whereas 

GTIN requires further investigation to determine whether similar renal protective effects can be 

achieved in humans [90, 91]. 

Improvements in renal function parameters following gossypetin treatment were apparent both in the 

presence and absence of dietary intervention. The results demonstrated that GTIN significantly 

reduced fluid intake, urine output and kidney weights in both the presence and absence of dietary 

intervention in comparison to the PD group. Additionally, GTIN administration improved GFR, 

creatinine, albumin, urea and uric acid levels. It also improved renal sodium and potassium handling 

along with reduced RAAS activation. Gossypetin also decreased lipid peroxidation and inflammation 

in the kidney, evidenced by lower kidney MDA, IL-6, TNF-α and higher TAS levels. Additionally, 

GTIN reduced kidney injury markers including plasma KIM-1 and urinary podocin mRNA 

expression. This may suggest that GTIN may exhibit reno-protective effects in both the presence and 

absence of diet intervention during prediabetes. 

However, translation of these findings from animal models to human application requires further 

investigation. Flavonoids frequently demonstrate limited systemic availability due to poor absorption 

and rapid conjugation; therefore, studies are required to determine whether effective renal 

concentrations of GTIN can be achieved following oral administration in humans [92, 93]. 

Furthermore, long-term toxicity studies are required to establish the safety profile of GTIN, 

particularly with chronic administration. Although the dose used in this study (15 mg/kg body weight) 

demonstrated beneficial effects in rats, dose-response studies are required to determine the optimal 

therapeutic range and whether equivalent doses can be safely translated to humans [23, 24]. 

5. Conclusions 

 

In both the presence and absence of dietary modification, GTIN administration, reduces fluid intake, 

urine output and kidney weight, while improving GFR, creatinine, albumin, urea and uric acid levels 

in diet-induced prediabetes. Furthermore, GTIN contributed to improved fluid balance and renal 

electrolyte regulation, while attenuating activation of the RAAS. The renoprotective effects of GTIN 

were further supported by reductions in renal oxidative stress, inflammatory responses, and markers 
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of kidney injury. Importantly, these beneficial effects were observed irrespective of dietary 

intervention, suggesting that GTIN may represent a potential adjunctive strategy for limiting early 

renal dysfunction associated with the pre-diabetic state. 
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GFR 

GTIN 

HFHC 

IL-6 

KIM-1 

MDA 

MET 

RAAS 

TAS 

TNF-α 

Glomerular filtration rate 

Gossypetin 

High fat high carbohydrate 

Interleukin-6 

Kidney injury molecule-1 

Malondialdehyde 

Metformin 

Renin-angiotensin-aldosterone system 

Total antioxidant status 

Tumour Necrosis Factor-alpha 
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Bridge 

 

The fourth manuscript presented in Chapter 7 showed that diet-induced prediabetes was associated 

with early kidney dysfunction. This was evidenced by increased kidney weight, altered fluid balance, 

reduced glomerular filtration rate, electrolyte imbalances, elevated oxidative stress, inflammation and 

increased markers of kidney injury. The administration of gossypetin (GTIN), in both the presence 

and absence of dietary intervention, significantly improved the markers associated with renal 

dysfunction. The findings of manuscript 4 and the previous manuscripts highlight the beneficial 

effects of GTIN on glucose homeostasis, cardiovascular function, liver health and renal function in the 

prediabetic state. Chapter 8 presents an integrated synthesis and conclusion of the research. 
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CHAPTER 8: SYNTHESIS AND CONCLUSION 

 

The chronic consumption of high-calorie diets combined with sedentary lifestyles has been shown to 

promote the development of prediabetes [1]. Prediabetes is an intermediate hyperglycaemic state 

associated with impaired fasting glucose levels and moderate glucose intolerance [2]. Studies have 

shown that prediabetes induces oxidative stress and low-grade inflammation which contribute to 

cardiovascular, hepatic and renal dysfunction [3 - 5] . The global prevalence of prediabetes in 

2021 was 9.1% and is projected to increase to 10.0% by 2045 [6]. A combination of pharmacological 

and dietary interventions is recommended to manage prediabetes [7]. However, patients have been 

shown to rely solely on pharmacological intervention without implementing the necessary lifestyle 

changes [8]. This has been shown to limit the effectiveness of the pharmacological interventions [6]. 

Consequently, there is a growing need to identify affordable pharmacological agents that can manage 

prediabetes and its associated complications even in the absence of dietary intervention. Flavonoids 

are natural polyphenolic compounds produced by secondary metabolism in plants [8]. Gossypetin 

(GTIN) is a flavonoid found in various medicinal plants including Hibiscus species [9, 10]. GTIN 

possesses high structural similarity with quercetin which is well-known to ameliorate diabetes 

mellitus and its associated complications due to its antioxidant nature and anti-glycation ability [11, 

12]. Recent studies have shown that GTIN exhibits antioxidant, anti-inflammatory, anti-

atherosclerotic and antimutagenic effects [13, 14]. However, the effects of GTIN on glucose 

homeostasis, cardiovascular, liver and renal function during prediabetes have not yet been 

investigated. Hence, this study sought to investigate the effects of GTIN on glucose homeostasis in a 

diet-induced prediabetic rat model in both the presence and absence of dietary intervention. We 

further investigated the effects of GTIN on markers associated with cardiovascular, hepatic and renal 

function during prediabetes. 

During prediabetes, glucose homeostasis is disturbed as evidenced by elevated fasting blood glucose 

(FBG), elevated postprandial blood glucose, elevated plasma insulin and homeostatic model 

assessment of insulin resistance (HOMA-IR) values as well as elevated levels of glycated 

haemoglobin (HbA1c) in the blood [15]. Studies have shown increased hepatic glycogen and 

decreased skeletal muscle glycogen levels during prediabetes due to reduced peripheral glucose 

uptake [16, 17]. Elevated plasma ghrelin levels during prediabetes promote increased caloric intake 

and weight gain [18]. Furthermore, moderate hyperglycaemia and insulin resistance promote the 

development of cardiovascular, hepatic and renal complications [3-5]. Hence, targeting moderate 

hyperglycaemia and insulin resistance may restore glucose homeostasis and prevent the onset of 

prediabetes-associated complications. In our laboratory, a high fat high carbohydrate (HFHC) diet-

induced prediabetic rat model was used to mimic the human condition of prediabetes [19]. In our 

study, a high fat high carbohydrate (HFHC) diet was used to induce prediabetes. The onset of this 
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condition resulted in the elevation of FBG, postprandial glucose levels, increased HOMA2-IR index, 

increased blood HbA1c levels and plasma insulin in comparison to the non-prediabetic (NPD) group. 

The prediabetic (PD) group also showed significantly increased caloric intake, body weight gain and 

plasma ghrelin levels. This was accompanied by significantly lower skeletal muscle glycogen levels 

and higher liver glycogen levels in comparison to the NPD group. These findings corroborated with 

previous studies showing disturbed glucose homeostasis during prediabetes [19, 20]. The elevated 

FBG, postprandial glucose, HOMA2-IR index, HbA1c and plasma insulin levels suggest reduced 

insulin sensitivity and compromised glycaemic control. Elevated ghrelin levels may have driven the 

increased caloric intake and body weight gain in the PD group. The disturbed glycogen levels may 

suggest impaired skeletal muscle glucose uptake and a compensatory increase in hepatic glycogen 

storage. In this study, the GTIN-treated groups significantly improved markers of glucose 

homeostasis during the prediabetic state. Gossypetin administration in both the presence and absence 

of dietary intervention significantly reduced FBG, postprandial glucose, HOMA2-IR and HbA1c 

levels in comparison to the PD group. It also significantly lowered caloric intake, body weight gain 

and plasma ghrelin levels. Additionally, GTIN restored glycogen distribution by increasing skeletal 

muscle glycogen levels and reducing liver glycogen levels. Similarly, our findings corroborated with 

previous reports on flavonoids demonstrating improved insulin sensitivity, lowered blood glucose 

levels, enhanced muscle glycogen storage and reduced ghrelin levels [21, 22]. The findings of this 

study may suggest that GTIN improves glucose homeostasis during prediabetes by increasing insulin 

sensitivity and peripheral glucose uptake as well as restoring glycogen distribution and regulating 

energy balance. Metformin (MET) administration significantly improved glucose homeostasis by 

lowering FBG, postprandial glucose, HOMA2-IR and HbA1c levels in comparison to the PD group. 

MET administration also significantly increased skeletal muscle glycogen and reduced liver glycogen 

levels. The group where metformin was combined with dietary intervention was more effective than 

the group where metformin was administered without dietary intervention in reducing HOMA2-IR, 

caloric intake and body weight gain. These results corroborated with previous studies showing the 

effectiveness of MET in improving insulin sensitivity, enhancing skeletal muscle glucose utilisation 

and attenuating weight gain during prediabetes [17, 23]. This has been shown to be primarily 

mediated through adenosine monophosphate-activated protein kinase (AMPK) activation, which 

enhances insulin signalling and promotes glucose uptake in peripheral tissues [24]. MET has also 

been shown to suppress hepatic gluconeogenesis as well as regulate appetite and energy expenditure 

[25, 26]. Taken together, this study is the first to demonstrate that GTIN administration, in both the 

presence and absence of dietary intervention, may offer therapeutic potential in ameliorating disturbed 

glucose homeostasis during prediabetes, as seen in study 1. 

Prediabetes has been characterised by disturbances in glucose homeostasis, including moderate 

hyperglycaemia, insulin resistance and hyperinsulinaemia [2]. These metabolic abnormalities promote 
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oxidative stress and chronic low-grade inflammation, which in turn contribute to cardiovascular, 

hepatic and renal dysfunction [3, 4, 27]. In study 1, GTIN significantly improved glucose homeostasis 

in a diet-induced prediabetic model, prompting further investigation into its potential effects on 

cardiovascular function. Hence, study 2 investigated the effects of GTIN on cardiovascular function in 

a diet-induced prediabetic rat model. 

Studies have shown that pre-diabetes induces oxidative stress and low-grade inflammation which 

contributes to cardiovascular dysfunction, including increased blood pressure, endothelial injury and 

atherosclerosis [28, 29]. In this study, the PD group showed higher triglycerides (TAG), total 

cholesterol (TC), low-density lipoprotein (LDL), very low density lipoprotein (VLDL), mean arterial 

pressure (MAP), body mass index (BMI), waist circumference (WC), endothelial nitric oxide (eNOS), 

heart malondialdehyde (MDA) and inflammatory markers, with lower high density lipoprotein (HDL) 

levels. This was accompanied by reduced heart superoxide dismutase (SOD) and glutathione 

peroxidase (GPx) activity in comparison to the NPD group. These findings may suggest that diet-

induced prediabetes may promote dyslipidaemia, endothelial dysfunction, oxidative stress and 

inflammation, contributing to cardiovascular dysfunction. In this study, the GTIN-treated groups 

significantly improved markers of cardiovascular function during the PD state. Gossypetin 

significantly reduced plasma TAGs, TC, LDL, VLDL, MAP, BMI, WC, eNOS and heart MDA 

levels. This was accompanied by significantly higher plasma HDL levels, SOD activity and GPx 

activity. Additionally, GTIN lowered pro-inflammatory cytokines, including interleukin-6 (IL-6), 

tumour necrosis factor-α (TNF-α) and C-reactive protein (CRP), suggesting reduced oxidative stress 

and inflammation. Similarly, the improvements observed in the GTIN-treated groups aligned with 

existing literature supporting the use of flavonoids to manage cardiovascular complications during 

prediabetes [30, 31]. We speculated that the cardioprotective effects of GTIN may have been 

attributed to its antioxidant and anti-inflammatory properties as shown in recent studies [11, 15]. 

Notably, in our study, these beneficial effects were observed regardless of dietary intervention, 

highlighting GTIN’s potential as a cardioprotective agent during pre-diabetes. The MET-treated 

groups demonstrated significant improvements in lipid profiles, blood pressure, adiposity, oxidative 

stress and inflammation, comparable to the effects seen in the GTIN-treated groups. These results 

corroborated with previous studies showing the effectiveness of MET in enhancing insulin sensitivity, 

regulating lipid metabolism, reducing oxidative stress and lowering inflammation in cardiovascular 

diseases associated with diabetes [32, 33]. Taken together, this study is the first to demonstrate that 

GTIN administration, in both the presence and absence of dietary intervention, may offer therapeutic 

potential in mitigating cardiovascular disturbances associated with the PD state, as seen in study 2. 

Studies have shown that prediabetes leads to liver complications such as non-alcoholic fatty liver 

disease (NAFLD) due to insulin resistance and triglyceride accumulation [34, 35]. Insulin resistance 

promotes hepatic triglyceride accumulation by enhancing adipose tissue lipolysis and increasing 
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hepatic de novo lipogenesis via sterol regulatory element-binding protein 1c (SREBP-1c) activation 

[36, 37]. Excessive hepatic lipid accumulation promotes oxidative stress, inflammation and liver 

injury, contributing to the development of NAFLD [38]. Hepatic dysfunction has been shown to 

further exacerbate systemic insulin resistance in the PD state [39]. In this study, the PD group had 

significantly higher liver triglyceride levels, liver weights and plasma SREBP-1c levels in comparison 

to the NPD group. Liver MDA levels were significantly increased, while SOD and GPx activities 

were significantly decreased. Plasma aspartate transaminase (AST) and alanine transaminase (ALT) 

levels were significantly elevated and plasma bilirubin was significantly reduced. Liver histology 

showed increased lipid droplet accumulation, displaced hepatocyte nuclei, disrupted sinusoids and 

altered hepatocyte arrangement in the PD group. The findings of our study aligned with previous 

studies reporting early liver dysfunction associated with NAFLD during prediabetes [16, 35]. These 

findings may suggest that prediabetes induces early liver dysfunction marked by increased hepatic 

lipid accumulation, oxidative stress, impaired antioxidant defense and hepatocellular injury. In this 

study, the GTIN-treated groups showed reduced liver TAG levels, liver weights and plasma SREBP-

1c. This was accompanied by significantly lower hepatic MDA levels and higher antioxidant enzyme 

activity. The GTIN-treated groups also showed significantly decreased plasma AST and ALT levels 

as well as increased bilirubin and improved liver histology. These findings corroborated a recent study 

demonstrating hepatoprotective effects of GTIN in a non-alcoholic steatohepatitis disease model [40]. 

The recent study showed that GTIN significantly reduced hepatic lipid accumulation and attenuated 

oxidative stress [40]. Additionally, in our study, GTIN enhanced the activity of SOD and GPx as well 

as improved liver histology. Our findings suggest that GTIN may exert hepatoprotective effects 

during prediabetes by reducing hepatic lipid accumulation and oxidative stress, even without dietary 

intervention. The hepatoprotective effects of GTIN may have been mediated due to its reported 

antioxidant, anti-inflammatory and antilipidaemic properties [10, 14]. In the MET-treated groups, 

liver TAG levels, liver weights and plasma SREBP-1c were significantly reduced in comparison to 

the PD group. Metformin administration also reduced liver MDA and increased Gpx activity in the 

presence and absence of dietary intervention. Plasma AST and ALT levels were significantly reduced 

along with increased plasma bilirubin in the MET-treated groups. Liver histology was improved, 

particularly characterised by reduced lipid droplets, improved sinusoid and hepatocyte plate 

arrangement in the MET-treated groups. These results corroborated previous studies, showing the 

effectiveness of MET in ameliorating hepatic steatosis, oxidative stress and liver injury through its 

insulin-sensitising, antioxidant and lipid-lowering effects in a NAFLD model [41, 42]. Taken together, 

this study is the first to demonstrate that GTIN administration, in both the presence and absence of 

dietary intervention, may mitigate hepatic disturbances associated with the PD state, as seen in study 

3. 

Studies have shown that prediabetes impairs kidney function causing glomerular damage, albuminuria 

and nephropathy [43, 44]. In prediabetes, renal dysfunction develops due to altered blood flow, 
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glomerular injury and impaired filtration [45, 46]. Impaired renal filtration contributes to disturbances 

in creatinine, urea, uric acid and electrolyte handling [45]. Moderate hyperglycaemia in prediabetes 

induces oxidative stress and activates the renin–angiotensin–aldosterone system (RAAS), promoting 

inflammation and renal injury [45, 46]. Early renal dysfunction in prediabetes has been characterised 

by compensatory increases in glomerular filtration rate (GFR), fluid intake and kidney hypertrophy 

[47]. In this study, the PD group showed significantly increased kidney weights, fluid intake and urine 

output in comparison to the NPD group. This was accompanied by significantly reduced GFR and 

altered levels of plasma creatinine, albumin, urea and uric acid. The PD group also exhibited 

disrupted sodium and potassium balance alongside elevated plasma aldosterone. Elevated MDA, 

inflammatory markers and reduced total antioxidant status (TAS) levels in the kidneys were observed 

in the PD group. Plasma kidney injury molecule-1 (KIM-1) and urinary podocin mRNA expression 

was significantly increased. The findings of our study corroborated previous studies reporting similar 

renal disturbances during prediabetes [44, 46]. This study’s results may suggest the presence of early 

renal dysfunction during prediabetes evidenced by low GFR, increased oxidative damage, 

inflammatory markers and early kidney injury. In this study, GTIN administration significantly 

reduced fluid intake, urine output and kidney weights in the presence and absence of dietary 

intervention in comparison to the PD group. Additionally, GTIN administration improved GFR, 

creatinine, albumin, urea and uric acid levels. It also improved renal sodium and potassium handling 

as well as reduced plasma aldosterone levels. Gossypetin administration significantly decreased lipid 

peroxidation and inflammation in the kidney, evidenced by lower kidney MDA, IL-6, TNF-α and 

higher TAS levels. Additionally, GTIN reduced kidney injury markers including plasma KIM-1 and 

urinary podocin mRNA expression. These findings corroborated previous studies demonstrating the 

reno-protective effects of flavonoids in metabolic disease models [48, 49]. Flavonoids have been 

shown to enhance glomerular filtration, reduce oxidative stress and inflammation as well as regulate 

electrolyte balance and protect against early kidney injury [48]. Our findings suggest that GTIN may 

exert reno-protective effects by improving glomerular filtration, decreasing RAAS activity and 

restoring renal electrolyte handling. Moreover, the reduction in oxidative stress, inflammation and 

early kidney injury markers in the GTIN-treated groups may suggest improved renal function. We 

propose that GTIN may serve as a potential alternative to conventional treatments for diabetic 

nephropathy. The MET-treated groups improved renal function by enhancing glomerular filtration 

and restoring creatinine, urea, uric acid and albumin levels. Notably, significant reductions in kidney 

weight, plasma aldosterone levels and improved sodium handling were observed in the MET+ND 

group. These findings suggest that the HFHC diet may have limited the efficacy of MET in mitigating 

renal disturbances associated with prediabetes. Metformin also significantly reduced oxidative stress, 

inflammation and renal injury markers in this study. The findings of our study aligned with previous 

studies demonstrating reno-protective effects of MET administration [50, 51]. Metformin’s effects are 

primarily mediated through AMPK activation, which improves insulin sensitivity, reduces RAAS 
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activity, oxidative stress and inflammation [52]. Taken together, this study is the first to demonstrate 

that GTIN administration in the presence and absence of dietary intervention, may mitigate renal 

disturbances associated with the PD state, as seen in study 4. 

In summary, prediabetes induces significant disturbances in glucose homeostasis, cardiovascular, 

hepatic and renal function, driven by moderate insulin resistance, oxidative stress and inflammation. 

The administration of gossypetin, in both the presence and absence of dietary intervention, 

significantly improved markers of glucose homeostasis as well as cardiovascular, liver and renal 

dysfunction (Figure 1). It is plausible that these beneficial effects were mediated by the antioxidant 

and anti-inflammatory properties of GTIN. Similarly, metformin administration exhibited therapeutic 

effects comparable to those of GTIN. This further supports MET's well-established role in the 

management of prediabetes. Notably, the efficacy of GTIN even in the absence of dietary intervention 

highlights its potential as an alternative anti-diabetic agent, particularly in populations with limited 

adherence to lifestyle modifications. The positive health outcomes of GTIN across multiple organ 

systems further highlights its multi-targeted protective role in prediabetes. Therefore, based on the 

findings of this study, the hypothesis that GTIN improves the biomarkers associated with glucose 

homeostasis as well as cardiovascular, liver and renal function in diet-induced pre-diabetic male 

Sprague Dawley rats is accepted. 
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Figure 1: Diagram illustrating the effects of gossypetin on glucose homeostasis as well as 

cardiovascular, hepatic and renal function in a diet-induced pre-diabetic rat model. 

Conclusion 

 

Taken together, GTIN administration in presence and absence of dietary intervention showed 

significant improvements to glucose homeostasis, cardiovascular function, liver health and renal 

function in diet-induced prediabetes. Gossypetin improved glucose homeostasis by enhancing insulin 

sensitivity and regulating blood glucose levels, as seen in study 1. It also exerted protective effects on 

cardiovascular function by reducing oxidative stress and inflammation, as seen in study 2. Gossypetin 

improved prediabetes-induced liver dysfunction by reducing lipid accumulation and oxidative 
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damage, as seen in study 3. Furthermore, GTIN enhanced renal function by improving glomerular 

filtration and attenuating renal injury, as seen in study 4. These findings highlight the therapeutic 

potential of GTIN as a potential alternative to manage prediabetes and associated cardiovascular, 

hepatic and renal dysfunction. 

Limitations and future studies 

 

Lifestyle modification encompasses both dietary intervention and increased physical activity such as 

exercise [53]. However, the current study focused on dietary intervention as a preventative strategy 

for prediabetes. Therefore, future research should investigate the effects of physical activity and 

dietary intervention in the management of prediabetes. 

Another limitation of the present study is the relatively small sample size (n = 6 per experimental 

group). Although this sample size was determined a priori using statistical power analysis and was 

sufficient to detect significant differences between treatment groups, larger sample sizes would 

improve the precision of the findings. Future studies should therefore include larger numbers of 

animals to strengthen the reliability of the observed therapeutic effects of GTIN. 

 

Additionally, this study identified some limitations that provide opportunities for further investigation. 

Although the present study investigated several biochemical, oxidative stress and inflammatory 

markers, the molecular mechanisms underlying the therapeutic effects of GTIN were not completely 

explored. Future investigations employing more molecular approaches, including transcriptomic, 

proteomic and metabolomic analyses, are warranted to elucidate the mechanisms influenced by GTIN. 

Understanding these mechanisms will aid in the development of targeted therapies for prediabetes and 

its associated complications. 

 

A limitation of the present study is that only male Sprague Dawley rats were used. This limits the 

generalisability of the findings to females. Sex-specific differences in the pathophysiology of 

prediabetes and type 2 diabetes are well documented [54]. Men are more likely to develop impaired 

fasting glucose, whereas women are more likely to develop impaired glucose tolerance [54]. These 

differences indicate that males and females develop dysglycaemia through different mechanisms [54]. 

Premenopausal females are relatively protected against metabolic dysfunction because of endogenous 

oestrogen [55]. Oestrogen improves insulin sensitivity, preserves pancreatic β-cell function, promotes 

skeletal muscle glucose uptake, improves mitochondrial function, suppresses oxidative stress and 

inflammation, and regulates hepatic lipid metabolism through pathways such as oestrogen receptor α 

(ERα) and AMP-activated protein kinase (AMPK) [55]. As a result, females are generally more 

resistant to diet-induced obesity, insulin resistance and hyperglycaemia than males [56]. However, this 

protection declines after menopause as oestrogen levels decrease [56]. Several of these pathways are 

also proposed mechanisms through which GTIN exerts its beneficial effects, including its antioxidant, 
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anti-inflammatory and AMPK-activating actions [10, 57]. Consequently, the beneficial effects of 

GTIN observed in male rats may not be directly applicable to females because hormonal differences 

can influence treatment responses. Future studies should include female animals at different 

reproductive stages, including pre- and post-menopausal models. This would help determine whether 

sex hormones affect the effectiveness of GTIN. It would also improve the applicability of these 

findings to both males and females. 

 

Another limitation is that only a single GTIN dose (15 mg/kg body weight) was evaluated. Although 

this dose was selected based on previous evidence demonstrating its biological efficacy, the dose-

response relationship of GTIN could not be established [58, 59]. Different doses may produce 

different therapeutic effects and safety profiles [60]. Therefore, it is unclear whether the selected dose 

represents the minimum effective dose, the optimal therapeutic dose or the maximum safe dose. 

Consequently, although GTIN significantly improved glucose homeostasis, cardiovascular, hepatic, 

and renal function in this study, these findings are specific to the 15 mg/kg dose and cannot be 

assumed to occur at lower or higher doses. Future studies should evaluate multiple GTIN doses across 

a wider dose range. This would help establish the dose-response profile, identify the optimal 

therapeutic dose and support future clinical dose recommendations. 

Another limitation of the present study is that GTIN treatment was evaluated over a relatively short 

intervention period of 12 weeks. Therefore, the long-term efficacy and safety of GTIN could not be 

determined. Prediabetes is a progressive metabolic disorder, and the beneficial effects observed 

following short-term treatment may not be sustained with prolonged administration [61]. Furthermore, 

chronic administration may result in cumulative toxicity or organ-specific adverse effects that cannot 

be detected during a relatively short treatment period [62, 63]. Consequently, although GTIN 

significantly improved glucose homeostasis, cardiovascular, hepatic and renal function during the 12-

week treatment period, it remains unclear whether these therapeutic benefits would be maintained 

with long-term administration. Future studies should evaluate GTIN over longer intervention periods 

and include chronic toxicity assessments to establish its long-term safety profile. 

 

Another limitation of the present study is that the pharmacokinetic profile of GTIN was not 

investigated. Flavonoids generally have low oral bioavailability due to poor aqueous solubility, limited 

intestinal absorption, and extensive metabolism in the intestine and liver [64]. In addition, factors such 

as chemical structure, diet and gut microbiota can influence their absorption and metabolism [65]. The 

absorption, distribution, metabolism and excretion (ADME) profile of GTIN remains unknown. These 

pharmacokinetic data are essential to determine the appropriate human-equivalent dose, optimal 

dosing regimen and suitable formulation for clinical use [66]. Therefore, although GTIN produced 

significant improvements in glucose homeostasis, cardiovascular, hepatic, and renal function in this 

preclinical model, it is unclear whether similar therapeutic effects could be achieved in humans 
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because the bioavailability of GTIN has not been established. Future pharmacokinetic studies are 

therefore required before its clinical potential can be fully evaluated. 
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APPENDIX 2: COMPOSITION OF HIGH FAT HIGH CARBOHYDRATE (HFHC) DIET 
 

 

 

Ingredient Incl(%) Mix(kg) 

Maize 38.98 390.000 

Palm Oil 20.99 210.000 

Soya Full Fat 14.99 150.000 

Wheat Gluten 6.50 65.000 

Flour 6.00 60.000 

Monodex 5.00 50.000 

Sugar - White 5.00 50.000 

Limestone 1.00 10.000 

Dicalcium Phosphate 0.50 5.000 

Vitamin Premix 0.35 3.500 

Salt - Fine 0.30 3.000 

Amino Acid - DL Methionine 0.30 3.000 

Mineral Premix 0.10 1.000 

 
100.01 1000.50 
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