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                                                                   ABSTRACT   

  

Diabetic hepatopathy is among the major contributors to mortality and morbidities associated with 

type 2 diabetes (T2D). Sulphated polysaccharides (SPs) from seaweeds have antidiabetic potential, 

however, their effects on diabetic hepatopathy, a major diabetic complication is yet to be 

investigated. This study sought to investigate the protective potential of SPs from  Ecklonia 

maxima and Gracilaria gracilis on diabetic hepatopathy of rats with T2D. Two groups of T2D rats 

were administered 150 and 300 mg/Kg bodyweight (bw) of E. maxima SPs, respectively. Another 

two groups administered similar doses for G. gracilis SPs. Water was administered to the T2D and 

negative control groups, while metformin served as the standard antidiabetic drug. Normal rats 

administered 300 mg/Kg bw SPs served as the toxicology group. The effect of storage temperature 

and time on the stability and antidiabetic properties of both SPs were investigated, by storing them 

at 4, 25 and 37 °C for  6 months. There was significant depletion in glutathione level, superoxide 

dismutase, catalase, glutathione peroxidase, glutathione reductase, glutathione S-transferase, while 

concomitantly exacerbating malondialdehyde level, fructose-1.6biphosphatase, glucose 6-

phosphatase, glycogen phosphorylase, and acetylcholinesterase activities in hepatic tissues, on 

induction of T2D. Furthermore, T2D dysregulated glucose, lipid and amino acid metabolic 

pathways, and their metabolites. Treatment with SPs from E. maxima and G. gracilis significantly 

reversed the glutathione and malondialdehyde levels, and enzymes activities, while concomitantly 

upregulating metabolic pathways and their metabolites. In the stability study, there were no 

significant changes in the glucose and sulphate levels of SPs stored at 4 and 25 °C. However, these 

levels were significantly reduced in SPs stored at 37 °C at the 5th and 6th month. Storage at 4 and 

25 °C, had no significant effect on the α-glucosidase and αamylase  



xv 
 

inhibitory activities of the SPs throughout the storage period. However, there was a time dependent 

decline in the inhibitory activities of these enzymes at 37 °C. These results indicate the 

hepatoprotective effect of SPs from E. maxima and G. gracilis against diabetic hepatopathy in T2D 

rats. This is depicted by their ability to mitigate oxidative stress, inflammation and lipotoxicity, 

while improving glucose and amino acid metabolisms. Furthermore, the stability of the SPs and 

their antidiabetic activities may be temperature dependent, influenced by storage time.  
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CHAPTER 1  

  

                               INTRODUCTION AND LITERATURE REVIEW  

1. Introduction  
  

Diabetes ranks among the world’s fastest growing epidemic affecting over 537 million people in 

2021, with Africa contributing to 4.5% (IDF 2021). A 46% increase to 783 million has been 

predicted for 2045, with a 134% increase from 24 million to 55 million predicted for Africa (Figure 

1.1) (IDF 2021). The anticipated increase in Africa is a significant worry, mainly due to inadequate 

healthcare facilities, economic strains, and rising cases of other non-communicable diseases 

(NCDs), such as malaria, HIV/AIDS, and tuberculosis. The upward trend is attributed to increased 

urbanization resulting from rural-urban migration, sedentary lifestyles with reduced physical 

activity, and an ageing population (Mphasha and Stubbendorff 2025). Although Africa has the 

lowest number of people living with diabetes, more than 54% of individuals with diabetes in the 

region remain undiagnosed. Challenges in gathering data combined with the scarcity of high-

quality information imply that the actual figure might be significantly higher.   
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Figure 1.1. Number of people with diabetes worldwide and per International Diabetes Federation (IDF) 

Region in 2021–2045 (20–79 years). Adapted without permission from IDF Diabetes Atlas, 10th edition, 

2021 (IDF 2021).  

  

Diabetes is a major contributor to global mortality, with over 6.7 million deaths of adults between 

the age of 20–79 is being attributed to diabetes and its complications in 2021 (IDF 2021). This 

sums up to about 12.2% mortality rates from all deaths in this age group. About one-third of total 

deaths from diabetes occur in individuals under the age of 60, with 32.6% of these cases fitting 

this demographic (Figure 1.2). This accounts for 11.8% of overall worldwide deaths among 

individuals under the age of 60.   
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Figure 1.2. Number of diabetes-related deaths in adults (20–79 years), by age in 2021. Adapted without 

permission from IDF Diabetes Atlas, 10th edition, 2021 (IDF 2021).  

  

The financial burden of diabetes and its complications is substantial, affecting individuals, their 

families, healthcare systems, and global economy (IDF 2021; Williams et al. 2020).  In 2019, the 

global expenditure on diabetes was approximately USD 760 billion. This is anticipated to increase 

to USD 825 billion and USD 845 billion by 2030 and 2045, respectively (Williams et al. 2020). 

Annual health expenditures on diabetes show a considerable range of variation (Figure 1.3), with 

the US having the highest expenditure (USD 379.5 billion), followed by China (USD 165.3 billion) 

and Brazil (USD 42.9 billion) (IDF 2021). Africa has the lowest diabetes-related spending, 

estimated at USD 13 billion, which makes up 1% of worldwide diabetes-related expenditure (Mba 

and Mbanya 2020).  
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Figure 1.3. Total health expenditure (USD) for adults (20–79 years) with diabetes, in the year 2021. 

Adapted without permission from IDF Diabetes Atlas, 10th edition, 2021 (IDF 2021).  

  

Owing to the disease burden and economic implications, there have been a continuous search for 

affordable alternative treatments, with a paradigm shift to natural products (Erukainure et al. 

2018). Of these natural products, polysaccharides, especially sulphated polysaccharides (SPs) 

from seaweeds, have been gaining much interests on their therapeutic roles in the management of 

diabetes and its complications. Hence, this project was aimed at investigating the therapeutic effect 

of SPCs on diabetes and its complications, particularly hyperglycemia-mediated hepatopathy in 

type 2 diabetes (T2D).  

1.1 Diabetes  

Diabetes is a metabolic disease characterized by hyperglycemia (high blood glucose level) arising 

from defects in insulin secretion and/or action which affects carbohydrate, fat, and protein 

metabolism. The disease is associated with various underlying causes and mechanisms of 
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development involving pancreatic β-cells dysfunction induced by glucotoxicity, lipotoxicity, 

heightened inflammation and oxidative stress, and endoplasmic reticulum dysfunction (Cernea 

and Dobreanu 2013; Eguchi et al. 2021; Poitout and Robertson 2008; Vilas-Boas et al. 2021). 

These etiologies have been implicated in the pathogeneses of hyperglycemia-mediated 

complications such as cardiovascular diseases (CVD), retinopathy, neuropathy, nephropathy, and 

hepatopathy (Giri et al. 2018; Li et al. 2023).   

Insulin is a polypeptide hormone produced by the pancreatic β-cells located within the islets of  

Langerhans and plays a primary role in regulating blood glucose levels (Qaid and Abdelrahman 

2016; Wilcox 2005). As shown in Figure 1.4, It decreases blood glucose levels by stimulating its 

uptake into skeletal muscles and other insulin-sensitive tissues through the activation of glucose 

transporter 4 (GLUT4) transporters, which in turn triggers glycogenesis while simultaneously 

slowing down glycogenolysis (Dimitriadis et al. 2011). Insulin also reduces plasma fatty acid 

levels by promoting the uptake of fatty acids into both adipose and muscle tissues; while 

suppressing the breakdown of fatty acids in adipose tissue and their oxidation in muscle and liver 

(Carpentier 2021; Dimitriadis et al. 2011). Therefore, insulin deficiency, and/or underutilization 

have tremendous metabolic fate which has been implicated in the pathogenesis of diabetes and its 

complications (Antar et al. 2023; Petersen and Shulman 2018).  
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Figure 1.4. Insulin actions on main insulin-sensitive tissues. Adapted without permission (Bunner et 

al. 2014).  

  

1.2 Types of Diabetes  

  

Diabetes has two main types of diabetes vis-à-vis type 1 diabetes (T1D) and type 2 diabetes (T2D). 

A proposed class of diabetes is known as type 3 diabetes (T3D) or brain diabetes, and it has been 

associated with Alzheimer's disease (AD) (de la Monte and Wands 2008; Leszek et al. 2017; Shaw 

2017; Suzanne 2014). Another common type of diabetes which occurs during pregnancy is 

gestational diabetes (GD). Diabetes insipidus is a rare type of diabetes that disrupts the synthesis, 

transportation and/or release of the anti-diuretic hormone, vasopressin (Perkins et al. 2006; Saborio 

et al. 2000). Other types of diabetes encompass specific types caused by various factors including 
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monogenic diabetes syndromes, diseases of the exocrine pancreas, endocrinopathies, and 

drugs/chemicals-induced diabetes (ADA 2015; Kerner and Brückel 2014).  

1.2.1 Type 1 Diabetes  

  

Type 1 diabetes accounts for 10% of the world's total diabetic cases (Maahs et al. 2010; Ozougwu 

et al. 2013). It is classified as an autoimmune disorder, where the immune system specifically 

targets and destroys the pancreatic β-cells, resulting in a complete lack of insulin and subsequent 

high blood glucose levels (ADA 2015; Maahs et al. 2010; Ozougwu et al. 2013). This condition 

was initially considered to be a metabolic disorder in children and adolescents, but it has since 

been found to affect adults as well. Polydipsia, polyphagia, and polyuria are regarded as the most 

common manifestation of its diagnosis (Atkinson 2012; Atkinson et al. 2014; Gregory et al. 2013).  

The autoimmune destruction of the pancreatic β – cells has been attributed to various factors, 

including genetics, immune responses, and environmental influences (Figure 1.5). The 

autoimmune destruction process is mediated by inflammatory cytokines such as macrophages, 

Tlymphocytes, B-lymphocytes, and β-cell autoantigens, dendritic cells (Burrack et al. 2017; 

Szablewski 2014; Xiang et al. 2023).  

Multiple chromosomal loci have been pinpointed as contributing factors in the onset of T1D, with 

the human leukocyte antigen (HLA) locus being the most significantly predisposing factor (Lie et 

al. 1999; Noble and Valdes 2011). In addition to these loci, other locus implicated include the 

phosphatase non-receptor type 22 (PTPN22) loci, insulin, and cytotoxic T-lymphocyte antigen 4 

(CTLA4) (Jahromi and Eisenbarth 2007; Kim and Polychronakos 2005; Pirot et al. 2008). These 

loci are located within the MHC-HLA class II region (Cucca et al. 2001; Hakonarson et al. 2007).    

  

Additionally, the predisposing roles of MHC haplotypes and non-HLA loci have also been reported 

(Atkinson and Eisenbarth 2001; Barrett et al. 2009; Fernando et al. 2008). These genes provoke 
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an intensified inflammatory and immune response, which exacerbate the risk of autoimmunity and 

impair the β-cell function (Åkerblom et al. 2002; Pirot et al. 2008). Several environmental factors 

contribute to the development of T1D, such as infant and adolescent diets, lack of vitamin D, pre- 

and post-birth risks, climate, vaccinations, viral infections, toxins, and stress (Butalia et al. 2016; 

Chiacchiaretta et al. 2024; Giwa et al. 2020; Knip et al. 2010; Zorena et al. 2022). These 

environmental factors may modify a person's genetic predisposition, leading to the activation of 

cytokines that contribute to the autoimmune destruction of pancreatic β-cells (Houeiss et al. 2022; 

Stankov et al. 2013).   

  

Figure 1.5. Factors contributing to autoimmune destruction of the pancreatic β – cells in the 

pathogenesis of Type-1 Diabetes.  

1.2.2 Type 2 Diabetes  

Type 2 diabetes is the most predominant of all diabetes types as it contributes to over 90% of 

morbidity and mortality related to diabetes (Erukainure et al. 2019; IDF 2021). It is a complex 

metabolic disorder arising from pancreatic β-cell dysfunction and insulin resistance which causes 
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inability of cells to utilize secreted insulin, thereby leading to hyperglycemia (Erukainure et al. 

2019). 

Both environment and genetic factors play interactive roles in the onset and progression of T2D 

(Murea et al. 2012). They include stress, overweight, energy-dense diets, physical inactivity, and 

sedentary lifestyle for environmental factors, while pancreatic β-cell dysfunction and insulin 

resistance for genetic factors (Figure 1.6) (Geng and Huang 2020; Kaul and Ali 2016; Murea et al. 

2012).   

Physical inactivity and overweight suppress the sensitivity of insulin, which in combination with 

a person's genetic predisposition to insulin resistance, causes the pancreatic β-cells to increase 

insulin production to compensate for the impaired insulin response (Defronzo 1997; DeFronzo 

2009). This assists in preserving normal glucose tolerance levels. However, if prolonged, this 

compensation can lead to decreased pancreatic β-cell function with concomitant rise in fasting 

blood glucose level, resulting in insulin resistance and in the long run, diabetes (DeFronzo 2009).  
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Figure 1.6. Interactions of environmental and genetic factors in the pathogenesis of Type-2 Diabetes.  

  

1.2.3 Pathophysiology of Type 2 Diabetes    

The ominous octet of β-cell, α-cell, adipocytes, gastrointestinal tract, kidney, liver, muscle and 

brain has been used in describing the pathophysiology of T2D (DeFronzo 2009; DeFronzo et al. 

2015). As shown in Figure 1.7, they are involved in the eight major physiological abnormalities 

implicated in the onset and progression of T2D vis-à-vis insulin resistance (muscle and liver), 

impaired β-cell function, exacerbated glucagon secretion (α-cell), decreased incretin activity 

(gastrointestinal tract), adipocyte dysfunction, renal glucose reabsorption (kidney), and brain 

insulin resistance/neuro-dysfunction (DeFronzo 2018; Thrasher 2017).  

Insulin resistance in the adipocytes increases lipolysis leading to the increased plasma free fatty 

acid (FFA) levels. This contributes to pancreatic β-cell failure by triggering insulin resistance in 

the liver and muscle (DeFronzo et al. 2015; Gustafson et al. 2015). This is further aggravated by 

resistance to the appetite-suppressive hormones, amylin, leptin and glucagon-like peptide 1 

(GLP1) (DeFronzo 2009; DeFronzo et al. 2015) as well as low dopamine and serotonin levels in 

the brain (DeFronzo et al. 2015; Mooradian 1988), subsequently leading to hyperglycemia.  



11 
 

  

Figure 1.7. The ominous octet in the pathophysiology of Type-2 Diabetes. Adapted without permission 

(Thrasher 2017).  

  

1.3 Complications of Type 2 Diabetes  

  

As a multifactorial disease, T2D is associated with several complications, with hyperglycemia 

implicated in their pathogenesis. Chronic hyperglycemia increases the production of reactive 

oxygen species (ROS) and free radicals (Erukainure et al. 2017). The continuous production of 

ROS causes an imbalance between the body’s endogenous antioxidant system and oxidant level, 

with the latter being favoured. This subsequently leads to oxidative stress. Oxidative stress has 

been reported as a major mechanism in the etiology and pathophysiology of T2D complications 

including such as hepatopathy, CVD, neuropathy, retinopathy, and nephropathy (Msomi et al. 

2023; Xiao et al. 2023). Hyperglycemia-mediated inflammation also plays a major role in the 

etiology and pathophysiology of T2D complications via increased production of inflammatory 

cytokines (Catalfamo et al. 2013; Chang and Yang 2016).   
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1.3.1 Hyperglycemia and Oxidative Stress  

  

Chromic hyperglycemia has been implicated in exacerbated production of ROS in T2D. Pancreatic 

β-cells are the most susceptible to oxidative stress, owing to low expression levels of glutathione 

peroxidase (GPx) and catalase (Pi et al. 2010). They also have a high expression of GLUT2, 

making them have high efficiency for glucose uptake (Kajimoto and Kaneto 2004), leading to 

excess glucose accumulation in T2D (glucotoxicity). In a transition‐metal dependent reaction 

(Figure 1.8), the excess glucose undergoes enolization to generate enediol radical, which is further 

reduced to superoxide anion (O2
.-) and reactive ketoaldehydes radicals (Ahmed 2005; González et 

al. 2023). The generated O2
.- is reduced by SOD to hydrogen peroxide (H2O2). Owing to its 

instability and suppression of the cells’ glutathione peroxidase (GPx) and catalase activities, H2O2 

from continuous glucose enolization in T2D, is further broken down to hydroxyl radicals (OH.) 

via the Fenton reaction (Meyerstein 2021). Reactive ketoaldehydes radicals reacts with the amino 

groups of tissue proteins to form ketoimine, which is further reduced to advanced glycation end 

products (AGEs), that subsequently binds to the AGE receptor (RAGE) (Ahmed 2005; González  

et al. 2023).  
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Figure 1.8. Enolization of glucose in glucotoxicity. Adapted without permission (Ahmed 2005).  

  

Increased production of electron donors in both anaerobic and aerobic oxidation of glucose has also 

been implicated in glucotoxicity in T2D via generation of O2
.-. In hyperglycemic state, increased 

anaerobic oxidation of glucose, also known as glycolysis, leads to continuous production of lactate from 

pyruvate. This alters the balance of the cytosolic NADH/NAD+ ratio, impairing the oxidation of NADH 

to NAD+ (Chikezie et al. 2015). Thereby increasing cellular levels of NADH, an electron donor.  

In aerobic oxidation of glucose, pyruvate (not converted to lactate) from glycolysis is channeled 

to the tricarboxylic acid (TCA) cycle where it generates NADH and FADH2. These electron 

donors are channeled to the electron transport chain (ETC) to generate energy, in the form of ATP 

(Brownlee 2001). In hyperglycemic state, enhanced aerobic oxidation causes increased production 

of these electron donors and setups a high mitochondrial membrane potential. The high membrane 

potential impairs electron transport at complex II of the ETC, leading to the reduction of oxygen 

to (O2) to O2
.- (Brownlee 2001; Du et al. 2001).   



14 
 

Other pathways such as the polyol, hexosamine, and protein kinase C (PKC) pathways have been 

implicated in hyperglycemia-induced oxidative stress in T2D (Erukainure and Chukwuma 2024; 

Erukainure et al. 2024).   

In the polyol pathway, excess glucose arising from hyperglycemia undergoes reduction to sorbitol 

in a reaction catalyzed by aldose reductase. Sorbitol is further oxidized to fructose by sorbitol 

dehydrogenase (Erukainure and Chukwuma 2024). Fructose in turn is channelled to the 

methylglyoxal pathway to produce AGEs. Aldose reductase also suppresses the oxidation of 

NADH to NAD+, leading to increased production of the electron donor and suppressed cellular 

levels of glutathione (Brownlee 2005). Thereby, contributing to oxidative stress.  

In the hexosamine pathway, fructose-6-phosphate from the glycolytic pathway is converted by 

glutamine: fructose-6 phosphate amido transferase (GFAT) to glucosamine-6-phosphate and 

subsequently, uridine diphosphate (UDP) N-acetyl glucosamine (Aronson 2008; Brownlee 2005). 

UDP N-acetyl glucosamines have been implicated in O-glycosylation of proteins by the addition 

of N-acetylglucosamine (GlcNAc) group to their serine and threonine residues. O-glycosylation 

alters the activities of enzymes and other proteins leading to formation of carotid artery plaques, 

cardiomyocyte dysfunction, and abnormal glomerular cell gene expression (Aronson 2008; 

Brownlee 2001; Brownlee 2005; Goldin et al. 2006).  

In the PKC pathway, glyceraldehyde-3-phosphate and dihydroxy-acetone phosphate are channelled 

from the glycolytic pathway to form diacylglycerol under hyperglycemic state (Aronson 2008).  

Diacylglycerol is an important co-factor for the activation of PKC isoforms: α, β, and γ (Brownlee 2001; 

Brownlee 2005). These activations in turn activate NADPH oxidase which is involved in the generation 

of ROS (Inoguchi et al. 2000).  
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Together, these pathways (Figure 1.10) and glucose enolization portray potential unifying 

mechanism underlying hyperglycemia-mediated oxidative stress which has been implicated in the 

pathophysiology of T2D and complications.  

  

Figure 1.9. Pathways implicated in hyperglycemia-mediated oxidative stress in Type-2 Diabates. 

Adapted without permission (Luo et al. 2016; Rolo and Palmeira 2006).  
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1.4 Diabetic Hepatopathy   

  

There have been increasing concerns on the increasing prevalence of hepatopathy (liver disease) 

in people living with T2D (Islam et al. 2020; Mobasheri et al. 2023). Diabetic hepatopathy is a 

microvascular complication of T2D and a major contributor to T2D mortalities (Mallet et al. 2022; 

Tolman et al. 2007). Diabetic hepatopathy is a spectrum of liver diseases including nonalcoholic 

fatty liver disease (NAFLD), hepatocellular carcinoma, abnormal liver enzymes, cirrhosis, and 

acute liver failure (Islam et al. 2020; Mobasheri et al. 2023; Tolman et al. 2007). Cirrhosis accounts 

for 4.4% of diabetes-related deaths, making it the fourth leading contributor to mortality in T2D 

according to a population-based Verona diabetes study (De Marco et al. 1999; Tolman et al. 2007).  

NAFLD has been reported in 37–55% of T2D patients, and increases the risk of hepatic fibrosis 

in these individuals (Barb et al. 2021; Mobasheri et al. 2023).  

  

1.5 The Liver and Glucose Homeostasis  

  

The liver is the main organ responsible for the body’s metabolism including glucose homeostasis. 

After food consumption, glucose is absorbed into the liver and stored as glycogen. During fasting, 

stored glycogen is broken down to glucose via glycogenolysis, while glucose is also generated via 

gluconeogenesis (Adeva-Andany et al. 2016). Glucose arising from the -amylases and 

glucosidase-mediated hydrolysis of dietary carbohydrate, is transported into the hepatocytes via 

glucose transporter-2 (GLUT2). The transported glucose is phosphorylated by glucokinase to 

glucose-6-phosphate (G6P), which is an allosteric activator of glycogen synthase in the glycogenic 

pathway. Glucokinase expression is tightly upregulated by insulin via the sterol regulatory element 

binding proteins (SREBPs) (Mobasheri et al. 2023). Glycogen synthase is also activated by insulin 

via the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway. The pathway inhibits the activity 
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of glycogen synthase kinase 3 (GSK3), thus driving glycogenesis while arresting glycogenolysis 

(Iynedjian et al. 1995). In fasting state, glycogen phosphorylase and phosphoenolpyruvate 

carboxykinase (PEPCK) drives gluconeogenesis.   

Glucose 6-phosphate can also be channelled to the glycolytic pathway or hexosamine pathway via 

conversion to fructose 6-phosphate to yield acetyl-CoA and uridine diphosphate-

Nacetylglucosamine, respectively. Acetyl-CoA may further be channelled to the tricarboxylic acid 

(TCA) cycle in the mitochondria for energy production or into the cytosol for lipogenesis 

(AdevaAndany et al. 2016). Insulin plays a regulatory role on lipogenesis, via the oxysterol-

sensing transcription factor liver X receptor (LXR) which controls the transcription of SREBPs 

(Han et al. 2016). SREBPs are the major regulators of lipid metabolism in mammals as they 

stimulate the transcription of genes involved in the expression of cholesterol biosynthesis, 3-

hydroxy-3methylglutaryl-coenzyme A reductase (HMGCR), hydroxy-3-methylglutaryl-coenzyme 

A synthase 1 (HMGCS1), low density lipoprotein receptor (LDLR), and farnesyl diphosphate 

synthase (FDPS) (Han et al. 2016; Mobasheri et al. 2023). High glucose concentration has also 

been shown to upregulate SREBPs independently of insulin (Im et al. 2005; Mobasheri et al. 2023). 

This is summarized in Figure 1.11.  

Furthermore, glucose 6-phosphate can be channelled to the production of ribose 5-phosphate and 

nicotinamide adenine dinucleotide phosphate (NADPH) via the pentose phosphate pathway. The 

former is utilized in the synthesis of RNA or DNA, while the latter is required as a co-factor for 

lipogenesis and maintenance of cellular reduced glutathione (GSH) (Adeva-Andany et al. 2016).   
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Figure 1.10. Regulation of hepatic glycolysis. Adapted without permission (Han et al. 2016).  

  

1.6 Pathophysiology of Diabetic Hepatopathy  

  

The pathophysiology of diabetic hepatopathy has been linked to hyperglycemia, dyslipidaemia, 

insulin resistance and hyperinsulinemia (Mobasheri et al. 2023). High glucose uptake in the liver 

in hyperglycemic state increases the hepatic concentration of G6P. High concentration of 

circulating insulin stimulates the production of glycogen from G6P. This causes a high cellular 

level of glycogen which gets stored in the hepatic walls, leading to the leakage of liver enzymes 

such as alanine transaminase (ALT), aspartate transaminase (AST), and alkaline phosphatase 

(ALP) into the blood (Giordano et al. 2014). High serum/plasma levels of these enzymes in 

diabetes are considered as markers of insulin resistance (Bulum et al. 2011).   
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Insulin resistance induces adipocyte lipolysis leading to increased blood levels of fatty acids, 

which is transported to the hepatocytes. Insulin resistance further stimulate de novo lipogenesis in 

the hepatocytes, while concomitantly suppressing hepatic fatty acid oxidation and secretion of 

very low-density lipoprotein (VLDL) (Mobasheri et al. 2023; Utzschneider and Kahn 2006). 

Thereby causing triglycerides accumulation in the liver, and leading to the development of 

steatosis and NAFLD (Utzschneider and Kahn 2006).  

Increased hepatic levels of glucose and lipids exacerbate the production of ROS and other free 

radicals, leading to oxidative stress. Excessive hepatic glucose can be channelled to other 

carbohydrate metabolic pathways such the polyol, hexosamine and PKC pathways to generate 

toxic metabolites such as AGEs, UDP N-acetyl glucosamines and other percussors for the 

generation of free radicals (Garcia-Compean et al. 2009). Depletion of NADPH via the polyol 

pathway will also lead to an imbalance in the reduction of glutathione, further increasing the cells 

susceptibility to oxidative stress.  

  

1.7 Management of Diabetic Hepatopathy  

  

Modification of lifestyle and diets, especially focused on weight loss, have been shown to suppress 

leakage of liver enzymes and hepatic lipid content in individual with T2D (Suzuki et al. 2005). 

However, these modifications are often combined with pharmacological interventions focused on 

reducing hyperglycemia and improving insulin sensitivity. Biguanides, sulfonylurea, dipeptidyl 

peptidase (DPP) IV inhibitors and thiazolidinediones, are the major drug classes utilized as 

pharmacological intervention in the management of diabetic hepatopathy (Sharabi et al. 2015; 

Utzschneider and Kahn 2006).  
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1.7.1. Biguanides  

  

This is a class of therapeutic drugs that modulates hyperglycemia by suppressing hepatic glucose output, 

with concomitant increase in insulin-mediated muscle glucose uptake and utilization  

(Campbell 2007; Tripathi and Srivastava 2006). Metformin is the most common drug in this class. 

It was originally isolated in the 1920s from the Galega officinalis plant and ranks among the most 

prescribed anti-hyperglycemic drug globally (Martin and Marais 2012). Metformin exerts its 

antidiabetic effect primarily by arresting gluconeogenesis, leading to reduced hepatic glucose 

production. It also impairs ATP production by inhibiting complex I activity in the mitochondria 

(El-Mir et al. 2000; Owen et al. 2000). This leads to increased AMP levels which inhibits adenylyl 

cyclase catalyzed cAMP production, there by suppressing the hepatic glucose production and 

inactivating glucagon signaling (Miller et al. 2013). Subsequently leading to reduced glucose 

output. Metformin has also been shown to suppress gluconeogenesis from glycerol and lactate by 

inhibiting glycerol 3-phosphate dehydrogenase activity in the mitochondrial, which causes a shift 

in the NADH/NAD+ ratio (Madiraju et al. 2014).  

However, metformin is associated with side effects such as nausea, diarrhea, lactic acidosis, abdominal 

spasm, and metallic aftertaste (Bösenberg and van Zyl 2008).  

  

1.7.2. Sulfonylurea   

  

This is a class of therapeutic drugs that reduces blood glucose level by stimulating insulin secretion 

from pancreatic β-cell. They cause closure of ATP-sensitive K+ channels by binding directly to the 

β-cells through the transmembrane sulphonylurea receptor (SUR-1) (Bösenberg and van Zyl 2008;  
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Tripathi and Srivastava 2006). This causes a reduction in potassium efflux which depolarizes the 

membrane and opens the voltage-dependent Ca2+-channels (Bösenberg and van Zyl 2008). This leads 

to calcium influx that stimulates the release of insulin from pancreatic secretory granules (Sharabi et al. 

2015). Members of this drug class include glibenclamide, glipizide, glimepiride, and gliclazide. 

However, the use of this drug class has been associated with hypoglycemia and modest weight gain 

(Chiniwala and Jabbour 2011; Sharabi et al. 2015).  

  

1.7.3. Dipeptidyl peptidase (DPP) IV inhibitors  

  

This is a class of antidiabetic drugs that reduces blood glucose level by inhibiting the activities of 

dipeptidyl peptidase IV (DPP-4), an antagonist of incretin hormones such as the glucose-

dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) (Osadebe et al. 

2015; Pratley and Salsali 2007). The inhibition of DDP-4 activity increases glucose-dependent 

insulin secretion, while concomitantly suppressing the release of glucagon and gastric emptying, 

thereby leading to reduced blood glucose level (Holst 2007). Members of this drug class include 

linagliptin, vidagliptin, sitagliptin, alogliptin, and saxagliptin. The use of this drug class has been 

associated with acute pancreatitis, pharyngitis, and headache (Erukrainuire et al. 2019). 

  

1.7.4. Thiazolidinediones  

  

This is a class of antidiabetic drugs that reduces blood glucose level by improving insulin 

sensitivity. They exert their effect by binding to the peroxisome proliferator-activated receptor 

gamma (PPAR-γ) receptor (Bösenberg and van Zyl 2008). The activation of PPAR-γ, a 

transcription factor stimulates insulin-dependent suppression of hepatic glucose output (Tripathi 

and Srivastava 2006). It also suppresses hepatic lipogenesis by reducing hepatic fatty acids uptake 



22 
 

and enhancing adiponectin levels which stimulates fatty acid oxidation (Mayerson et al. 2002; Yu 

et al. 2002).  

Members of this drug class include troglitazone, rosiglitazone, and pioglitazone. However, the use 

of this drug class has been associated with hypoglycemia, weight gain, and oedema. Increased 

risks of bladder cancer and non-fatal heart attack have been implicated with the use of pioglitazone 

and rosiglitazone, respectively (Bösenberg and van Zyl 2008).  

  

1.8 Natural Products in the Management of Diabetic Hepatopathy   

  

Over the years there have been increasing interests in the use of natural products of plant origins 

in the management of T2D and its complications including diabetic. This paradigm shift from 

conventional synthesized medications has been attributed to availability of these natural products 

at affordable costs, coupled with little or no side effects associated with their use. Among these 

natural products are polysaccharides.  

1.9 Polysaccharides  

  

Polysaccharides are carbohydrate molecules made up of long chains of monosaccharide units 

polymerically linked together by glycosidic bonds (Wu et al. 2016). Their general formular are 

presented as (C6H10O5)n, where n ranges between 40 – 3000. Polysaccharides function as energy 

storage units, structural supports, and signaling molecules within the cell walls of plants, fungi, 

bacteria, and algae (Fernandes and Coimbra 2023). They occur in animal cells as components of 

the extracellular matrix, and also comprise their external skeletons (Lovegrove et al. 2017). In 

foods, they serve as energy source and may influence the sensory qualities of food, particularly its 

texture and mouthfeel (Yang et al. 2020).  
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The structure of polysaccharides can be linear or highly branched. Their structures have been 

reported to play important roles in their biological and medicinal functions such as 

hepatoprotection, immunomodulation, antioxidant, radioprotection, and antimicrobial activities 

(Fernandes and Coimbra 2023; Wu et al. 2016). The antidiabetic effect of polysaccharides has 

been demonstrated in several studies. They exhibit this effect via several mechanisms including 

reduction of fasting blood glucose, enhancement of insulin secretion, regeneration of β cell, 

attenuation of oxidative stress and inflammation, and inhibition of protein-tyrosine phosphatase 

1B (PTP1B) as summarized in Table 1.1.  
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Table 1.1: Antidiabetic properties of polysaccharides.   

Antidiabetic activity  Polysaccharide name  Monosaccharide composition  References  

Hypoglycemic and hypolipidemic 

effects  

Acacia tortilis polysaccharide  D-galactose, d-glucose, lrhamnose, 

and d-glucuronic acid  

(Kumar Bhateja and  

Singh 2014)  

Lachnum calyculiforme (LEP-1)  (1 →3)-β-glucan  (Ye et al. 2011)  

Mactra veneriformis (CPPM)  Glucose, sulfonic and uronic acids  (Wang et al. 2011)  

Schisandra chinensis (Turcz.) Baill  

(ESCPs)  

D-rhamnose, l-arabinose, dxylose, 

d-glucose, d-galactose, and d-

mannose  

(Zhao et al. 2013)  

Sulphated polysaccharide  Fucose, sulphate, uronic acid, 

galactose, mannose, glucose and 

arabinose  

(Wang et al. 2013b)  

Inula britannica flower 

polysaccharide (IBP)  

Mannose, glucuronic acid, 

rhamnose, galacturonic acid, 

glucose, galactose and arabinose  

(Hong et al. 2012)  

Pumpkin polysaccharide (PCE-F)  Glucose, galactose, arabinose and 

rhamnose  

(Jin et al. 2013)  

Talinum triangulare polysaccharides  

(TTPs)  

Rhamnose, arabinose, mannose 

and galactose  

(Xu et al. 2015b)  

β cell regeneration/ Inhibition of 

pancreatic β-cell apoptosis  

Mulberry leaf polysaccharides  

(MLPII)  

D-arabinose, d-xylose, dglucose, 

d-rhamnose, and dmannose  

(Zhang et al. 2014)  

Ganoderma atrum polysaccharide  

(PSG-1)  

 

Glucose, mannose, galactose and 

galcturonic acid  

(Zhu et al. 2016; Zhu et 

al. 2013b)  
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Ganoderma lucidum protein-bound 

polysaccharide (Gl-PS)  

Glucose, galactose, arabinose and 

mannose  

(Li et al. 2011; Zheng et 

al. 2012)  

Fucosylated chondroitin sulphate  Glucuronic acid, galactosamine 

and fucose  

(Hu et al. 2014a)  

 

 Lycium barbarum acidic 

polysacharride (LBP-s-1)  

Rhamnose, arabinose, xylose, 

mannose, glucose, galactose, and 

galacturonic acid  

(Zhu et al. 2013a)  

Enhanced insulin secretion  Ophiopogon japonicus β-d-fructan  

(MDG-1)  

Glucose  (Wang et al. 2012)  

Liriope spicata var. prolifera 

polysaccharides  

-(1 -→ 2)-fructosyl residues  (Liu et al. 2013c; Xiao et 

al. 2014)  

Grifola frondosa polysaccharide  

(GFP)  

Rhamnose, arabinose, xylose, 

mannose, glucose and galactose  

(Ma et al. 2014)  

Lycium barbarum fruit 

polysaccharides (LBP-4a)  

Galactose, glucose, rhamnose, 

arabinose, mannose and xylose  

(Zhao et al. 2014)  

Ganoderma atrum polysaccharide  

(PSG-1)  

1,3- and 1,6-Glcp branched at the  

O-3 and O-6 positions  

(Liu et al. 2012; Zhu et 

al. 2014)  

Sea cucumber fucosylated 

chondroitin sulphate derived (SC- 

CHS)  

Chondroitin sulphate E backbone 

and sulphated fucose  

(Hu et al. 2013b; Hu et 

al. 2013c)  

Enteromorpha prolifera 

polysaccharides (PEPs)  

Rhamnose, glucuronic acid, 

arabinose, fucose, xylose and 

glucose  

(Lin et al. 2015)  
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Tea polysaccharide (TPS)  L-arabinose, d-ribose, d-xylose, 

dglucose and d-galactose  

(Li et al. 2015)  

Acaudina molpadioides fucosylated 

chondroitin sulphate (Am-CHS)  

Glucuronic acid, galactosamine 

and fucose  

(Hu et al. 2014b)  

Ramulus mori polysaccharide (RMP)  Glucose, galactose, mannose, 

rhamnose and arabinose  

(Xu et al. 2015a)  

Inhibition of protein-tyrosine 

phosphatase 1B (PTP1B)  

FYGL-n   D-arabinose, d-galactose, 

lrhamnose, and d-glucose  

(Pan et al. 2015)  

 Grifola frondosa protein-bound 

polysaccharides (F2, F3)  

F2: glucose, mannose, galactose, 

xylose, arabinose, rhamnose and 

ribose  

F3: ribose, arabinose and xylose  

(Xiao et al. 2015)  

Attenuation of oxidative stress  Catathelasma  

ventricosum polysaccharide (CVPS)  

Fucose, mannose and galactose  (Liu et al. 2013a; Liu et 

al. 2013b)  

Ophiopogon japonica polysaccharide  

(OJP1)  

Glucose, galactose, and arabinose  (Chen et al. 2011)  

WGPA and WGPN  WGPA: galactose, glucose, 

arabinose and galacturonic acid 

WGPN: galactose, glucose and 

arabinose  

(Sun et al. 2014)  

Pleurotus florida polysaccharide  

(PFP)  

glucose, galactose, mannose, 

arabinose and xyliyol  

(Ganeshpurkar et al.  

2014)  

Attenuation of inflammation  Angelica sinensis polysaccharide  

(ASP)  

Arabinose, glucose and galactose  (Hotamisligil 2000)  
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Pseudostellaria heterophylla 

polysaccharide (PF40)  

Glucose, galactose, galacturonic 

acid, arabinose, and rhamnose  

(Hu et al. 2013a)  

Pleurotus sajor-caju polysaccharide  

(GE)  

 α-glucan and β-glucan  (Kanagasabapathy et al.  

2012)  
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1.10 Polysaccharides and Diabetic Hepatopathy  

  

The use of polysaccharides in the management of diabetic hepatopathy has been well documented. 

This has been attributed to their ability to improve liver function, modulate glucose and lipid 

metabolism, and mitigate oxidative stress (Bai et al. 2023; Li et al. 2020; Liu et al. 2020; Wang et 

al. 2018). Recent studies on the therapeutic mechanisms of polysaccharides on diabetic 

hepatopathy is summarized in Table 1.2.  
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Table 1.2: Recent studies on the therapeutic mechanisms of polysaccharides on diabetic hepatopathy  

Polysaccharides  Monosaccharide 

composition  

Mechanism of action  Diabetic models  References  

Rehmannia glutinosa polysaccharides  

(RGP)  

Rhamnose, arabinose, 

mannose, glucose, and  

galactose  

Increased hepatic 

gluconeogenesis and glycogen 

content, with concomitant 

reversal of increased mRNA 

expression of PEPCK  

STZ-induced 

diabetic mice  

(Zhou et al. 2015a)  

Misgurnus anguillicaudatus 

polysaccharide (MAP)  

Galactose, fucose, and 

mannose  

(Zhou et al. 2015b)  

Ganoderma lucidum (GLP)  Glucose and mannose  Suppressed the hepatic 

expression of PEPCK, 

glycogen phosphorylase,  

G6Pase and FBPase mRNAs  

STZ/HFD-induced 

diabetic mice  

(Xiao et al. 2012)  

Reduced serum levels of 

hepatic functional indicators 

(ALT and AST); improved 

hepatic morphology, and 

mitigated hepatic 

inflammation by modulating 

the Nrf2/HO-1 signaling 

pathway  

HFD-fed  

C57BL/KsJdb/db 

male mice  

(Li et al. 2020)  

Lycium barbarum polysaccharide  

(LBP-s-1)  

Rhamnose, arabinose, 

xylose, mannose, glucose, 

galactose, galacturonic acid  

Enhance hepatic glycolysis by 

increasing the activities of 

hepatic hexokinase and 

pyruvate kinase  

STZ-induced 

diabetic mice  

(Zhu et al. 2013a)  

Mulberry leaf polysaccharide (MLPII)  D-arabinose, d-xylose, 

dglucose, d-rhamnose, 

and d-mannose  

Improved hepatic glycolysis 

by activating hepatic GCK. 

Suppressed hepatic PTP1B  

STZ-induced 

diabetic rats  

(Ren et al. 2015;  

Xu et al. 2015a;  

Zhang et al. 2014)  
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  mRNA and enhanced IRS2 

mRNA  

  

Opuntia dillenii polysaccharide (ODP- 

Ia)  

Glucose, galactose, 

rhamnose and arabinose, 

with an arabinuronic acid  

Increased hepatic glycogen 

levels, HDL-C levels, with 

concomitant attenuation of 

hepatic oxidative stress by 

increasing SOD and GSH-Px  

activities  

STZ-induced 

diabetic mice  

(Zhao et al. 2011)  

Red kidney bean polysaccharide  

(RKPH)  

Amylose and amylopectin  Reduced serum levels of 

hepatic functional indicators 

(ALT, ALB, AST and TP) and 

improved hepatic lipid 

metabolism  

STZ- and 

HFDinduced T2D 

mice  

(Bai et al. 2023;  

Singh 2024)  

Small black soybean polysaccharide  

(SBPH)   

Glucose, rhamnose, 

galacturonic acid, mannose, 

and galactose  

(Bai et al. 2023;  

Huang et al. 2023)  

Astragalus polysaccharides (APS)  Rhamnose, galacturonic 

acid, glucose, galactose, 

and arabinose  

Upregulated hepatic miR-

203a-3p, with concomitant 

suppression of hepatic GRP78, 

CHOP, pJNK1 and caspase-12 

protein expression levels and 

improved morphology   

T2DM GK rats  (Wang 2017; Wei et 

al. 2018)  
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Dendrobium officinale polysaccharide  

(DOP)  

D-glucose and d-mannose  Improved hepatic glucose 

metabolism by modulating 

liver glycogen structure, 

inhibiting hepatic glycogen 

degradation and hepatic 

gluconeogenesis, restoring 

hepatic histology, and 

suppressing the expressions of  

HFD/STZ-induced  

T2D mice  

(Liu et al. 2020)  

 

  hepatic GCGR, AC, PKA-C, 

p-PKA, p-GS, GBE and GP.  

  

Pleurotus djamor acidic-, alkalic and 

enzymatic extractable mycelium zinc 

polysaccharides (Ac-MZPS, AlMZPS  

and EnMZPS)  

  Mitigated oxidative stress in 

hepatic tissue, while restoring 

hepatic morphology and 

reducing serum levels of 

hepatic functional indicators 

(ALT, ALB, and AST).  

STZ-induced 

diabetic mice  

(Zhang et al.  

2015b)  

Grifola frondosa polysaccharide (GFP- 

N)  

L-arabinose, d-mannose 

and d-glucose   

Improved hepatic insulin 

resistance via modulation of 

JNK and IRS1/PI3K signaling  

HSFD-induced 

diabetic mice  

(Chen et al. 2019b)  

Suillellus luridus polysaccharide  Mannose, arabinose, xylose 

and galactose  

Mitigated oxidative stress in 

hepatic tissue, while restoring 

hepatic morphology  

STZ-induced 

diabetic mice  

(Zhang et al. 2018)  
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Liriope spicata var. prolifera tuberous 

root polysaccharides (LSP1, LSP2 and  

TLSP)  

β-(1-2)-fructosyl residues  Improve hepatic glucose 

metabolism by suppressing 

gluconeogenesis and 

increasing hepatic glycolysis 

and hepatic glycogen content. 

It also restored hepatic  

morphology  

KKAY mice  (Liu et al. 2013c)  

Schisandra chinensis (Turcz.) Baill 

polysaccharides  

(ESCPs)  

L-rhamnose, larabinose, 

d-xylose, dglucose, d-

galactose, and d-

mannose  

Increased hepatic glycogen 

content, and improved lipid 

metabolism  

Alloxan-induced 

diabetic mice  

(Zhao et al. 2013)  

Inula britannica flower polysaccharide  

(IBP)  

Mannose, glucuronic acid, 

rhamnose, galacturonic 

acid, glucose, galactose and 

arabinose  

Increased hepatic glycogen 

content, and improved lipid 

metabolism  

Alloxan-induced 

diabetic mice  

(Hong et al. 2012)  

 

Salvia miltiorrhiza Bunge 

polysaccharide (SMPW1)  

Glucose, arabinose, 

rhamnose, and galactose  

Mitigated hepatic oxidative 

stress and restored hepatic 

morphology   

High fat and high 

glucose diet  

(HGF)-induced  

insulin resistant rats  

(Ke et al. ; Zhang 

et al. 2012)  

Catathelasma  

ventricosum polysaccharide (CVPS)  

Fucose, mannose and 

galactose  

Mitigated hepatic oxidative 

stress, while increasing 

vitamin E content  

STZ-induced 

diabetic mice  

(Liu et al. 2013a;  

Liu et al. 2013b)  

Catathelasma ventricosum selenium 

polysaccharide (SPC-2)  

Glucose  Mitigated hepatic oxidative 

stress and restored hepatic  

morphology  

STZ-induced 

diabetic mice  

(Liu et al. 2013a)  
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Ophiopogon japonica (OJP1)  Glucose, galactose, and 

arabinose  

Mitigated oxidative stress and 

modulated growth factor-β1 

and connective tissue growth 

factor in hepatic tissues  

STZ-induced 

diabetic rats  

(Chen et al. 2011)  

Anoectochilus roxburghii 

polysaccharides (ARP)  

L-rhamnose, larabinose, d-

xylose, dmannose, d-

glucose, and dgalactose  

Attenuated hepatic pathologic 

lesions, while reducing serum 

levels of hepatic functional 

indicators (ALT and AST).  

STZ-induced 

diabetic mice  

(Zhang et al.  

2015a)  

Artemisia sphaerocephala Krasch 

(seed) polysaccharides (ASKP)  

D-mannose, d-glucuronic 

acid, d-galacturonic acid, 

d-glucose, dxylose, d-

galactose, larabinose  

Suppressed hepatic lipid level, 

while mitigating hepatic 

oxidative stress and steatosis  

High-fructose 

induced 

hyperglycosemia 

mice  

(Ren et al. 2014)  

Liriope spicata var. prolifera 

polysaccharides  

(TLSP, LSP1, and LSP2)  

  Mitigated hepatic insulin 

resistance by enhancing 

InsR/IRS1/PI3K insulin 

signaling pathway in livers,  

KKAy mice  Liu et al. 2013c;  

Xiao et al. 2014)  

 

  and increasing hepatic  

GLUT4 expression  

  

Sea cucumber fucosylated chondroitin 

sulphate (SC-CHS)  

Chondroitin sulphate E 

backbone and sulphated 

fucose  

Improved hepatic glucose 

metabolism via the  

PI3K/PKB/GSK-3β pathway 

and increased glycogen 

synthase activity  

Insulin-resistant  

C57BL/6J mice  

(Hu et al. 2013b)  
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Enteromorpha prolifera 

polysaccharides (PEPs)  

Rhamnose, glucuronic acid, 

arabinose, fucose, xylose 

and glucose  

Exacerbated hepatic 

expressions of InsR and GCK 

mRNAs  

High-sugar, highfat 

diet/STZinduced 

diabetic  

rats  

(Lin et al. 2015)  

Tea polysaccharide (TPS)  L-arabinose, d-ribose, 

dxylose, d-glucose and 

dgalactose  

Mitigated hepatic oxidative 

stress and improved hepatic 

gluconeogenesis and insulin 

signaling via upregulation of 

PI3Kp85, p-Akt and GLUT4 

expressions, while restoring 

hepatic morphology  

STZ-induced 

diabetic mice  

(Li et al. 2015)  

Grifola frondosa protein-bound 

polysaccharides (F2, F3)  

F2: glucose, mannose, 

galactose, xylose, 

arabinose, rhamnose and 

ribose  

F3: ribose, arabinose and 

xylose  

Increased hepatic IRS-1  

(ser307), IR, IRS-1, PI3K and  

AKT mRNA levels  

HFD/STZ-induced  

diabetic rats  

(Xiao et al. 2015)  

Enterobacter cloacae Z0206 

polysaccharides (EPS)  

L-fucose, d-glucose, 

dgalactose, d-glucuronic 

acid and pyruvic acid  

Increased hepatic expressions 

of ATGL, HST, CPT1-α and  

GK and reduced FAS and  

G6P gene expression  

KKAY mice  (Huang et al. 2015;  

Wang et al. 2013a)  
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Low molecular weight fucoidan  

(LMWF)  

Fucose and uronic acid  Mitigated hepatic oxidative 

stress and inflammation, and 

hepatic dysfunction; while 

modulating hepatic lipid 

metabolism and reversing 

abnormal hepatic  

SIRT1/AMPK/PGC1α 

signaling.  

Obese diabetic 

db/db mice  

(Zheng et al. 2018)  

Gracilaria lemaneiformis 

polysaccharides (GLP)  

Galactose, glucose, fucose 

and mannose  

Improved hepatic lipid 

metabolism via upregulation 

of AMPKα, SREBP-2, HMG, 

LxRα and CYP7A1 genes 

expression; with concomitant 

restoration of hepatic 

morphology.  

HFD-fed mice  (Huang et al. 2019)  

Improved hepatic index, 

reduced hepatic functional 

indicators (ALT and AST) and 

improved hepatic glucose 

metabolism  

STZ-induced 

diabetic mice  

(Wen et al. 2017)  

Mitigated hepatic oxidative 

stress and restored hepatic  

morphology  

Alloxan-induced 

diabetic mice  

(Liao et al. 2015)  

Gracilaria lithophile polysaccharide    Mitigated hepatic oxidative 

stress  

STZ-induced 

diabetic rats  

(Lu et al. 2023)  
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Laminaria japonica Fucoidan (LJF)  Fucose, galactose, 

mannose, xylose, 

rhamnose, glucose, and 

glucuronic acid.  

Reduced hepatic index, while 

increasing hepatic glycogen 

content and mitigating hepatic  

HFD/STZ-induced 

diabetic mice  

(Ponce and Stortz  

2020; Zhang et al.  

2022)  

 

  oxidative stress. It also 

restored hepatic morphology  

  

Sargassum horneri polysaccharides     Modulated hepatic lipid 

metabolism and restored 

hepatic morphology  

HFD-induced 

diabetic mice  

(Murakami et al.  

2021)  
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1.11 Polysaccharides from Seaweeds  

  

Seaweeds, which are also classified as marine macroalgae, are being recognized as valuable 

sources of numerous bioactive polymers and metabolites including polysaccharides with 

significant chemical and biological properties, thereby generating growing research interest in this 

area (Kumar Bhateja and Singh 2014). They are classified into three taxonomic groups based on 

their pigmentation, namely, green algae (Chlorophyta), red algae (Rhodophyta), and brown algae 

(Ochrophyta, Phaeophyceae) (Mohammadigheisar et al. 2020). More than 200 species of seaweeds 

are cultivated or collected from the wild for a variety of industries worldwide (Wade et al. 2020). 

A total of 32 green seaweeds, 64 brown seaweeds, and 125 red seaweeds are utilized economically 

(Pomin 2012). Out of 221 species of algae, 66% species are consumed as food, with 20% being 

green seaweeds, 26% being brown seaweeds, and 54% being red seaweeds (Pomin 2012; Wade et 

al. 2020). These consumptions have been common from time immemorial in China, Philippines 

and Indonesia, with Europe gaining interests in their application in culinary (Otero et al. 2023). In 

ethnomedicine, seaweeds have been explored for the treatment of various ailments including 

diabetes, obesity, cardiovascular diseases, and neurodegeneration (Olasehinde et al. 2019b; 

Olasehinde et al. 2020; Pillay et al. 2025). These medicinal properties have been attributed to the 

presence of diverse compounds such as phenolics, terpenes, alkaloids, peptides, vitamins and 

polysaccharides with diverse biological activities (Olasehinde et al. 2019b; Otero et al. 2023). 

Among these compounds, polysaccharides are the most the abundant in seaweeds as they account 

for over 75% of their dry weight and are mostly present as sulfated polysaccharides (Ciancia et al. 

2020; Hentati et al. 2020). Their composition and structures differ among seaweed species, with 

green seaweeds rich in ulvan, red seaweeds rich in floridean starch, carrageenan, agar and 
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galactans, and brown seaweeds rich in laminarin, fucoidans, alginate and fucans (de Jesus Raposo 

et al. 2015; Hentati et al. 2020).  

1.11.1 Red Seaweeds (Gracilaria species)  

Commonly known red agar, the red seaweeds belong to the genus, Gracilaria. They are majorly 

found in Chile and China, as well as in other countries like Taiwan, South Africa, Namibia, the 

Philippines, and Vietnam (Pereira and Yarish 2008). They are bushy in appearance, with a 

cylindrically compressed and irregularly branched thallus (Pereira and Yarish 2008). They are the 

primary sources of agar and are mainly consumed in the Caribbean, Southeast Asia, Japan, and 

Hawaii (Khandwal et al. 2025). Gracilaria species have been reported for their polysaccharide 

constituents which consist mainly of floridean starch, carrageenan, agar and galactans. The 

medicinal properties of Gracilaria spp. polysaccharides have been reported to include 

antiinflammation, antioxidant, immunomodulation, neuroprotection, antidiabetes and antiobesity 

(Hentati et al. 2020; Olasehinde et al. 2019b; Pillay et al. 2024). These medicinal properties have 

been explored in the use of Gracilaria spp. for the management of diabetic hepatopathy.   

There are limited studies on the therapeutic effect of Gracilaria spp. polysaccharides on diabetic 

hepatopathy. From literature search, only low molecular weight fucoidan, Gracilaria 

lemaneiformis and Gracilaria lithophile are the only Gracilaria spp. polysaccharides species that 

have been investigated for their protective effect on diabetic hepathopathy. As shown in Table 1.2, 

these Gracilaria spp. sulphated polysaccharides exhibit protective effect on diabetic hepatopathy 

by mitigating oxidative stress and inflammation, improving lipid and carbohydrate metabolism, 

and restoring tissue morphology (Huang et al. 2019; Liao et al. 2015; Lu et al. 2023; Wen et al. 

2017; Zheng et al. 2018).  
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1.11.2 Brown Seaweeds (Ecklonia species)  

  

Brown seaweeds belong to the class, Phaeophyceae and are among the major contributors to 

coastal environments’ biomass (Silberfeld et al. 2010). They are rich in polyphenols, minerals, 

vitamins and polysaccharides, with the latter making 50-70% dry weight of the seaweeds (Li et al. 

2021). Brown seaweed polysaccharides are highly sulfated and mainly consist of laminarin, 

fucoidans, alginate and fucans (de Jesus Raposo et al. 2015; Hentati et al. 2020). Brown seaweeds 

polysaccharides have been reported for their biological activities which include antiinflammation, 

antioxidant, anticancer, antiobesogenic, hepatoprotection and immunomodulation (Borazjani et al. 

2018; Jiang et al. 2021; Murakami et al. 2021; Zhou et al. 2024). These biological activities have 

been explored in the use of brown seaweed polysaccharides in the treatment of diabetic 

hepatopathy as reported for Laminaria japonica Fucoidan (LJF) (Zhang et al. 2022) and Sargassum 

horneri (Murakami et al. 2021) (Table 1.2).   

Among the species of brown seaweed is Ecklonia maxima, which is endemic to South Africa and 

has been reported for its rich content of sulphated polysaccharides (Pillay et al. 2025). Ecklonia 

maxima polysaccharides have been reported for their potent inhibition of glucose metabolizing 

enzymes and intestinal glucose absorption, as well as promotion of muscle glucose uptake (Daub 

et al. 2020; Pillay et al. 2025) which demonstrates its antidiabetic properties. Fucoidan EMLF7 

extracted from E. maxima has been reported for its ability to inhibit inflammation in RAW 264.7 

Macrophage by suppressing the production of (Prostaglandin) PGE2 and Nitric Oxide (NO), and 

downregulating TNF-α, IL-6, IL-1β and NF-κB/MAPK expressions (Lee et al. 2021; Nagahawatta 

et al. 2022). Ecklonia maxima polysaccharides have also been reported for their potent antioxidant 

and neuroprotective properties (Olasehinde et al. 2019a). Based on literature survey, there is a 
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dearth of information on the effect of E. maxima polysaccharides on diabetes and diabetic 

hepatopathy in vivo.  

  

1.12 Shelf Life  

  

Shelf life refers to the storage time frame of a product when it can remain in acceptable condition 

in regards to safety, quality and sensory characteristics (Calligaris et al. 2019). It is dependent on 

the degradation mechanism of the product which is influenced by heat, light, enzymes, chemicals 

and microbial contamination (Azanha and Faria 2005). These influential features may 

simultaneously trigger degradation of a food product depending on the storage condition as 

summarized in Table 1.3.   

The primary factors contributing to food degradation under chilled conditions are typically 

considered to be microbial growth and enzymatic reactions that negatively impact the sensory 

properties of the food (Mafe et al. 2024). However, microbial growths are not significant in food 

degradation under frozen conditions. Degradation of frozen foods are influenced by oxidative, 

enzymatic reactions, surface drying and re-crystallization (Calligaris et al. 2019). While at ambient 

conditions, food degradation often occurs from chemical reactions, such as lipid oxidation, flavor 

degradation, and pigment alteration, as well as non-enzymatic browning and physical changes 

including starch retrogradation and product structural collapse (Calligaris et al. 2019).  
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Table 1.3: Effect of storage conditions on degradative mechanism in food degradation  

Storage conditions  Degradative events  References  

Chilled  Microbial growth  (Erkmen and Bozoglu 2016)  

Enzymatic reactions  (Erkmen and Bozoglu 2016; Mafe et 

al. 2024)  

Senescence  (Heaton  and  Marangoni  1996;  

Mohammadi et al. 2021)  

Tissue mechanical damage  (Opara and Pathare 2024; Pathare and  

Al-Dairi 2022)  

Frozen  Oxidative reactions  (Al-Dalali et al. 2022; Soyer et al.  

2010)  

Enzymatic reactions  (Çalışkan Koç et al. 2025; Van der  

Sman 2020)  

Surface drying  (Schmidt and Lee 2009; Sun et al.  

2023)  

Re-crystallization  (Ullah et al. 2014; Zhu et al. 2019)  

Ambient  Oxidative reactions  (Geng et al. 2023; Wang et al. 2023)  

Non enzymatic browning  (Schutte et al. 2024; Yu et al. 2017)  

Caramelization  (Woo et al. 2015)  

Structural collapse  (Kawai and Hagiwara 2018; Oyinloye 

and Yoon 2020)  

Starch retrogradation  (Chen et al. 2024; Donmez et al. 

2021)  

Packaging contaminants  (Gupta et al. 2024; Jadhav et al. 2021)  
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            1.13 Shelf Life and Polysaccharide Degradation  

  

The degradation of polysaccharides during shelf life has been implicated in changes in their texture 

and flavor, chemistry and biological activities (Feng et al. 2020; Peroni-Okita et al. 2013). The 

degradation of polysaccharides during shelf life is influenced by temperature and storage 

conditions, and occurs via various mechanisms such as retrogradation (Feng et al. 2020), 

enzymatic hydrolysis (Yu et al. 2022), freezing and thawing (Feng et al. 2020), cold-induced 

sweetening (Peroni-Okita et al. 2013; Yu et al. 2022), acid hydrolysis (Keran et al. 2025), thermal 

degradation (Silva et al. 2025) and UV irradiation (Song et al. 2024).  

  

1.14 Shelf-Life Degradation and Biological Activities of Polysaccharides  

  

The biological activities of polysaccharides are affected by shelf life degradation, leading to 

suppression of their effectiveness and changes in their chemistry (Xu et al. 2025; Zou et al. 2020). 

Improved antioxidant, monosaccharide compositions and shelf life were reported for Dendrobium 

officinale polysaccharides (Yu et al. 2019). Increased temperature also suppressed the antioxidant 

activity of Pleurotus ostreatus polysaccharides and altered its chemical compositions (Radzki et 

al. 2016). Preservation of polysaccharides with ascorbic acid has been reported to be influenced 

by temperatures and pH, with increased degradation reported for higher temperature and reducing 

pH (Zou et al. 2020).   

Although shelf life degradation has been linked to reduced molecular weight of polysaccharides 

Zou et al. 2020), improved biological activities have been reported with reducing molecular 

weights (Song et al. 2024; Zhao et al. 2023; Zou et al. 2020). Furthermore, degradation products 

arising from shelf life process such as Maillard reaction, caramelization, and hydrolysis have also 

been reported for their potent antioxidant activities (Chen et al. 2019a; Ke and Li 2023). The 



 

43 
 

antioxidant and hypoglycemic properties of polysaccharides from blackcurrant fruits improved 

with reduced molecular weight following hydrolysis-mediated degradation (Xu et al. 2018). 

Aqueous hydrolysis improved the antitumor and antioxidant activities of pectic oligosaccharides 

(Li et al. 2019). Degradation improved the hypolipidemic and antioxidant activities of Ganoderma 

lucidum polysacharrides in hepatocytes (Xu et al. 2019). The ability of Porphyra yezoensis 

polysccahrrides to mitigate oxidative damage in renal epithelial cells was improved following 

degradation to small molecular weights (Sun et al. 2019).   

  

1.15 Rationale of the study  

  

Despite these studies, there is a dearth on the effect shelf life on the stability, chemical profiles and 

biological activities of sulphated polysaccharides from brown (Ecklonia species) and red seaweeds 

(Gracilaria species). The beneficial effects of these polysaccharides on diabetic hepatopathy are 

also limited. Therefore, it is important to study these effects over time and establish their 

translational relevance and safety in the management of hepatopathy in T2D.  

  

1.15.1 Hypothesis  

  

This study hypothesized that:  

1. sulphated polysaccharides from seaweeds have a therapeutic effect on diabetic hepatopathy   

2. the shelf life of sulphated polysaccharides from seaweeds at different storage conditions 

influences their antidiabetic and antioxidant activities, and profiles.  
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1.15.2 Aims  

  

The study was aimed at determining the therapeutic effects of sulphated polysaccharides from 

Ecklonia maxima and Gracilaria gracilis on diabetic hepatopathy in T2D, as well as the effect of 

different storage conditions on their stability profile, antioxidant and antidiabetic activities.  

1.15.3 Objectives  

  

▪ To extract sulphated polysaccharides from Ecklonia maxima and Gracilaria gracilis  

▪ To determine the stability of sulphated polysaccharides from E. maxima and G. gracilis  

seaweeds at different storage conditions over a period of time.  

▪ To determine the effect of different storage conditions on glucose content, sulphate content 

and in vitro antidiabetic activities of the sulphated polysaccharides  

▪ To determine the hepatoprotective effect of sulphated polysaccharide in T2D rats.  

1.15.4 Research Questions  

  

▪ Do sulphated polysaccharide from South African seaweeds have the potential to protect 

against diabetic hepatopathy in T2D?  

▪ Will storage of sulphated polysaccharides from the seaweeds at different conditions affect 

their glucose and sulphate contents  

▪ Will storage of sulphated polysaccharides from the seaweeds at different conditions affect 

their antidiabetic activities over time?  
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                                            CHAPTER 2  

                                                                 MATERIALS AND METHODS  

 

               2.1 Collection of Seaweeds 

Ecklonia maxima and Gracilaria gracilis were collected from Kelpak in Cape Town, and Wild 

Coast Abalone, East London, South Africa, respectively. They were identified and deposited at the 

herbarium of the Department of Botany of Nelson Mandela University, South Africa (32°45.048’S. 

28°16.558ʹE), and assigned the voucher codes, D1 and D2.  

Salt and particles were washed from both seaweeds by rinsing thoroughly with distilled water. The 

seaweeds were air-dried before subjecting to freeze-drying. The dried samples were blended to 

fine powder, from which 200 g was defatted with n-hexane by soaking in 1000 mL of the latter in 

a flat bottom flask at room temperature for 2 days with constant shaking. The solvent was decanted, 

and the defatted samples were dried overnight in a fume cupboard.   

            2.2   Extraction of Sulphated Polysaccharides   

Sulphated polysaccharides (SPs) were extracted from the seaweed samples using the cold and hot 

water extraction methods as previously described (Olasehinde et al. 2020; Pengzhan et al. 2003).  

For the hot water extraction, 100 g of the defatted samples was mixed with 500 ml of distilled 

water and autoclaved for 15 min. A Büchner funnel lined with a Whatman TG 100 Separating 

Gauze was used in filtering the slurry. The filtrates were collected and precipitated overnight with 

ethanol and then centrifuged at 1800 rpm for 10 min at 25 °C. The resulting pellets were 

lyophilized, blended and stored at 4 °C until further use.  

            2.3 Shelf Life/Stability Study  

The extracted SPs were subjected to shelf-life study to determine their stability and biological 

activities at different storage conditions (Bajaj et al. 2017). Freshly prepared SPs (30 mg) were 
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stored in sterile 50 mL falcon tubes at different storage conditions consisting of different ranges of 

temperatures and time as shown in Table 2.1.   

Table 2.1: Shelf life study design.  

Storage Temperature (℃)  Sampling Time Points  

(Months)  

Container  

25  0, 1, 2, 3, 4, 5 and 6  Closed  

37  0, 1, 2, 3, 4, 5 and 6  Closed  

4  0, 1, 2, 3, 4, 5 and 6  Closed  

  

At every sampling time point, SPs were assayed for total sulphate and sugar contents, as well as 

antidiabetic activities in vitro via their inhibitory effect on α-amylase and α-glucosidase activities  

             2.3.1 Determination of Total Sulphate Content   

The total sulphate content of the SPs was determined using the BaCl2-gelatin turbidity method 

(Bhadja et al. 2016). Briefly, 0.3 % gelatine solution was prepared in hot water (60–70 °C) and 

stored at 4 °C overnight. BaCl2-gelatin reagent was prepared by dissolving 2 g of BaCl2 in gelatin 

solution and allowed to stand for 2–3 h at 25 °C. SPs (0.2 mL) dissolved in distilled water (1 

mg/mL) were mixed with 3.8 ml of 0.5 M HCl and 1 ml of BaCl2-gelatin reagent. The mixture was 

allowed to stand for 20 min. Absorbance was read at 360 nm using a microplate reader 

(SpectraMax M2, Molecular Devices, San Jose, CA, USA). The total sulphate was extrapolated 

from a standard graph of potassium sulphate (0 – 100 μg/mL).  

            2.3.2 Total Sugar content   

The total sugar content of the SPs was determined using the phenol–sulfuric acid method (DuBois 

et al. 1956). Stock solution (1 mg/mL) of the SPs were prepared with distilled water, from which 

a series of dilutions consisting of 20, 40, 80, 120, 160, and 200 μg/mL were further prepared. 1 mL 

of 5 % phenol solution and 5 mL of H2SO4 were added to each dilution and allowed to incubate 

for 10 min at room temperature. The reaction mixtures were vortexed and heated in a water bath 
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at 25-30 ℃ for 30 min. Absorbance was read at 490 nm using a microplate reader (SpectraMax 

M2, Molecular Devices, San Jose, CA, USA). Total glucose was extrapolated from a standard 

graph of glucose (prepared with same procedure above).   

            2.3.3 in vitro Antidiabetic Activities  

The SPs were analysed for their in vitro antidiabetic activities by investigating their abilities to 

inhibit the activities of α-glucosidase and α-amylase, using previously described methods (Oboh 

and Ademosun 2011).  

               2.3.3.1 α-glucosidase Inhibition   

About 50 µL of each SP concentration or acarbose (standard antidiabetic drug) were added to an 

equal volume of α-glucosidase (1.0 U/mL) in 100 mM phosphate buffer (pH 6.8) in a 96-well plate 

and incubated for 15 min at 37°C. 100 μL of 5 mM p-nitrophenyl-α-D-glucopyranoside (pNPG) 

solution in 100 mM phosphate buffer (pH 6.8) was then added to the reaction mixture, and further 

incubated at 37 °C for 20 min. Absorbance was read at 405 nm. The percentage inhibitory activity 

was calculated using the formula:  

  (Absorbance of control − Absorbance of sample)  

% inhibition =  𝑥 100  

(𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 

Where control consists of a reaction mixture without inhibitors.  

               2.3.3.2 α-amylase inhibition   

About 50 µL of each SP concentration or acarbose was mixed with equal volumes of porcine 

pancreatic amylase (2 U/ml) in 100 mM phosphate buffer (pH 6.8) and incubated for 10 min. 50 

μL of 1 % starch solution in 100 mM phosphate buffer (pH 6.8) was added to the reaction mixture 

and further incubated for 10 min. 100 μL of the dinitrosalicylate (DNS) reagent was then added to 

the reaction mixture and boiled for 10 min. Absorbance was read at 540 nm.  

The percentage inhibitory activity of the SPs was calculated using the following formula:                                       
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Where control consists of a reaction mixture without inhibitors.  

       % Inhibition =  
(𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒)

(𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑂𝑛𝑡𝑟𝑜𝑙)
× 100 

           2.4 Animals  

Fifty-one (51) male Sprague Dawley (SD) rats weighing 180 – 200 g were obtained from the 

Biomedical Research Unit (BRU), University of KwaZulu-Natal, Durban, South Africa. They were 

acclimatized on pelletized chows and water (ad libitum) for 7 days, and subjected to natural photo 

period of 12-h light-dark cycle. The study was carried out under the approval of the Animal  

Ethics Committee, University of KwaZulu-Natal, Durban, South Africa (Ethical Approval  

Number: AREC/00002347/2021).  

            2.5 Animal Groupings  

After acclimatization, the animals were randomly grouped as follows:  

Negative Control (NC): Normal rats (non-diabetic)  

Positive Control (PC): untreated diabetic rats  

Diabetic + low dose (DBL): diabetic rats administered low dose (150 mg/kg bodyweight [bw]) of 

E. maxima  

Diabetic + high dose (DBH): diabetic rats administered high dose (300 mg/kg bw) of E. maxima 

Diabetic + standard drug metformin (DBM): diabetic rats administered 200 mg/kg bw of 

metformin  

Negative Toxicological Control (NTB): Non-diabetic rats administered high dose of E. maxima  

Diabetic + low dose (DRL): diabetic rats administered low dose (150 mg/kg bw) of G. gracilis  

Diabetic + high dose (DRH): diabetic rats administered high dose (300 mg/kg bw) of G. gracilis 

Negative Toxicological Control (NTR): Non-diabetic rats administered high dose of G. gracilis.   
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The negative groups (NC, NTR and NTB) consisted of 5 rats each, while the others consisted of 6 

rats each.   

            2.6 Induction of type 2 diabetes  

Following adaptation, T2D was induced in the diabetic groups using the fructose- streptozotocin 

protocol (Wilson and Islam, 2012). Briefly, 10% fructose was provided ad libitum to the diabetic 

groups (DC, DBL, DBH, DBM, DRL, and DRH) for 2 weeks. After overnight fasting, the rats 

were injected intraperitoneally with streptozotocin (40 mg/kg bw) in citrate buffer (pH 4.5). The 

normal groups (NC, NTB and NTR) were injected intraperitoneally with citrate buffer only. After 

7 days, non-fasting blood glucose levels were measured with a glucometer (Accu-Chek®), and 

rats with blood glucose level was >200 mg/dL, were considered diabetic.  

            2.7 Intervention trial   

Following induction of T2D, DBL, DBH, and NTB were orally administered E. maxima SPs; while 

G. gracilis SPs were orally administered to DRL, DRH, and NTR groups. Distilled water was 

administered to NC and PC groups, while metformin was administered to DBM. The rats were 

treated for 5 times a week for an intervention period of 4 weeks. Blood glucose level and body 

weight were monitored weekly and provided in Appendix 1.  

            2.8 Sacrifice and Collection of Liver Tissues  

The rats were humanely sacrificed by euthanizing with isoflurane after an overnight (8 h) fasting. 

Blood was collected via cardiac puncture into sterile plain tubes. The rats were dissected and their 

livers were harvested. The organs were rinsed off blood stains with normal saline, mopped with 

filter paper and weighed. About 0.5 g of each liver was excised and homogenized in 5 mL of 50 

mM sodium phosphate buffer (pH 7.5) containing 10 % triton X-100. The homogenized samples 
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were centrifuged at 15,000 rpm for 10 min at 4 °C. The supernatants were collected into 2 mL 

Eppendorf tubes and stored at -80°C for further analysis.  

            2.9 Glucogenic Enzymes Activities  

The liver supernatants were investigated for activities of glucogenic enzymes such as fructose1,6-

biphosphatase, glucose 6-phosphatase and glycogen phosphorylase using previously described 

protocols (Balogun and Ashafa 2017; Cornblath et al. 1963; Erukainure et al. 2017;  

Gancedo and Gancedo 1971; Mahato et al. 2011).  

            2.9.1 Fructose-1,6-Bisphosphatase Activity  

100 μL of the tissue supernatant was added to 100 μL of 0.05 M fructose, 1200 μL of 0.1 M Tris–

HCl buffer (pH 7.0), 250 μL 0.1 M MgCl2, 100 μL 0.1 M KCl, and 250 μL 1 mM EDTA at 37°C 

and incubated for 15 min. The reaction was stopped with 10% TCA and centrifuged at 3000 rpm 

(4 °C) for 10 mins. 50 μL of freshly prepared 9% ascorbic acid and 1.25% ammonium molybdate 

were added to 100 μL of the resulting supernatant in a 96-well plate. The reaction mixture was 

allowed to stand for 20 mins at room temperature, and absorbance was measured at  

680 nm. The enzyme activity was extrapolated from an inorganic phosphate (Pi) standard graph.  

            2.9.2 Glucose-6 phosphatase activity  

200 μL of the tissue supernatant was added to 100 μL of 0.25 M glucose 6 phosphatase,  

200 μL of 5 mM KCl, 1300 μL of 0.1 M Tris-HCl buffer and incubated in a shaker for 30 min at 

37 °C. The reaction was stopped with 1 mL of distilled water and 1.25 % ammonium molybdate. 

1 mL of freshly prepared 9% ascorbate was then added to the reaction mixture and allowed to 

stand for 30 min. Absorbance was measured at 660 nm. The enzyme activity was extrapolated 

from an inorganic phosphate (Pi) standard graph. 
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             2.9.3 Glycogen phosphorylase activity  

100 µL of the tissue supernatant was added to 64 mM glucose-1-phosphate and 4 % glycogen and 

incubated for 10 min at 30 °C. The reaction was stopped with 20 % ammonium molybdate in 

concentrated H2SO4. The reaction mixture was further incubated with Elon reducer and distilled 

water at 30 °C for 45 min. Absorbance was read at 340 nm. The enzyme activity was extrapolated 

from an inorganic phosphate (Pi) standard graph. The enzyme activity was extrapolated from an 

inorganic phosphate (Pi) standard graph.  

          2.10 Evaluation of antioxidant and oxidative stress markers  

The liver tissues were assayed for oxidative stress biomarkers including reduced glutathione (GSH) 

level, superoxide dismutase (SOD), glutathione reductase, glutathione peroxidase, glutathione-S-

transferase, catalase activities, and malondialdehyde (MDA) level, according to previous methods 

(Aebi 1984; Bauman et al. 1988; Chowdhury and Soulsby 2002;  

Ellman 1959; Habig et al. 1974; Janero 1990; Jelodar et al. 2020).  

            2.10.1 Reduced Glutathione Level  

About 150 µL of the tissue supernatant was mixed with an equal volume of 10% TCA and 

centrifuged at 2000 rpm for 10 min at room temperature. 80 µL of the supernatant was mixed with 

40 µL of 0.5 mM DTNB in a 96-well plate. The reaction mixture was further incubated with 200 

µL of 0.2M phosphate buffer (pH 7.8) for 15 min at room temperature. Absorbance was read at  

415 nm. The GSH level was extrapolated from a GSH standard graph.  

             2.10.2 Glutathione Reductase Activity  

About 10 µL of the tissue supernatant was mixed with 221 µL of 50 mM Tris-HCl buffer 

(containing 1 mM EDTA, pH 8.0) and 38 µL of 8 mM oxidized glutathione (GSSG) in a 96-well 

plate. 10 µL of NADPH was thereafter added to the reaction mixture. Absorbance was read at 340 
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nm at a 2 min interval for 8 min using a microplate reader. The activity was calculated using this 

expression:   

𝐴1−𝐴𝑏 
Activity = 1000 𝑋 [ ] 𝑋 0.5 µmol/min/µg of protein 340 

Where: 340 is the molar absorptivity at 340 nm which is 6.22 mM/cm, A1 and Ab represents rate 

of the sample and blank reactions.  

             2.10.3 Glutathione peroxidase activity  

About 5 µL of the tissue supernatant was added to 210 µL of phosphate buffer (pH 6.9), 2.5 µL of 

100 mM GSH, and 5 µL of distilled H2O in a 96-well plate, and incubated for 10 min at 37 ºC. 2.5 

µL of 15 mM NADPH was thereafter added to the reaction mixture, followed by 10 µL of 1 mM 

DTNB. Absorbance was at 412 nm using a microplate reader. A GSH standard graph was used to 

extrapolate the glutathione peroxidase activity.  

2.10.4 Superoxide Dismutase Activity  

A 170 μL of 0.1 mM diethylenetriaminepentaacetic acid (DETAPAC) was added to and 15 μL of 

the tissue supernatants in a 96-well plate. 15 μL of 1.6 mM 6-HD was then added and mixed by 

gently tapping all four sides of plates. Absorbance of the resulting mixture was measured at 492 

nm for 5 mins at 1 min interval. The enzyme activity was calculated by the formula:  

Activity = 1000 x [(A1-Ab)/ε490] x 0.5 nmol/min/µg protein  

ε490 = Molar absorptivity at 490nm = 1.742/mM/cm   

A1 and Ab = Reaction rate for sample and blank respectively  

             2.10.5 Catalase activity  

10 μL of the tissue supernatant was mixed with 340 μL of 50 mM sodium phosphate buffer (pH  

7.0). 150 μL of 2 M H2O2 was added to the reaction mixture. Absorbance was read at 240 nm for  

3 min at 1 min interval.  
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             2.10.6 Glutathione-S-Transferase Activity  

A reaction mixture of 0.1 mL of 0.25 M phosphate buffer (pH 6.5), 25 mM 1- chloro-

2,4dinitrobenzene (CDNB) and 0.7 mL of distilled water was incubated for 5 mins at 37oC. 25 μL 

of the tissue supernatants and 20 μL of 25 mM glutathione were added to the reaction mixture. 

Absorbance was measured at 340 nm at 5 min interval. Blank consisted of reaction mixture without 

enzyme.   

            2.10.7 Lipid Peroxidation Level  

Lipid peroxidation levels of the tissues were determined by measuring thiobarbituric acid reactive 

substances (TBARS), expressed as malondialdehyde (MDA) equivalent. 100 μL of the samples 

were mixed with an equal volume of 8.1% SDS solution, 375 μL of 20% acetic acid, 1 mL of 

0.25% thiobarbituric acid (TBA), and 425 μL of distilled water. The reaction mixture was boiled 

for 1 h in a water bath. Thereafter, 200 μL of the heated mixture was collected into 96-well plate 

and absorbance read at 532 nm. TBARS concentration was extrapolated from a MDA standard 

graph.  

            2.11 Acetylcholinesterase Activity  

The acetylcholinesterase activity of the tissues was determined using the Ellman’s method (Ellman 

et al. 1961). About 20 μL of the tissue supernatant was added to 10 μL of 3.3 mM Ellman’s reagent  

(pH 7.0) and 50 μL of 0.1 M phosphate buffer (pH 8), and incubated at 25°C for 20 min. Thereafter,  

10 μL of 0.05 M acetylcholine iodide was added to the reaction mixture. Absorbance was read at  

412 nm at 3 min intervals.  

            2.12 Hepatic Function Markers  

The collected blood samples were centrifuged at 10,000 rpm at 4◦C for 10 min. The supernatant 

(serum) was collected into 2 mL Eppendorf tubes and analyzed for serum hepatic function markers 
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which includes for aspartate transaminase (AST) and alanine transaminase (ALT), using an 

Automated Chemistry Analyzer (Labmax Plenno, Labtest Inc., Costa Brava, Brazil).  

            2.13 Metabolic Profiling  

About 0.5 g of the liver was excised and homogenized in cold methanol/ethanol (2:8) to extract 

the lipid metabolites (Erukainure et al. 2020). The homogenized tissues were incubated on ice for 

20 min (Chan et al. 2013), and thereafter, centrifuged at 15,000 rpm at 4 °C for 10 min. The 

supernatants were decanted into glass vials for subsequent analysis.  

            2.14 Metabolic Profiling with Gas Chromatography-Mass Spectrometry (GC-MS)  

The extracted metabolites were profiled with GC-MS using an Agilent technologies 6890 Series 

GC coupled with (an Agilent) 5973 Mass Selective detector and driven by Agilent chemstation 

software. The metabolites were separated with a HP-5MS capillary columns. 1 μL of the tissue 

supernatants was injected in a splitless mode. Carrier gas: ultra-pure helium used as the carrier gas; 

Flow rate: 60 mL h-1; Initial oven temperature: 60 °C for 2 min; Final oven temperature: 285 °C; 

Hold time: 3 min; Ion source and quadrupole Temperatures: 230 °C, respectively; Electron 

ionization mode and electron multiplier voltage: 70 eV and 1859 V, respectively. The metabolites 

were identified by direct mass spectral comparison using an inbuilt  

NIST mass spectral library.   

            2.15 Pathway analysis   

The identified metabolites were subjected to pathway enrichment to identify the most relevant 

pathways involved in lipid metabolism in diabetic hepatopathy in T2D, using the MetaboAnalyst 

6.0 online server (https://www.metaboanalyst.ca/) (Pang et al. 2024).  
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            2.16 Statistical Analysis  

Clustering analysis of the GC-MS identified metabolites which covers for heat maps and principal 

component analysis (PCA), was carried out with MetaboAnalyst 6.0 online server 

(https://www.metaboanalyst.ca/) (Pang et al. 2024).  
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                                                            CHAPTER 3  
  

Sulphated Polysaccharides from Ecklonia maxima (Brown Seaweed) from 
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           Abstract 

  

Diabetic hepatopathy is among the major contributor to mortality and morbidities associated with 

type 2 diabetes (T2D). Sulphated polysaccharides (SPs) from seaweeds have been reported for 

their protective effects in T2D and its complications. The present study investigated the protective 

effect of SPs from Ecklonia maxima on diabetic hepatopathy in hepatic tissues of T2D rats. Two 

groups of T2D rats were administered 150 and 300 mg/Kg bodyweight (bw) of SPs, respectively.  

Water was administered to the T2D (positive control) and negative control groups, while 

metformin served as the standard antidiabetic drug. Normal rats administered 300 mg/Kg bw SPs 

served as the toxicology group. Induction of T2D significantly depleted glutathione level, 

superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase, glutathione S-

transferase, while concomitantly increasing malondialdehyde level, fructose-1.6-biphosphatase, 

glucose 6-phosphatase, glycogen phosphorylase, and acetylcholinesterase activities in hepatic 

tissues. Furthermore, T2D dysregulated glucose, lipid and amino acid metabolic pathways, and 

their metabolites. Treatment with SPs significantly reversed the glutathione and malondialdehyde 

levels, and enzymes activities, while concomitantly upregulating the studied metabolic pathways 

and their metabolites.  

Thus, indicating that treatment with SPs from E. maxima protects against diabetic hepatopathy in 

T2D by improving glucose and amino acid metabolisms, while concomitantly attenuating 

lipotoxicity, oxidative stress and inflammation.  

Keywords: Glucotoxicity; Hepatopathy; Oxidative stress; Brown seaweeds; Sulphated 

polysaccharides; and Type 2 Diabetes.  
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3.1 Introduction  

  

Type 2 diabetes (T2D) is ranked as the most prominent of all diabetes types as it contributes to 

over 90% of all diabetes-related morbidities and mortalities (IDF 2025). It is characterized by 

insulin resistance and pancreatic β-cells dysfunction, leading to hyperglycemia. An increase in 

hyperglycemia has been linked to the continuous generation of reactive oxygen species (ROS) and 

free radicals, which overwhelm the body’s oxidant-antioxidant balance in favor of the former. This 

imbalance leads to oxidative stress, which has been implicated in the pathogenesis and progression 

of T2D and its complications (Diyorbek 2025; Ren et al. 2025). Among these complications is 

diabetic hepatopathy.  

Diabetic hepatopathy is a spectrum of liver diseases including non-alcoholic fatty liver disease  

(NAFLD), hepatocellular carcinoma, abnormal liver enzymes, cirrhosis, and acute liver failure 

(Islam et al. 2020; Mobasheri et al. 2023; Tolman et al. 2007). Insulin resistance arising from T2D, 

alters the uptake of glucose and its utilization in the hepatic tissues, thereby increasing its output 

by the liver (Erukainure et al. 2021). Alterations in lipid metabolic pathways and their metabolites 

have also been implicated in diabetic hepatopathy (Erukainure et al. 2021; Hazlehurst et al. 2016). 

It is attributed to increased hepatic fatty acids uptake, de novo lipogenesis, suppressed secretion of 

very low-density lipoprotein (VLDL), leading to hypertriglyceridemia and hypercholesteremia 

(Mobasheri et al. 2023; Westcott et al. 2024). Furthermore, dysmetabolism of amino acids also 

exacerbates hepatic production of glucose, which increases the tissues insensitivity to insulin 

leading to glucotoxicity (Ding et al. 2023; Zhu et al. 2022). An interplay of these alterations is 

considered glucolipotoxicity, which exacerbates the production of ROS and free radicals, leading 
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to oxidative stress (Ma et al. 2021). Further contributing to the pathophysiology of diabetic 

hepatopathy.  

The medicinal properties of sulphated polysaccharides (SPs) from seaweeds have been explored 

in the treatment of various diseases including T2D and its complications (Jia et al. 2020; Zhong et 

al. 2021). Among these SPs, are those extracted from Ecklonia maxima, which is endemic to South 

Africa (Pillay et al. 2025). The antidiabetic properties of E. maxima SPs have been attributed to its 

ability to inhibit glucose metabolizing enzymes activities and intestinal glucose absorption, while 

stimulating muscle glucose uptake (Daub et al. 2020; Pillay et al. 2025). The SPs have also been 

reported for its potent antioxidant and antiinflammatory activities (Lee et al. 2021; Nagahawatta 

et al. 2022), as well as its neuroprotective effect (Olasehinde et al. 2019a).  

However, E. maxima SPs have not been fully explored for its protective potential in diabetic 

hepatopathy. Thus, the present study was aimed at exploring the protective potentials of SPs 

extracted from E. maxima on diabetic hepatopathy, by investigating its effect on glucose, lipid and 

amino acid metabolisms, oxidative stress and cholinesterase activity in hepatic tissues of T2D rats.   

3.2 Materials and Methods  

  

Kindly refer to sections 2.1, 2.2, and 2.4 – 2.15 in Chapter 2.  

            3.3 Results  

 As shown in Figures 3.1A – C, induction of T2D led to significant (p<0.05) increase in the hepatic 

activities of fructose-1,6-biphosphatase, glucose 6-phosphatase and glycogen phosphorylase. 

These activities were significantly (p<0.05) reversed following treatment with SPs and compared 

favorably with the normal (NC) and metformin-treated (DBM) groups.  
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Figure 3.1: Effect of Sulphated Polysaccharides on (A) fructose-1,6-biphosphatase, (B) glucose 6-

phosphatase, and (C) glycogen phosphorylase activities in hepatic tissues of Type-2 Diabetic rats. 

Values = mean±SD; n=5.  
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Figure 3.2: Effect of Sulphated Polysaccharides on (A) Superoxide Dismutase (SOD), and (B) 

catalase activities in hepatic tissues of Type-2 Diabetic rats. Values = mean±SD; n=6. *Statistically 

significant (p<0.05) to DBC; #statistically (p<0.05) significant to NC).  

  

Induction of T2D significantly (p<0.05) elevated GSH level, with concomitant elevated activities 

of glutathione reductase, glutathione peroxidase and glutathione S- transferase as shown in Figures 

3.3A – D. These protein level and enzymes activities were significantly (p<0.05) elevated 

following treatment with SPs. However, administration of SPs at high dose to normal rats (NTB), 

did not elevate the activities of glutathione reductase and glutathione S- transferase.  
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As shown in Figure 3.4, induction of T2D significantly (p<0.05) elevated the hepatic MDA level. The 

level was significantly (p<0.05) depleted following treatment with SPs.  

 

  

Figure 3.4: Effect of Sulphated Polysaccharides on Mass Drug Administration (MDA) level in hepatic 

tissues of Type-2 Diabetic rats. Values = mean±SD; n=6.  

*Statistically significant (p<0.05) to DBC; #statistically (p<0.05) significant to NC).  

  

 

As shown in Figure 3.5, hepatic activity of acetylcholinesterase was significantly (p<0.05) elevated on 

induction of T2D. The activity was significantly (p<0.05) suppressed following treatment with  

SPs, and compared favorably with NC and DBM.   

 

 

 

 

 

 



 

92 
 

  

 

 

 

 

Figure 3.5: Effect of SPs on acetylcholinesterase activity in hepatic tissues of Type-2 Diabetic rats. 

Values = mean±SD; n=6. *Statistically significant (p<0.05) to DBC; #statistically (p<0.05) 

significant to NC).  

  

As shown in Table 3.1, GC-MS analysis of the hepatic tissues of normal rats revealed the presence 

of urea, alpha-ketoglutaric acid, palmitoleic acid, pentadecanoic acid, linoleic acid, (9e)-

9octadecenoic acid, cis-vaccenic acid, octadecanoic acid, arachidonic acid, 12-ketotridecanoic acid 

eicosapentaenoic acid, cholesteryl nonanoate, cholesterol and dihydrobrassicasterol. These 

metabolites were altered following induction of T2D, with depletion in cis-vaccenic acid, 

arachidonic acid, eicosapentaenoic acid and dihydrobrassicasterol, while concomitantly generating 

2-hexyloctanoic acid, nicotinamide, heptadecanoic acid, linolenic acid, docosahexanoic acid, 

squalene, cholestadiene and 24-dehydrocholesterol. Treatment with SPs at low dose led to the 

regeneration of arachidonic acid, with concomitant generation of mesaconic acid, isobarbituric 
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acid, furyl hydroxymethyl ketone, tetradecanoic acid, 17α-hydroxypregnenolone, eicosanoic acid, 

cholesterol benzoate and deaminoisocytosine. It depleted T2D-generated metabolites except 

2hexyloctanoic acid and heptadecanoic acid. At high dose, treatment with the SPs led to the 

depletion of T2D-generated metabolites except 2-hexyloctanoic acid and squalene, while 

concomitantly generating 4,5-diamino-2-pyrimidinol. Treatment with metformin also led to the 

depletion of T2D-generated metabolites except cholestadiene, and concomitantly generated 

eicosanoic acid, deaminoisocytosine and 4,5-diamino-2-pyrimidinol.  
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Table 3.1: Effect of Sulphated Polysaccharides on hepatic metabolites of Type-2 Diabetic rats.   

Metabolites  NC  DBC  DBL  DBH  DBM  NTB  

Urea  0.47 0.34  0.62 0.29  ND  ND  ND  ND  

alpha-Ketoglutaric acid  0.65 0.45  1.40 0.79  1.25 0.88  1.13 0.57  1.01 0.64  1.21 0.53  

Palmitoleic acid  1.38 0.17  1.53 0.25  0.50 0.12  1.57 0.46  1.82 0.68  1.91 0.60  

Pentadecanoic acid  12.14 4.12  8.02 1.81  0.38 0.21  7.92 2.21  8.18 1.02  8.28 2.19  

Linoleic acid  1.53 0.19  3.91 1.08  0.53 0.08  1.30 0.41  5.19 1.14  1.30 0.41  

(9E)-9-Octadecenoic acid  6.44 0.30  3.43 0.41  12.12 5.92  ND  3.90 0.38  3.79 0.25  

cis-Vaccenic acid  3.99 1.27  ND  ND  ND  ND  ND  

Octadecanoic acid  4.61 0.05  4.21 0.37  12.62 3.53  4.27 0.54  5.60 2.41  5.76 1.32  

Arachidonic acid  0.87 0.38  ND  5.68 0.51  4.41 0.56  4.01 0.07  ND  

12-Ketotridecanoic acid  0.68 0.08  0.75 0.12  ND  ND  ND  ND  

Eicosapentaenoic acid  0.98 0.08  ND  0.99 0.08  0.82 0.09  ND  ND  

Cholesteryl nonanoate  0.74 0.19  0.28 0.10  0.68 0.09  ND  ND  ND  

Cholesterol  18.99 4.38  23.99 6.06  17.60 2.20  19.38 5.93  20.80 4.05  21.37 6.61  

Dihydrobrassicasterol  2.04 0.36  ND  ND  ND  ND  ND  

2-Hexyloctanoic acid  ND  2.99 0.18  2.84 0.33  0.68 0.38  ND  2.50 0.12  

Nicotinamide  ND  0.51 0.08  ND  ND  ND  ND  

Heptadecanoic acid  ND  0.29 0.12  0.52 0.19  ND  ND  ND  

Linolenic acid  ND  0.57 0.10  ND  ND  ND  ND  

Docosahexanoic acid  ND  0.66 0.08  ND  ND  ND  ND  

Squalene  ND  3.19 1.25  ND  1.32 0.58  ND  1.89 0.87  

Cholestadiene  ND  0.88 0.38  ND  ND  0.96 0.02  0.54 0.22  
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24-Dehydrocholesterol  ND  0.23 0.01  ND  ND  ND  ND  

Mesaconic acid  ND  ND  0.40 0.23  ND  ND  ND  

Isobarbituric acid  ND  ND  0.45 0.25  ND  ND  ND  

Furyl hydroxymethyl ketone  ND  ND  0.38 0.08  ND  ND  ND  

    

Tetradecanoic acid  ND  ND  0.37 0.19  ND  ND  ND  

17α-Hydroxypregnenolone  ND  ND  0.22 0.13  ND  ND  ND  

Eicosanoic acid  ND  ND  5.46 0.14  ND  5.30 0.36  4.80 0.65  

Cholesterol benzoate  ND  ND  0.20 0.07  ND  ND  ND  

Deaminoisocytosine  ND  ND  0.71 0.44  ND  0.64 0.40  0.58 0.29  

Cholesteroyl-oleate  ND  ND  ND  0.42 0.20  ND  ND  

4,5-Diamino-2-pyrimidinol  ND  ND  ND  ND  0.48 0.30  ND  

4,5-Diamino-

6hydroxypyrimidine  

ND  ND  ND  ND  ND  

0.14 0.07  

  

Values = mean±SD; n=6. ND = not detected.  
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As shown in Figure 3.6A, heatmap analysis revealed the distinct distribution of the hepatic 

metabolites among the treatment groups, with the DBL and DBC group portraying the most distinct 

changes as depicted by the positive value and color intensity. This was further portrayed by 

principal cluster analysis (PCA), which also depicted distinct changes in hepatic metabolites 

distribution between the SPs treated groups and untreated diabetic group as shown by the score 

plots (Figure 3.6B). Biplot analysis of PCA components, PC1 (32.42%) and PC2 (29.48%) 

revealed strong relationships between treatment groups and the hepatic metabolites: urea, 

squalene, pentadecanoic acid, 4,5-diamino-2-pyrimidinol, and eicosapentaenoic acid, as shown in 

Figure 3.6C.  
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Table 3.2: Pathway of identified hepatic metabolites of T2D rats.  
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3.4 Discussion  

  

Diabetic hepatopathy has been implicated as a contributor to T2D mediated mortality, and its 

increasing prevalence is a major concern to health practitioners (Islam et al. 2020; Mallet et al. 

2022; Mobasheri et al. 2023; Tolman et al. 2007). Although polysaccharides have been reported 

for their therapeutic effects on diabetic hepatopathy, there is a dearth of information on the 

therapeutic effect of SPs. In the present study, we investigated the effect of SPs from E. maxima 

on diabetic hepatopathy in T2D rats.  

Abnormal elevated hepatic gluconeogenesis has been linked with diabetic hepatopathy, 

contributing to hyperglycemia in diabetes (Barroso et al. 2024; Zhang et al. 2019). Incessant 

glycogenolysis, leading to elevated hyperglycemia has also been reported in diabetic hepatopathy 

particularly in T2D (Jiang et al. 2020; Rines et al. 2016). These are demonstrated in the present 

study by the elevated hepatic activities of fructose-1,6-biphosphatase, glucose 6-phosphatase and 

glycogen phosphorylase in the DBC group (Figure 3.1). Fructose-1,6-biphosphatase and glucose 

6-phosphatase are key enzymes in gluconeogenesis, as the former catalyzes the conversion of 

fructose-1,6-biphosphate to fructose-6-phosphate, while the latter catalyzes the last step which 

converts glucose-6-phosphate to glucose. Glycogen phosphorylase is a major enzyme in 

glycogenolysis, as it catalyses the release of glucose-1-phosphate from glycogen. The glucose-1-

phosphate is the converted to glucose-6-phosphate. Therefore, the elevated activities of these 

enzymes indicate glycogenolysis and gluconeogenesis on induction of T2D. This is further 

corroborated by suppression of citric acid cycle, malateaspartate shuttle and Warburg effect (Tables 

3.2 and Figure 3.7A), which are involved in aerobic glucose metabolism and ATP production. 

Thus, the suppression of these pathways, with concomitant incessant gluconeogenesis and 
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glycogenolysis, suggest depleted hepatic ATP levels which is a hallmark of diabetic hepatopathy 

(Koliaki and Roden 2013; Schmid et al. 2011). The decreased activities of these enzymes and 

upregulation of the aerobic glucose metabolism pathways, following treatment with SPs, indicate 

metabolic switch towards glycogenesis, glycolysis and the citric acid cycle. This suggests 

decreased and improved hepatic levels of glucose and ATP, respectively. Inhibition of 

gluconeogenic and glycogenolytic enzymes have been suggested as a therapeutic strategy in the 

management of diabetic hepatopathy (Rines et al. 2016), thus, suggesting the therapeutic potential 

of the SPs in modulating glucose homeostasis in T2D. Excess glucose arising from incessant 

gluconeogenesis and glycogenolysis can be channeled to other metabolic pathways to generate 

toxic metabolites, as well as free radicals, which have been implicated in hyperglycemia mediated 

toxicity. Excess glucose is enolized to enediol radical in a transition‐metal dependent reaction 

(Ahmed 2005; González et al. 2023). The generated enediol radical is further reduced to 

superoxide anion (O2
.-) and reactive ketoaldehydes radicals, which overwhelms the cells’ 

antioxidant system to cause oxidative stress (Snezhkina et al. 2019). Superoxide dismutase reduces 

the generated O2
.- to hydrogen peroxide (H2O2), which if not reduced by glutathione peroxidase 

and catalase to water (H2O) and O2, will be further broken down to hydroxyl radicals (OH.) via 

the Fenton reaction (Meyerstein 2021). Thus, the suppressed hepatic activities of SOD and catalase 

in DBC group (Figures 3.2A and 3.2B), suggest elevated hepatic levels of O2
.- and OH. (from 

H2O2). These elevations and the suppressed enzymes activities indicate oxidative stress which 

have been implicated in the pathophysiology of diabetic hepatopathy. It also corresponds with 

previous studies which reported reduced activities of SOD and catalase in hepatic tissues of 

diabetic rats (Adeghate et al. 2021; Erukainure et al. 2021). The increased activities of the enzymes 
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following treatment with SPs, therefore indicates an antioxidant effect. It also suggests suppressed 

levels of O2
.- and the reduction of H2O2 to H2O and O2.  

Excess glucose can also be channelled to the polyol pathway, where it is reduced to sorbitol by 

aldose reductase. Sorbitol dehydrogenase then oxidizes sorbitol to fructose (Erukainure and 

Chukwuma 2024). In the first step of the pathway, aldose reductase arrests the oxidation of NADH 

to NAD+, leading to alteration of glutathione metabolism which can induce oxidative stress 

(Brownlee 2005). This is demonstrated in the present study by the decreased GSH level in hepatic 

tissues of diabetic rats (Figure 3A). This is further depicted by the suppressed activities of 

glutathione reductase, glutathione peroxidase and glutathione s-transferase (GST) (Figures 3.3B – 

D). Glutathione reductase reduces oxidized glutathione (GSSG) to GSH, while glutathione 

peroxidase oxidizes GSH to GSSG (Couto et al. 2016; Erukainure and Chukwuma 2024). Their 

suppressed activities depict distortion in GSH homeostasis, which further portrays an occurrence 

of hepatic oxidative stress following induction of T2D. Furthermore, the reduced GST activity 

depicts elevated ROS levels. The elevated activities of these enzymes and GSH level following 

treatment with SPs, indicate improved hepatic glutathione metabolism and antioxidant activities, 

which are important therapeutic strategies in the management of diabetic hepatopathy (Dawi et al. 

2024; Nguyen et al. 2025).  

Hydroxyl radicals from the breakdown of H2O2, owing to suppressed activities of catalase and 

glutathione peroxidase activities, attacks the membrane lipid, setting up a lipid peroxidation chain 

reaction (Ighodaro and Akinloye 2018; Jena et al. 2023). The products of lipid peroxidation are 

the 3-carbon dialdehyde species, malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE) (Su 

et al. 2019). Therefore, the elevated MDA level in the hepatic tissues of untreated diabetic rats 

(Figure 3.4), indicates an occurrence of lipid peroxidation. This correlates with the altered 
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glutathione metabolism and decreased antioxidant enzymes activities, further confirming 

oxidative stress on induction of T2D. It also corroborates previous studies on elevated lipid 

peroxidation in diabetic hepatopathy, and has been implicated in its pathophysiology and cell death 

(de Souza Bastos et al. 2016; Shabalala et al. 2022). The depleted hepatic MDA levels in T2D rats 

treated with SPs, indicates an antioxidant effect. This correlates with the improved antioxidant 

enzymes activities and glutathione metabolism. Thus, further suggesting the antioxidant 

therapeutic effect of SPs against diabetic hepatopathy in T2D.  

Elevated hepatic acetylcholinesterase activity leading to decreased cellular level of acetylcholine 

has been implicated in low-grade systemic inflammation in diabetic hepatopathy (Das 2012;  

Mahmood et al. 2021). The elevated hepatic acetylcholinesterase activity following induction of 

T2D (Figure 3.5), therefore, indicates reduced hepatic level of acetylcholine. Thus, suggesting an 

occurrence of inflammation. This correspond with previous studies on elevated hepatic 

acetylcholinesterase activity in T2D (Erukainure et al. 2021). The suppressed acetylcholinesterase 

activity following treatment with SPs, indicates elevated cellular levels of acetylcholine. Thereby 

suggesting improved an anti-inflammatory effect. Acetylcholine initiates the cholinergic 

antiinflammatory pathway by binding to the α-7 subunits of nicotinic acetylcholine receptors, thus 

suppressing the release of cytokines (Bondok et al. 2013).   

Distorted metabolism of hepatic lipid and its metabolites leading to hyperlipidemia and 

lipotoxicity have been implicated in the pathophysiology of diabetic hepatopathy (Gluchowski et 

al. 2017). It is characterized by imbalances in lipid metabolism arising from excessive fat 

accumulation, alterations in fatty acid oxidation and hepatic steroid metabolism, leading to 

hepatocyte injury, oxidative stress and inflammation (Mendez-Sanchez et al. 2018). The alterations 

in hepatic free fatty acids (FFAs) concentrations, and concomitant generation of additional FFAs, 
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as well as their disparity on induction of T2D (Table 3.1 and Figures 3.6A – C), indicate hepatic 

fat accumulation and lipotoxicity. This is further depicted by the downregulation of hepatic lipid 

metabolic pathways, particularly oxidation of branched chain fatty acids, phytanic acid 

peroxisomal oxidation, and mitochondrial beta-oxidation of long chain saturated fatty acids 

pathways (Figure 3.7B and Table 3.2). These can be attributed to the altered FFAs on induction of 

T2D. Furthermore, the altered hepatic steroid metabolic pathways which includes steroidogenesis, 

steroid biosynthesis and bile acid biosynthesis, can be attributed the altered cholesteric metabolites 

including cholesterol. These alterations corroborate previous reports on distorted hepatic lipid 

metabolism in T2D (Erukainure et al. 2021). The improved hepatic FFAs levels and constituents, 

with concomitant upregulation of lipid metabolic pathways in diabetic rats treated with SPs, 

indicate suppressed hepatic lipid accumulation and improved metabolism. These improvements 

suggest an anti-lipotoxic effect of the polysaccharides.  

Altered hepatic amino acid metabolism has been implicated in the pathophysiology of diabetic 

hepatopathy, with insulin resistance playing an influential role (Cuomo et al. 2022; Wiklund et al. 

2018). These alterations lead to changes in blood concentrations of essential amino acids, 

particularly branched chain amino acids (BCAAs), tyrosine, phenylalanine, and sulfur amino 

acids, and have been linked to insulin resistance (Adams 2011). This is demonstrated in the present 

study by the deregulated amino acid metabolic pathways in hepatic tissues of untreated diabetic 

rats (Figure 3.7C and Table 3.2). These dysregulated pathways can be attributed to the depleted 

hepatic urea and alpha-ketoglutaric acid levels. They also suggest altered blood levels of amino 

acids. The upregulated pathways and concomitant elevated levels of urea and alpha-ketoglutaric 

acid following treatment with SPs, indicates improved amino acid metabolism. This improvement 

further depicts the therapeutic potential of the polysaccharides against diabetic hepatopathy.  The 
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biochemical and metabolomics outcomes is presented schematically in Figure 3.8, and can be 

summarized as:   

1. Glycolysis → Pyruvate where pyruvate is the central metabolite:  

 Pyruvate → Acetyl-CoA → TCA Cycle or De novo lipogenesis  (1)  

 Pyruvate ↔ Alanine (via ALT) → Glucose-Alanine cycle   (2)  

2. TCA cycle ↔ Amino acid metabolism  

intermediates such as α-ketoglutarate are utilized for transamination reactions.  

3. Glucose-Alanine Cycle  

A. Muscle: Pyruvate + NH₃ → Alanine → Liver      (3)  

B. Liver: Alanine → Pyruvate + NH₃ (urea cycle)      (4)  

4. Urea Cycle removal of nitrogen (via amino acid hydrolysis) utilizing NH₃ and aspartate 

(from TCA).  

5. De Novo Lipogenesis  

 Acetyl-CoA → Fatty acids          (5)  
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Figure 3.8: Schematic pathway by which Sulphated Polysaccharides may improve protect against diabetic hepatopathy in Type-2 

Diabetes. (1): Glycolysis; (2): TCA/Krebs cycle; (3): Glucose-Alanine cycle; (4): Urea cycle; and (5) De novo lipogenesis. 
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3.5 Conclusion   

  

Diabetic hepatopathy involves a complex interplay of metabolic disturbances, encompassing 

hyperglycemia, altered hepatic steroidogenesis, elevated fat accumulation, dysregulated amino acid 

metabolism, oxidative stress, and inflammation, ultimately leading to liver damage and dysfunction. 

Treatment with SPs from E. maxima protected against diabetic hepatopathy in T2D rats by improving 

glucose and amino acid metabolisms, while concomitantly attenuating lipotoxicity, oxidative stress and 

inflammation in liver tissues. However, the translational relevance of the therapeutic potentials of these 

SPs needs to be investigated in clinical trials.  
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            CHAPTER 4  
  

Sulphated Polysaccharides from Gracilaria gracilis (Red Seaweed) Mitigates 

Diabetic Hepatopathy by Ameliorating Glucolipotoxicity and Amino Acid 

Dysmetabolism, while Exacerbating Antioxidative Activities in Hepatic 

Tissues of Type 2 Diabetic Rats  
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Abstract  

  

Diabetic hepatopathy is among the complications of type 2 diabetes (T2D) and has been reported 

for its role in immortality and morbidities associated with the disease. Seaweeds are the major 

sources of sulphated polysaccharides (SPs), with reported antidiabetic properties. The present 

study investigated the therapeutic effect of SPs from Gracilaria gracilis on diabetic hepatopathy 

in rats with T2D. SPs were administered at 150 and 300 mg/Kg bodyweight (bw) to two groups of 

T2D rats, respectively. The positive group and negative group were administered water, while 

metformin served as the standard antidiabetic drug. The toxicology group consisted of normal rats 

administered 300 mg/Kg bw SPs. Induction of T2D led to the deletion of glutathione level, 

superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase, glutathione 

Stransferase activities, while concomitantly elevating fructose-1.6-biphosphatase, glucose 

6phosphatase, glycogen phosphorylase, acetylcholinesterase activities, and malondialdehyde level 

in hepatic tissues. Glucose, lipid and amino acid metabolic pathways, and their metabolites were 

also dysregulated on induction of T2D. Treatment with SPs led to the reversal of the glutathione 

and malondialdehyde levels, and enzymes activities, while concomitantly improving glucose, lipid 

and amino acid metabolisms. Thus, indicating that SPs from G. gracilis protects against diabetic 

hepatopathy in T2D by attenuating lipotoxicity, oxidative stress and inflammation, with 

concomitant improved glucose, lipid and amino acid metabolisms.  

Keywords: Glucolipotoxicity; Hepatopathy; Oxidative stress; Red seaweeds; Sulphated 

polysaccharides; and Type 2 Diabetes  
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4.1 Introduction  

  

Diabetes is a metabolic disorder characterized by hyperglycemia arising from inability of the 

pancreatic β-cells to secrete insulin and/or inability of the body to utilize secreted insulin. The 

former is known as type 1 diabetes (T1D), while the latter, type 2 diabetes (T2D). Type 2 diabetes 

accounts for over 90% of all diabetes-related morbidities and mortalities, thus making it the most 

prominent of all diabetes types (IDF 2025). It is characterized by insulin resistance and dysfunction 

in pancreatic β-cells, leading to hyperglycemia. Excessive hyperglycemia has been implicated in 

production of reactive oxygen species (ROS) and free radicals, which cause a shift in the body’s 

oxidant-antioxidant balance. This imbalance is termed oxidative stress and has been linked in the 

pathophysiology of T2D complications (Diyorbek 2025; Ren et al. 2025).  

Diabetic hepatopathy is among the complications associated with T2D, and has been attributed to 

the role of hepatic tissues in glucose homeostasis (Erukainure et al. 2021).. It is a non-alcoholic 

fatty liver disease (NAFLD) and its spectrum, including hepatosclerosis, glycogenic hepatopathy, 

abnormal liver enzymes, cirrhosis, hepatitis C infection and acute liver failure, associated with 

diabetes (Islam et al. 2020; Mobasheri et al. 2023; Tolman et al. 2007).   

T2D-induced insulin resistance alters hepatic glucose uptake and utilization, ultimately leading to 

an increase in hepatic output, and further contributing blood glucose spike (Erukainure et al. 2021). 

Alterations to lipid metabolic pathways and their associated metabolites have also been linked to 

diabetic hepatopathy (Erukainure et al. 2021; Hazlehurst et al. 2016). The condition is reportedly 

caused by a heightened uptake of hepatic fatty acids, an increase in de novo lipogenesis, and a 

reduction in the secretion of very low-density lipoprotein (VLDL), resulting in 

hypertriglyceridemia and hypercholesteremia (Mobasheri et al. 2023; Westcott et al. 2024).  
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Additionally, perturbation in amino acid metabolism exacerbates hepatic glucose production, 

which fuels the tissues' insensitivity to insulin, ultimately resulting in glucotoxicity (Ding et al. 

2023; Zhu et al. 2022). The interplay of these pathophysiological activities results to 

glucolipotoxicity, with concomitant generation of ROS, ultimately leading to hepatic oxidative 

stress (Ma et al. 2021).  

The role of sulphated polysaccharides (SPs) from seaweeds in the treatment of T2D and its 

complications have been reported (Jia et al. 2020; Zhong et al. 2021). These medicinal properties 

have been ascribed to their ability to scavenge free radicals, reduction carbohydrate digestive 

enzymes, improve hepatic lipid metabolism, improve hepatic functions and glucose metabolism, 

and promote muscle glucose uptake (Murakami et al. 2021; Pillay et al. 2025; Ponce and Stortz  

2020; Wen et al. 2017; Zhang et al. 2022). Gracilaria gracilis is a red seaweed and belongs to the 

Gracilaria genus. The monosaccharide composition of its SPs have been reported to consist of 

glucose, mannuronic acid, galactose, arabinose, xylose, and glucuronic acid (185 : 141 : 21 : 12 : 

1 : 142) (Pillay et al. 2024). The antidiabetic properties of G. gracilis SPs have been demonstrated 

by their ability to promote muscle glucose uptake, and inhibition of carbohydrate digestive enzyme 

activities and intestinal glucose absorption (Pillay et al. 2024).   

However, SPs from G. gracilis have not been fully investigated for their effect on diabetic 

hepatopathy. Therefore, the present study was aimed at investigating the effect of the SPs on. 

diabetic hepatopathy, by exploring its ability to improve hepatic metabolism of glucose, lipid and 

amino acid as well as its ameliorative effect on oxidative stress in hepatic tissues of rats with T2D.  

  

4.2 Materials and Methods  

  

Kindly refer to sections 2.1, 2.2, and 2.4 – 2.15 in Chapter 2.  
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There was a significant (p<0.05) depletion in GSH level, while concomitantly depleting 

glutathione reductase, glutathione peroxidase and glutathione S- transferase activities as shown in 

Figures 4.3A – D. These protein level and enzyme activities were significantly (p<0.05) elevated 

following treatment with SPs and compared favourably with NC.  
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There was a significant (p<0.05) elevation in hepatic MDA level, following the induction of T2D 

as shown in Figure 4.4. Treatment with SPs significantly (p<0.05) reversed the MDA level, and 

compared favorably with NC.  

  

Figure 4.4: Effect of SPs on MDA level in hepatic tissues of T2D rats. Values = mean±SD; n=6.  

*Statistically significant (p<0.05) to DBC; #statistically (p<0.05) significant to NC).  

  

As shown in Figure 4.5, induction of T2D led to significant (p<0.05) elevated hepatic activity of 

acetylcholinesterase. The activity was significantly (p<0.05) depleted following treatment with  

SPs, and compared favourably with NC.   
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Figure 4.5: Effect of SPs on acetylcholinesterase activity in hepatic tissues of T2D rats. Values = 

mean±SD; n=6. *Statistically significant (p<0.05) to DBC; #statistically (p<0.05) significant to 

NC).  

  

As shown in Figures 4.6, serum levels of AST and ALP were significantly (p<0.05) elevated 

following the induction of T2D. Treatment with SPs led significantly (p<0.05) suppressed levels 

of the hepatic markers, except for AST and ALP levels in DRL and DRH groups, respectively.  
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Figure 4.6: Effect of SPs on hepatic function markers levels in serum of T2D rats. Values = 

mean±SD; n=6. *Statistically significant (p<0.05) to DBC; #statistically (p<0.05) significant to 

NC).  

  

GC-MS analysis revealed that hepatic metabolites of the NC group consist of urea, 

alphaketoglutaric acid, palmitoleic acid, pentadecanoic acid, linoleic acid, (9e)-9-octadecenoic 

acid, cisvaccenic acid, octadecanoic acid, arachidonic acid, 12-ketotridecanoic acid 

eicosapentaenoic acid, cholesteryl nonanoate, cholesterol and dihydrobrassicasterol as shown in 

Table 4.1. Induction of T2D altered these metabolites as depicted by the depleted levels of 

arachidonic acid, dihydrobrassicasterol, eicosapentaenoic acid cis-vaccenic acid. This was further 

depicted by the concomitant generation of nicotinamide, cholestadiene, 2-hexyloctanoic acid, 

linolenic acid, 24dehydrocholesterol, heptadecanoic acid, squalene, and docosahexanoic acid. 

Treatment with SPs at low dose restored the eicosapentaenoic acid level, while depleting T2D-

generated nicotinamide, heptadecanoic acid, linolenic acid, docosahexanoic acid and 24-
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dehydrocholesterol. At high dose, SPs depleted hepatic levels of pentadecanoic acid, linoleic acid, 

(9e)-9-octadecenoic acid, cisvaccenic acid, 12-ketotridecanoic acid and cholesteryl nonanoate. It 

also led to the depletion of T2D-generated nicotinamide, heptadecanoic acid and 24-

dehydrocholesterol, while concomitantly generating glycerin, 3-methyldecanoic acid, 

pentadecanoic acid, cis-10-heptadecenoic acid, tetradecanoic acid, eicosanoic acid and 4,5-

diamino-6-hydroxypyrimidine.  



 

 

Table 4.1: Effect of SPs on hepatic metabolites of T2D rats.   

Metabolites  NC  DBC  DRL  DRH  DBM  NTR  

Urea  0.47±0.34  0.62±0.29  0.75±0.37  ND  ND  ND  

alpha-Ketoglutaric acid  0.65±0.45  1.40±0.79  0.42±0.18  1.01±0.73  1.01±0.64  1.35±1.05  

Palmitoleic acid  1.38±0.17  1.53±0.25  1.23±0.43  1.43±0.14  1.82±0.68  0.99±0.16  

Pentadecanoic acid  12.14±4.12  8.02±1.81  5.40±1.12  ND  8.18±1.02  0.20±0.10  

Linoleic acid  1.53±0.19  3.91±1.08  1.15±0.22  ND  5.19±1.14  4.59±1.47  

(9E)-9-Octadecenoic acid  6.44±0.30  3.43±0.41  1.41±0.12  ND  3.90±0.38  ND  

cis-Vaccenic acid  3.99±1.27  ND  ND  ND  ND  ND  

Octadecanoic acid  4.61±0.05  4.21±0.37  5.01±0.49  10.06±3.00  5.60±2.41  8.01±1.81  

Arachidonic acid  0.87±0.38  ND  1.37±0.41  0.95±0.43  4.01±0.07  5.48±1.22  

12-Ketotridecanoic acid  0.68±0.08  0.75±0.12  1.05±0.38  ND  ND  1.18±0.24  

Eicosapentaenoic acid  0.98±0.08  ND  0.84 0.17  ND  ND  0.87±0.04  

Cholesteryl nonanoate  0.74±0.19  0.28±0.10  ND  ND  ND  0.41±0.06  

Cholesterol  18.99±4.38  23.99±6.06  21.12±8.56  12.54±1.50  20.80±4.05  14.42±2.19  

Dihydrobrassicasterol  2.04±0.36  ND  ND  ND  ND  ND  

2-Hexyloctanoic acid  ND  2.99±0.18  1.92±0.19  0.29±0.13  ND  2.11±0.53  

Nicotinamide  ND  0.51±0.08  ND  ND  ND  ND  

Heptadecanoic acid  ND  0.29±0.12  ND  ND  ND  0.22±0.06  



 

 

Linolenic acid  ND  0.57±0.10  ND  0.92±0.28  ND  ND  

Docosahexanoic acid  ND  0.66±0.08  ND  1.13±0.16  ND  0.28±0.08  

   

Squalene  ND  3.19±1.25  1.60±0.73  1.32±0.58  ND  ND  

Cholestadiene  ND  0.88±0.38  0.50±0.17  0.74±0.10  0.96±0.02  0.70±0.03  

24-Dehydrocholesterol  ND  0.23±0.01  ND  ND  ND  ND  

17α-Hydroxypregnenolone  ND  ND  4.53±0.92  ND  ND  ND  

Glycerin  ND  ND  ND  0.59±0.30  ND  ND  

3-Methyldecanoic acid  ND  ND  ND  0.18±0.09  ND  ND  

Pentadecanoic acid    ND  ND  ND  0.37±0.20  ND  ND  

cis-10-Heptadecenoic acid  ND  ND  ND  0.23±0.10  ND  ND  

Tetradecanoic acid  ND  ND  ND  0.41±0.19  ND  0.25±0.13  

Eicosanoic acid  ND  ND  ND  0.36±0.13  ND  ND  

4,5-Diamino-

6hydroxypyrimidine  

ND  ND  ND  0.41±0.23  ND  

0.27±0.15  

4-Amino-3- 

isothiazolecarboxylic acid  

ND  ND  ND  ND  ND  

0.26±0.14  



 

 

Eicosenoic acid  ND  ND  ND  ND  ND  5.14±1.69  

  

Values = mean±SD; n=6. ND = not detected.  

  

  

  

  

  



 

  133  

As shown in Figure 4.7A, heatmap analysis revealed the distinct distribution of the hepatic 

metabolites among the treatment groups, with the DBL and DBC group portraying the most 

distinct changes as depicted by the positive value and color intensity. This was further portrayed 

by principal cluster analysis (PCA), which also depicted distinct changes in hepatic metabolites 

distribution between the SPCs treated groups and untreated diabetic group as shown by the score 

plots (Figure 4.7B). Biplot analysis of PCA components, PC1 (37.74%) and PC2 (24.76%) 

revealed strong relationships between treatment groups and the hepatic metabolites: 4,5-diamino6-

hydroxypyrimidine, eicosenoic acid, pentadecanoic acid, urea, linolenic acid, docosahexanoic 

acid, arachidonic acid, tetradecanoic acid and 2-hexyloctanoic acid (Figure 4.7C).  
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Pathway enrichment analysis of the identified hepatic metabolites revealed dysregulated glucose 

metabolism depicted by downregulated pathways for citric acid cycle, malate-aspartate shuttle, 

and Warburg effect (Figure 4.8A and Table 4.2). These pathways were upregulated following 

treatment with both doses of SPs. At high dose, treatment with SPs led to the activation of galactose 

metabolism.  

Induction of T2D also led to dysregulated lipid metabolism as shown in Figure 4.8B and Table 4.2. 

This is depicted by downregulation of alpha linolenic acid and linoleic acid metabolism, oxidation 

of branched chain fatty acids, phytanic acid peroxisomal oxidation, plasmalogen synthesis, 

mitochondrial beta-oxidation of long chain saturated fatty acids, steroidogenesis, carnitine 

synthesis and bile acid biosynthesis, while activating propanoate metabolism. Following treatment 

with SPs, the pathways were upregulated, while concomitantly inactivating propanoate 

metabolism. Fatty acid biosynthesis and glycerolipid metabolism were activated following 

treatment with SPs at high dose.  

Furthermore, induction of T2D led to dysregulated amino acid metabolism. Treatment with SPs at 

low dose inactivated d-arginine and d-ornithine metabolism, glucose-alanine cycle, tryptophan 

metabolism and tyrosine metabolism, but upregulated the other pathways. The pathways, except 

d-arginine and d-ornithine metabolism, were upregulated following treatment with SPs at high 

dose.  
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Figure 4.8: Pathway enrichment of hepatic metabolites for (A) glucose, (B) amino acids, and (C) 

lipid metabolism in hepatic tissues of T2D rats.  



 

 

Table 4.2: Pathway of identified hepatic metabolites of Type-2 Diabetic rats.  
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           4.4 Discussion  

  

The increasing prevalence of diabetic hepatopathy is a major concern to health practitioners, as it 

is among the main contributors to T2D mediated mortality (Islam et al. 2020; Mallet et al. 2022; 

Mobasheri et al. 2023; Tolman et al. 2007). This have led to the continuous search of affordable 

therapy, with a paradigm shift towards natural products. Among these natural products, are 

sulphated polysaccharides from seaweeds. In the present study, we investigated the effect of SPs 

from G. gracilis on diabetic hepatopathy in male rats with T2D.  

There's a known connection between glucose production in the liver and diabetic hepatopathy, 

which contributes to hyperglycemia in diabetes (Barroso et al. 2024; Zhang et al. 2019). Glycogen 

breakdown, hyperglycemia, has also been found to occur continuously in diabetic hepatopathy, 

especially in T2D (Jiang et al. 2020; Rines et al. 2016). The elevated activities of fructose-1,6-

biphosphatase, glucose 6-phosphatase and glycogen phosphorylase in the DBC group (Figure 4.1), 

indicate gluconeogenesis and glycogenolysis on induction of T2D. Glycogen phosphorylase plays 

a crucial role in glycogenolysis, catalysing the release of glucose-1-phosphate from glycogen. The 

glucose-1-phosphate is then converted to glucose-6-phosphate. The elevated activities of these 

enzymes suggest an arrest of glycolysis and correlates with the dysregulation of glucose 

metabolizing pathways vis-à-vis citric acid cycle, malate-aspartate shuttle and Warburg effect 

(Tables 4.2 and 3.3; and Figure 4.8A). This leads to suppressed hepatic ATP levels which has been 

reported in diabetic hepatopathy (Koliaki and Roden 2013; Schmid et al. 2011). The suppression 

of these enzyme activities, as well as upregulation of glucose metabolism pathways in SPs-treated 

diabetic rats, indicate an arrest of gluconeogenesis and glycogenolysis. Thus, suggesting activation 

of glucose oxidation (glycolysis and citric acid cycle) and improved hepatic ATP production. This 

corresponds with previous reports on the inhibition of gluconeogenesis and glycogenolysis as 
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therapeutic strategy in the management of diabetic hepatopathy (Rines et al. 2016). Therefore, 

portraying the therapeutic potential of SPs in improving hepatic glucose homeostasis in T2D.  

Continuous gluconeogenesis and glycogenolysis in T2D, have been implicated in increased 

cellular glucose level. The excess glucose is often channelled into other metabolic pathways to 

produce toxic metabolites which are mediators of hyperglycemia toxicity. Excess glucose may 

undergo enolization to generate superoxide anion (O2
.-) and reactive ketoaldehydes radicals, which 

causes a shift in the cells’ oxidant-antioxidant balance system towards the former, leading to 

oxidative stress (Snezhkina et al. 2019). The generated O2
.- is further reduced by SOD to hydrogen 

peroxide (H2O2). If not reduced by glutathione peroxidase and catalase to water (H2O) and O2, 

H2O2 will be further broken down to hydroxyl radicals (OH.) (Meyerstein 2021). Our findings 

revealed significant reduction in hepatic catalase and SOS activities in the DBC group after 

induction of T2D (Figures 4.2A and 4.2B). These reduced enzyme activities indicate an occurrence 

of hepatic oxidative stress, following the induction of T2D. This corroborates previous studies 

linking oxidative stress with the pathophysiology of diabetic hepatopathy (Caturano et al. 2023;  

Oguntibeju 2019). Therefore, the elevated activities of these enzymes, following treatment with 

SPs, suggest an antioxidative effect which has been reported a therapeutic strategy in the 

management of diabetic hepatopathy (Mobasheri et al. 2023; Mohamed et al. 2009).  

Excess glucose can also be diverted to the polyol pathway, where it is converted into sorbitol by 

aldose reductase. Sorbitol is subsequently converted to fructose in a reaction catalysed by sorbitol 

dehydrogenase  (Erukainure and Chukwuma 2024). In the initial stage of the pathway, aldose 

reductase disrupts the oxidation of NADH to NAD+, resulting in an alteration of glutathione 

metabolism and subsequently oxidative stress (Brownlee 2005). This is depicted in the present 

study by the suppressed hepatic GSH level in untreated diabetic rats (DBC) (Figure 4A). This is 

portrayed by the reduced hepatic activities of glutathione reductase, glutathione peroxidase, and 
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glutathione s-transferase (GST) (Figures 4.3B – D). Glutathione redssuctase catalyzes the 

reduction of oxidized glutathione (GSSG) to its reduced form, GSH, whereas glutathione 

peroxidase catalyzes the oxidation of GSH to GSSG (Couto et al. 2016; Erukainure and 

Chukwuma 2024). These decreased enzymes activities portray perturbed GSH homeostasis, which 

also indicates an occurrence of hepatic oxidative stress. The decreased GST activity further 

indicate elevated ROS levels (Szeligowska et al. 2022; Zhang et al. 2021). The increased enzymes 

activities and GSH level in the SPs-treated diabetic rats, indicate improved glutathione 

metabolism. This also corroborates the improved antioxidative activities.   

In the absence of sufficient catalase and glutathione peroxidase activity, OH. from the degradation 

of H2O2 target the cell lipid membrane, initiating a lipid peroxidation cascade which produces  

malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE) (Ighodaro and Akinloye 2018; Jena et 

al. 2023). The elevated hepatic MDA level in the untreated diabetic rats (Figure 4.4), indicates 

lipid peroxidation on induction of T2D. Furthermore, observed hepatic oxidative stress correlates 

with the perturbed antioxidant enzyme activities and glutathione metabolism. Lipid peroxidation 

has been implicated in the pathophysiology of diabetic hepatopathy, and a therapeutic target in the 

disease management (de Souza Bastos et al. 2016; Shabalala et al. 2022). Thus, the decreased 

MDA levels following treatment with SPs, indicates an ameliorative effect on lipid peroxidation 

and preventive mechanism against oxidative damage to hepatic tissues. This also corroborates SPs 

antioxidative activities in diabetic hepatopathy.  

Elevated acetylcholinesterase activity in hepatic tissues has been linked to low-grade systemic 

inflammation in diabetic hepatopathy (Das 2012; Mahmood et al. 2021). The enzyme hydrolyzes 

acetylcholine to choline and acetate, thus, indicating that the elevated activity of the enzyme in 

hepatic tissues of untreated diabetic rats (Figure 4.5), suggests elevated cellular levels of choline 

and acetate which may contribute to inflammation. This corroborates previous reports on elevated 
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acetylcholinesterase activity in diabetic hepatic tissues (Erukainure et al. 2021). The reduced 

enzyme activity following treatment with SPs, indicates improved cellular levels of acetylcholine, 

and suggests an antiinflammatory effect. Acetylcholine binds to the α-7 subunits of nicotinic 

acetylcholine receptors, which activates the cholinergic anti-inflammatory pathway and suppresses 

the release of cytokines (Bondok et al. 2013).  

Dysregulated hepatic amino acid metabolism has been reported as part of the pathophysiology of 

diabetic hepatopathy, with insulin resistance being the main trigger (Cuomo et al. 2022; Wiklund 

et al. 2018). These dysregulations are often associated with increased serum levels of 

transaminases (Judi et al. 2010; Yazdi et al. 2019). This is depicted in the present study by the 

dysregulated amino acid metabolic pathways, and concomitant elevated serum levels of aspartate 

transaminase (AST) and alanine transaminase (ALT) in the untreated diabetic rats (Figures 4.6 and 

4.8C, and Table 4.2). These dysregulated pathways can be attributed to the depleted hepatic urea 

and alpha-ketoglutaric acid levels, with AST and ALT activities playing influential roles. ALT 

converts alanine to pyruvate and glutamate, by transferring an amino group from alanine to 

αketoglutarate, a crucial step in amino acid metabolism (reaction 1). The reversal of these reaction 

is regarded as the glucose-alanine cycle, which drives gluconeogenesis. The increased serum level 

of ALT indicates depleted hepatic availability of the enzyme for transamination activity. This is 

further portrayed by the reduced hepatic level of α-ketoglutarate (Table 4.1) and dysregulated 

glucose-alanine cycle, alanine metabolism, beta-alanine metabolism and glutamate metabolism 

pathways (Figure 4.8C and Table 2).  

 Alanine + α-Ketoglutarate ⇌ Pyruvate + Glutamate   (1)  

AST converts aspartate to glutamate and oxaloacetate, by catalyzing the transfer of amino group 

from aspartate to alpha-ketoglutarate (reaction 2).  

Aspartate + α-Ketoglutarate ⟷ Oxaloacetate + Glutamate  (2)  
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The generated glutamate from both reactions is converted to ammonia (reaction 3), which enters 

the urea cycle. This corresponds with the dysregulated urea cycle, ammonia recycling, aspartate 

metabolism, and glutamate metabolism pathways.   

Glutamate + NAD+ + H2O −> α−Ketoglutarate + NH3 + NADH + H+ (3)  

The upregulation of these pathways and alpha-ketoglutarate concentration, as well as concomitant 

decreased serum levels of AST and ALT in the SPs-treated diabetic rats, indicates improved hepatic 

amino acid metabolism. Alterations in hepatic lipid metabolism and its metabolites, characterized 

by fat accumulation, distorted fatty acid oxidation and hepatic steroid metabolism, leading to 

hepatic lipotoxicity is an hallmark of diabetic hepatopathy (Gluchowski et al. 2017; Mendez-

Sanchez et al. 2018). This is demonstrated in the present study by the altered free fatty acids (FFAs) 

levels, and concomitant generation of additional FFAs, as well as their disparity in hepatic tissues 

of untreated diabetic rats and other diabetic groups in the study (Table 4.1 and Figures 4.7A – 

4.6C). This indicates an occurrence of hepatic fat accumulation and lipotoxicity on induction of 

T2D. This is further corroborated by the dysregulated hepatic lipid metabolic pathways, 

particularly oxidation of branched chain fatty acids, phytanic acid peroxisomal oxidation, and 

mitochondrial beta-oxidation of long chain saturated fatty acids pathways (Figure 4.8 B and Table 

4.2). The dysregulated steroidogenesis, steroid biosynthesis and bile acid biosynthesis pathways, 

may be attributed to alterations in hepatic cholesterol level and other cholesteric metabolites. These 

distortions corroborate previous reports on dysregulated lipid metabolic pathways and metabolites 

in hepatic tissues of diabetic rats (Erukainure et al. 2021). The improved hepatic FFAs levels and 

constituents, with concomitant upregulation of lipid metabolic pathways following treatment with 

SPs, indicate suppressed hepatic lipid accumulation and improved metabolism. Thus, suggesting 

an anti-lipotoxic effect on diabetic hepatopathy.  
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            4.5 Conclusion   

  

Diabetic hepatopathy is a major complication of diabetes which involves a complex interplay of 

distorted metabolisms. It encompasses hyperglycemia, oxidative stress, inflammation, exacerbated 

fat accumulation, perturbed hepatic steroidogenesis, and dysregulated amino acid metabolism, 

subsequently leading to hepatic damage and dysfunction. G. gracilis SPs conferred a therapeutic 

effect against diabetic hepatopathy in T2D by improving glucose and amino acid metabolisms, 

with concomitant anti-lipotoxic, antioxidative and antiinflammatory effects. Further studies are 

required to translate these therapeutic potentials in clinical trials.  
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            Abstract  

  

Storage conditions play an influential role on the stability of polysaccharides, affecting their 

physicochemical properties and biological activities. In the present study, the effect of storage 

temperature and time on the stability and antidiabetic properties of sulphated polysaccharide (SPs) 

from Gracilaria gracilis and Ecklonia maxima were investigated. SPs from G. gracilis and E. 

maxima were stored at 4, 25 and 37 °C for 0 - 6 months. The SPs were analyzed for total glucose 

and sulphate levels, α-glucosidase, and α-amylase inhibitory activities. There were no significant 

changes in the glucose and sulphate levels of SPs stored at 4 and 25 °C. However, these levels were 

significantly reduced in SPs stored at 37 °C, at the 5th and 6th month. Storage at 4 and 25 °C, had 

no significant effect on the α-glucosidase, and α-amylase inhibitory activities of SPs throughout 

the storage period. However, there was a time dependent decline in the inhibitory activities at 37 

°C. These results suggest temperature dependent instability and decreased antidiabetic activities of 

SPs from G. gracilis and E. maxima which is influenced by high temperature and longer storage 

time. This is depicted by decreased glucose and sulphate levels and suppressed activities of α-

glucosidase and α-amylase activities when stored above room temperature for more than four 

months.  

Keywords: Antidiabetes; Brown seaweeds; Shelf-life; stability testing; Sulphated 

polysaccharides; and Red seaweeds.  
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            5.1 Introduction  

  

Seaweeds, also classified as marine macroalgae, are the major source of sulphated polysaccharides 

with significant chemical and biological properties (Kumar Bhateja and Singh 2014). Among these 

seaweeds are the red (Gracilaria species) and brown (Ecklonia species). Red seaweeds belong to 

the genus, Gracilaria and are majorly found in Chile and China, as well as in other countries like 

Taiwan, South Africa, Namibia, the Philippines, and Vietnam (Pereira and Yarish 2008). They are 

bushy in appearance, with a cylindrically compressed and irregularly branched thallus (Pereira and 

Yarish 2008). They are the primary sources of agar and are mainly consumed in the Caribbean, 

Southeast Asia, Japan, and Hawaii (Khandwal et al. 2025). Gracilaria species have been reported 

for their polysaccharide constituents which consist mainly of floridean starch, carrageenan, agar 

and galactans. The medicinal properties of Gracilaria spp. polysaccharides have been reported to 

include antiinflammation, antioxidant, immunomodulation, neuroprotection, antidiabetes and 

antiobesity (Hentati et al. 2020; Olasehinde et al. 2019b; Pillay et al. 2024). Gracilaria gracilis is 

a red seaweed specie rich in sulphated polysaccharides (SPs). Its monosaccharide composition 

consist of glucose, mannuronic acid, galactose, arabinose, xylose, and glucuronic acid (185 : 141 

: 21 : 12 : 1 : 142) (Pillay et al. 2024). The antidiabetic properties of G. gracilis SPs have been 

demonstrated by their ability to promote muscle glucose uptake, and inhibition of carbohydrate 

digestive enzyme activities and intestinal glucose absorption (Pillay et al. 2024).   

Brown seaweeds belong to the class, Phaeophyceae and are among the major contributors to 

coastal environments’ biomass (Silberfeld et al. 2010). Brown seaweed polysaccharides are highly 

sulphated and mainly consist of laminarin, fucoidans, alginate and fucans (de Jesus Raposo et al. 

2015; Hentati et al. 2020). Brown seaweed polysaccharides have been reported for their biological 

activities which include antiinflammation, antioxidant, anticancer, antiobesogenic, 
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hepatoprotection and immunomodulation (Borazjani et al. 2018; Jiang et al. 2021; Murakami et al. 

2021; Zhou et al. 2024). Ecklonia maxima is a specie of brown seaweed endemic to South Africa 

and has been reported for its rich content of sulphated polysaccharides (Pillay et al. 2025). Ecklonia 

maxima polysaccharides have been reported for their potent inhibition of glucose metabolizing 

enzymes and intestinal glucose absorption, as well as promotion of muscle glucose uptake (Daub 

et al. 2020; Pillay et al. 2025) which demonstrates its antidiabetic properties. Fucoidan EMLF7 

extracted from E. maxima has been reported for its ability to inhibit inflammation in RAW 264.7 

Macrophage by suppressing the production of PGE2 and NO, and downregulating TNF-α, IL-6, 

IL-1β and NF-κB/MAPK expressions (Lee et al. 2021; Nagahawatta et al. 2022). Ecklonia maxima 

polysaccharides have also been reported for their potent antioxidant and neuroprotective properties 

(Olasehinde et al. 2019a).  

Storage conditions play influential role on the safety, quality and sensory characteristics of food 

products (Calligaris et al. 2019). It affects the degradation mechanism of the product which is 

influenced by heat, light, temperature, enzymes, chemicals and microbial contamination (Azanha 

and Faria 2005). Under frozen conditions, degradation is triggered by oxidative, enzymatic 

reactions, surface drying and re-crystallization (Calligaris et al. 2019). At ambient conditions, 

degradation often occurs from chemical reactions, such as lipid oxidation, flavor degradation, and 

pigment alteration, as well as non-enzymatic browning and physical changes including starch 

retrogradation and product structural collapse (Calligaris et al. 2019).  

The stability of polysaccharides during storage has been reported to be affected by storage 

conditions, and it is characterized by changes in their texture and flavor, chemistry and biological 

activities (Feng et al. 2020; Peroni-Okita et al. 2013). These changes are influenced by temperature 

and storage conditions, and occurs via various mechanisms such as retrogradation (Feng et al. 

2020), enzymatic hydrolysis (Yu et al. 2022), freezing and thawing (Feng et al. 2020), coldinduced 
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sweetening (Peroni-Okita et al. 2013; Yu et al. 2022), acid hydrolysis (Keran et al. 2025), thermal 

degradation (Silva et al. 2025) and UV irradiation (Song et al. 2024). The changes in biological 

activity include fluctuating antioxidant, antidiabetic and antiobesogenic activities, with different 

studies reporting contrasting results of improved (Song et al. 2024; Zhao et al. 2023; Zou et al. 

2020) and reduced (Radzki et al. 2016; Zou et al. 2020) activities.   

Despite these studies, there is a dearth of information on the effect storage conditions on the 

stability, chemical profiles and biological activities of sulphated polysaccharides from brown and 

red seaweeds. Thus, the present study was undertaken to investigate the effect of storage conditions 

on the stability of E. maxima and G. gracilis SPs vis-à-vis their chemical properties and 

antidiabetic activities.  

  

            5.2 Materials and Methods  

Kindly refer to sections 2.1 – 2.3 in Chapter 2.  

            5.3. Results and Discussion  

  
             5.3.1 Effect of storage on glucose and sulphate content of sulfated polysaccharides  

  

Tables 5.1 and 5.2 revealed the total sugar and sulphate content of polysaccharides stored at 

different temperature after storage at different interval. No significant changes were observed in 

the glucose levels after the first and second month when compared to the baseline as shown in 

Table 5.1. However, at 37 °C, there was a significant (p<0.05) reduction in glucose levels following 

storage for 3-4 months. Further significant (p<0.05) reduction was also observed after the 5th and 

6th month at the same temperature. A slight decrease was also observed after the SPs were stored 

at 25 °C especially after the 6th month as shown in Table 5.1. Overall, stability of glucose level was 
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maintained at 4 °C and 25 °C. Also, our findings also revealed that over 60 % of glucose levels was 

retained in SPs stored after 6 months at 37 °C as shown by glucose level obtained in Table 5.1.  

Reduced total glucose concentrations in polysaccharides has been implicated in physiochemical 

alteration including changes in physical properties like viscosity and gelling behaviour, as well as 

altered reactivity in chemical reactions like the Maillard reaction (Li et al. 2019; Lovegrove et al. 

2017).  Thus, the reducing glucose concentrations of the SPs, with increasing storage temperature 

and time, indicates alteration in their physiochemical properties. These alterations are temperature 

and time dependent.   

          

Table 5.1: Glucose levels (mg/mL) of Sulphated Polysaccharides at different storage temperatures 

and time  

Seaweed  Baselines   

G. gracilis SPs  0.060 ± 0.010b   

E. maxima SPs  0.067 ± 0.013b   

 Month 1   

  4oC  25oC  37oC  

G. gracilis SPs  0.048 ± 0.011a  0.049 ± 0.010a  0.039±0.009a  

E. maxima SPs  0.052 ± 0.019a  0.050 ± 0.007a  0.048 ± 0.012a  

 Month 2   

G. gracilis SPs  0.057 ± 0.010a  0.047 ± 0.04a  0.038 ±0.006b  

E. maxima SPs  0.044 ± 0.012a  0.054 ± 0.010a  0.051 ± 0.011a  

 Month 3   

G. gracilis SPs  0.057 ± 0.001a  0.058 ± 0.029a  0.044 ± 0.002b  

E. maxima SPs  0.067 ± 0.005a  0.051 ± 0.024a  0.035 ± 0.004b  

 Month 4   

G. gracilis SPs  0.050 ± 0.012a  0.051 ± 0.018a  0.041 ± 0.005a  

E. maxima SPs  0.061 ± 0.009a  0.047 ± 0.012a  0.030 ± 0.003b  

 Month 5   

G. gracilis SPs  0.053 ± 0.007a  0.051 ± 0.005a  0.033 ± 0.002b  
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E. maxima SPs  0.059 ± 0.004a  0.045 ± 0.008a  0.031 ± 0.004b  

 Month 6   

G. gracilis SPs  0.049 ± 0.008a  0.038 ± 0.005b  0.028 ± 0.003c  

E. maxima SPs  0.050 0.005a  0.040 ± 0.003b  0.030 ± 0.001c  

Values = mean SD; n=3. *a,b,c Values with different letters above the bars are significantly (p<0.05) 

different from each other.  

  

Similarly, stability of sulphate levels was assessed at different stored temperatures (4 °C, 25 °C and 

37 °C) for 6 months. Our findings revealed that the sulphate levels of the SPs were stable especially 

at 4 °C and 25 °C within the 6 months interval. A significant (P< 0.05) reduction in sulphate levels 

in the SPs stored at 37 °C was observed after the 5th and 6th month. Overall, these findings showed 

that the stability of sulphate levels were maintained in the SPs at 4 °C and 25 °C. At C, there was 

no reduction of sulphate levels in the three SPs even at 6 months of storage This means 100 % of 

the sulphate content was retained. Similar results were obtained in SPs stored at 25 °C. The 

percentage of subplate levels retained after 6 months at 25 °C, were 78 % and 85 % in G. gracilis 

and E. maxima SPs, respectively. Also, at 37 °C percentage of sulphate retained in G. gracilis and 

E. maxima were 64.2 %, 53.3 and 30 %, respectively. These results revealed that the SPs may be 

best maintained at 4 and 25 °C. The alteration in sulphate levels, further suggests instability in the 

physicochemical properties of the SPs. Sulphur contributes to the solubility of polysaccharides and 

decreases their viscosity, while enhancing their surface area and flexibility (Bae et al. 2009;  

Gunasekaran et al. 2021).   

Table 5.2: Sulphate levels (mg/mL) of Sulphated Polysaccharides at different storage temperatures 

and time  

Seaweed   Baselines   

G. gracilis SPs   0.050 ± 0.004b   

E. maxima SPs   0.153 ± 0.012b   
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  Month 1   

  4oC  25oC  37oC  

G. gracilis SPs  0.083 ± 0.011b  0.054 ± 0.007a  0.050 ± 0.020a  

E. maxima SPs  0.150 ± 0.009a  0.157 ± 0.007a  0.146 ± 0.010a  

  Month 2   

G. gracilis SPs  0.055 ± 0.010 a  0.051± 0.013 a  0.047 ±0.006 a  

E. maxima SPs  0.149 ± 0.011 a  0.155 ± 0.010 a   0.124 ± 0.008b  

  Month 3   

G. gracilis SPs  0.045 ± 0.002 a  0.049±0.004 a  0.041± 0.001 a  

E. maxima SPs      0.145 ± 0.008 a  0.145 ± 0.006 a  0.120 ± 0.005b  

  Month 4   

G. gracilis SPs  0.051 ± 0.005 a  0.044 ± 0.002 a  0.035 + 0.002b  

E. maxima SPs  0.146 ± 0.009 a  0.141 ± 0.001 a  0.111 ± 0.002b  

  Month 5   

G. gracilis SPs  0.047 ± 0.003 a  0.040 ± 0.001b  0.028 ± 0.004b  

E. maxima SPs  0.141 ± 0.009 a  0.137 ± 0.003 a  0.094 ± 0.002b  

  Month 6   

G. gracilis SPs  0.050 ± 0.002 a  0.035 ± 0.001b  0.020 ± 0.002c  

E. maxima SPs  0.143 ± 0.005 a  0.130 ± 0.004b  0.081 ± 0.005b  

Values = mean SD; n=3. a,b,c Values with different letters above the bars are significantly (p<0.05) 

different from each other.  

  

  

Carbohydrate hydrolysing enzymes such as α-glucosidase and α-amylase play an important role in 

the control of postprandial glucose. In diabetic conditions, the activity of these enzymes are 

significantly high thereby causing the rapid release of glucose into the blood stream which 

contributes to hyperglycemia. Hence, inhibiting α-glucosidase and α-amylase reduce the release 

of glucose from the intestine into the blood stream thereby mitigating hyperglycemia.  

Figures 5.1A and 5.1B show the α-glucosidase inhibitory activities of G. gracilis and E. maxima 

SPs stored at different temperatures and time intervals. Storage at 4 °C and 25 °C, caused no 

significant (P > 0.05) changes in the activities of the SPs. However, there was a significant (p<0.05) 
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decrease in α-glucosidase activity of SPs stored at 37 °C at different time interval.  Similarly in 

Figures 5.2A and 5.2B, the SPs stored at different temperatures and intervals significantly (P<0.05) 

inhibited α-amylase activity. The inhibitory activity of the SPs was maintained at 4 °C and 25 °C. 

However, a significant (p<0.05) decrease in the inhibitory activity was observed for SPs stored at 

37 °C.  

These results revealed that the activity of the SPs was maintained at 4 °C and 25 °C which correlates 

with the results obtained from the glucose and sulphate contents. These suppressed α-glucosidase 

and α-amylase activities at 37 °C, suggest decreased ability of the SPs to inhibit carbohydrate 

digestion, which can lead to postprandial rise in blood glucose level (Zeng et al. 2025). This 

corresponds with previous studies on decreased α-glucosidase activity with increasing temperature 

(Da Silva et al. 2009). The decreased activities can be attributed to altered physicochemical 

properties. The antidiabetic activity of sulphated polysaccharides has been linked to the type of 

glycosidic bond, monosaccharide composition, and sulphate contents. Zhang et al. (2024) reported 

that the monosaccharide composition of sulfated polysaccharides contributed to the antidiabetic 

activities of polysaccharides. The work of Koh et al. (2020) also showed that the α-glucosidase 

and α-amylase inhibitory effects of sulfated polysaccharides from Undiaria pinnatifida is 

dependent on sulphate contents. Hence, the observed α-glucosidase and α-amylase inhibitory 

effects exerted by the SPs used in this study and stored at different temperatures may be linked to 

their sulfate contents and monosaccharide composition. The monosaccharide composition of the 

SPs used in this study have been reported previously Erukainure et al. (2019). Also, the reduced 

α-glucosidase and αamylase inhibitory effects of SPs stored at 37 °C may be due to the reduction 

of the sulfate content.  
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Figure 5.1: Effect of storage temperature and time on α-glucosidase activities of (A) G. gracilis 

and (B) E. maxima SPs. Values = mean SD; n=3.   
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Figure 5.2: Effect of storage temperature and time on  α-amylase activities of (A) G. gracilis and 

(B) E. maxima SPs. Values = mean SD; n=3.   

  

            5.4. Conclusion  

  

These results suggest a temperature dependent instability and decreased antidiabetic activities of 

SPs from G. gracilis and E. maxima which is influenced by storage time. This is depicted by 

decreased glucose and sulphate levels, and suppressed activities of α-glucosidase and α-amylase 
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activities. However, there is need to study other attributes of shelf-life such as microbial 

contamination, heat, light, and pH that may affect the stability of the SPs.    
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CHAPTER 6 General Discussions and Conclusions 

  

  

            6.1 General Discussion  

  

Diabetic hepatopathy is among the microvascular complications of T2D (Mallet et al. 2022; 

Tolman et al. 2007), with hyperglycemia, dyslipidemia, insulin resistance and hyperinsulinemia 

playing major roles (Mobasheri et al. 2023). It is a spectrum of hepatic diseases that includes 

NAFLD, hepatocellular carcinoma, abnormal liver enzymes, cirrhosis, and acute liver failure 

(Islam et al. 2020; Mobasheri et al. 2023; Tolman et al. 2007). There has been increasing paradigm 

shift towards the use of natural products such as polysaccharides in the management of diabetic 

hepatopathy. In the present study, we investigated the effect of SPs from the seaweeds, Ecklonia 

maxima and Gracilaria gracilis, on diabetic hepatopathy in livers of rats with T2D. We employed 

biochemical and metabolomics approaches in deciphering their hepatoprotective mechanism. 

Furthermore, the effect of storage conditions and time on the stability of SPs and their antidiabetic 

activities were investigated in in vitro models.  

Altered glucose metabolism, characterized by incessant hepatic gluconeogenesis and 

glycogenolysis, has been implicated in the pathogenesis of diabetic hepatopathy as they contribute 

to elevated blood glucose (Barroso et al. 2024; Zhang et al. 2019). SPs from both seaweeds 

mitigated gluconeogenesis and glycogenolysis in the present study, by suppressing the activities 

of fructose-1,6-biphosphatase, glucose 6-phosphatase and glycogen phosphorylase (Figures 3.1 

and 4.1). Furthermore, the SPs upregulated hepatic citric acid cycle, malate-aspartate shuttle and  

Warburg effect.  

 

As reported in chapters 3 and 4, induction of T2D elevated hepatic. oxidative stress and 

inflammation by increasing MDA level and acetylcholinesterase activity, while concomitantly 
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suppressing SOD, catalase, glutathione reductase, glutathione peroxidase, GST activities and GSH 

level. These results corroborated previous studies on the induction of hepatic oxidative injuries in 

T2D (Klisic et al. 2018; Zhang et al. 2012). Both SPs from E. maxima and G. gracilis mitigated 

the oxidative stress as depicted by their ability to reverse the activities and levels of the oxidative 

stress biomarkers (Figures 3.2, 3.3, 4.2 and 4.3). These antioxidant and antiinflammatory activities 

corroborate previous studies on the therapeutic effect of antioxidants in managing hepatic 

oxidative stress (Bae et al. 2023).  

Induction of T2D led to the distortions of hepatic lipid metabolism and its metabolites, indicating 

an occurrence of hyperlipidemia and lipotoxicity. These distortions have been implicated in the 

pathogenesis and progression of diabetic hepatopathy (Gluchowski et al. 2017). The ability of both 

SPs from E. maxima and G. gracilis to reverse diabetic-upregulated hepatic lipid metabolic 

pathways, particularly oxidation of branched chain fatty acids, phytanic acid peroxisomal 

oxidation, and mitochondrial beta-oxidation of long chain saturated fatty acids pathways (Figures 

3.6, 3.7B, 4.7, 4.8B and Tables 3.2 and 4.2), indicates their antilipidemic effect. Further, suggesting 

the hepatoprotective effect of the polysaccharides in the management of diabetic hepatopathy.   

Dysregulation of hepatic amino acids metabolism leading to altered blood concentrations of 

essential amino acids, such as BCAAs, tyrosine, phenylalanine, and sulfur amino acids, has been 

reported in the pathology and progression of diabetic hepatopathy (Adams 2011; Cuomo et al.  

2022; Wiklund et al. 2018). The ability of both SPs from E. maxima and G. gracilis to mitigate the 

dysregulated hepatic amino acid metabolism in T2D rats (Figure 3.7C and 4.8C, and Tables 3.2 

and 4.2), suggests their therapeutic potentials against diabetic hepatopathy.   

The conditions at which polysaccharides are stored are crucial in the maintenance of their stability, 

phytochemistry and biological activities. In chapter 5, storage of SPs from E. maxima and G. 

gracilis at 4 and 25 C, had no significant effect on their glucose and sulphate levels (Tables 5. 1 
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and 5.2), as well as their inhibition of -glucosidase, and -amylase inhibitory activities. However, 

storage at 37 C showed significant reduction in the SPs glucose and sulphate levels, at the 5th and 

6th month. Thus, indicating a time and temperature dependent deteriorative effect. The -

glucosidase, and -amylase inhibitory activities declined following storage at 37 C, and 

continued with increasing time.   

  

            6.2 Conclusions  

  

These results indicate the hepatoprotective effect of SPs from E. maxima and G. gracilis on diabetic 

hepatopathy in T2D. This is depicted by their ability to mitigate oxidative stress, inflammation and 

lipotoxicity, while improving glucose and amino acid metabolisms. Furthermore, the stability of 

the SPs and their antidiabetic activities may be temperature dependent, influenced by storage time.   

  

            6.3. Recommendations  

  

Although these results show promising effect of SPs in the management of diabetic hepatopathy, 

there is need to explore the translational relevance of these therapeutic potentials in clinical trials. 

Furthermore, other attributes of shelf-life such as microbial contamination, heat, light, and pH that 

may contribute to the instability of the SPs, need to be investigated.  
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Appendix   

 

   

Appendix 1. Blood glucose levels of normal, untreated and treated diabetic rats. Data = mean ± 

SD; n =6.   

   

  

  

 

  

 




