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ABSTRACT 
 

Background: Non-alcoholic fatty liver disease (NAFLD) is a hepatic manifestation of the 

metabolic syndrome, and is strongly associated with insulin resistance, obesity and type 

2 diabetes (T2D). Growing evidence shows NAFLD as a multi-system disease, affecting 

several extra hepatic organs and regulatory pathways (Byrne et al., 2015). The 

prevalence of NAFLD is expected to escalate dramatically with the upsurge in metabolic 

diseases, particularly obesity and type 2 diabetes. However, an optimal treatment regime 

to cure NAFLD has not been established. Rooibos is gaining increasing recognition for 

its ability to improve health and has demonstrated hepatoprotective effects against carbon 

tetrachloride (CCl4) and tert-butyl hydroperoxide induced hepatotoxicity in rodents.  This 

study will establish if an aspalathin rich green rooibos extract (Afriplex GRT™) is able to 

modulate or prevent the excessive fat accumulation in experimental models of NAFLD. 

 

Aim: The aim of the study was to assess the modulatory effect of GRT extract in in vitro 

and in vivo models of experimentally induced NAFLD. 

Methods: The study used immortalized C3A liver cells and oleic acid to induce steatosis. 

Assessment of the effect of GRT on oleic acid induced steatosis was determined using 

different concentrations of aspalathin-enriched rooibos (GRT) extract. Cells not exposed 

to oleic acid were included as controls. Pioglitazone was used as a positive control.  

Steatosis of C3A cells was induced using 1 mM oleic acid for 24 hours. Treatment with 

GRT and pioglitazone for 24 hours, either commenced in the presence of oleic acid 

(simultaneous treated group) or 24 hours after oleic acid induced steatosis (post-treated 

group). MTT assay was performed to determine cell viability, while lipid content was 

measured using oil red O staining normalized for cell number by crystal violet staining. 

The effect of GRT extract on mRNA relevant to lipogenic genes (PPAR-α, SREBP, FASN 

and CPT1), inflammation (TNF-α) and glucose metabolism (GCK and ChREBP) were 

assessed. 

Further investigation was done using leptin-receptor deficient C57BL6/J db/db mice 

(n=8/group) and their lean littermates (db/+) (n=8/group). The mice received standard 
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rodent chow ad libitum. Treatments were given daily with powdered chow containing a 

calculated dose equal to 74 mg/kg BW and 740 mg/kg BW GRT or 10 mg/kg BW 

pioglitazone. Food intake, water intake, body weight and fasting glucose was monitored 

weekly for the duration of the study. A week prior to termination of the study, oral glucose 

tolerance tests were performed. At termination the livers were collected and either fixed 

in formalin or snap frozen for storage at -80oC. Gene and protein expression were 

performed using qPCR and Western blot, respectively, for the genes and proteins related 

to the development of NAFLD. The effect of GRT extract on the liver was confirmed by 

histology. The data was analysed using one-way analysis of variance (ANOVA) followed 

by Dunnet multiple comparison post hoc test. Statistical significance was set at p ˂ 0.05. 

Results: This study showed that 1 mM oleic acid for 24 hrs induced lipid accumulation in 

C3A cells and produced a good in vitro model for studying NAFLD. GRT extract displayed 

protective effects against NAFLD in oleic acid induce steatosis and decreased lipid 

content by < 80% in steatotic C3A cells. The reduction was comparable to pioglitazone 

(control drug). mRNA analysis revealed that GRT extract regulated fatty acid synthesis by 

downregulating genes involved in lipogenesis (SREBP 1c and FASN) and glucose 

metabolism (GCK and ChREBP) as well as inflammation (TNF-α). 

In db/db mice, GRT improved glucose tolerance and reduced the liver weight to body 

weight ratio. In terms of genes and proteins that are involved in NAFLD, GRT increased 

key lipolytic genes PPAR-α and CPT 1 involved in the regulation of beta-oxidation of lipids 

and reduced HMG-CoA synthase 1 (HMGCS1), the gene regulating cholesterol 

synthesis. Histology confirmed increased steatosis limited to zone 3 of the liver acinus 

synonymous with NAFLD. Treatment with GRT did not significantly affect the steatotic 

severity score of the db/db mice. 

Conclusion: GRT was effective at reducing oleic acid induced steatosis in C3A cells by 

regulating key genes involved in fatty acid and cholesterol synthesis, and inflammation. 

In db/db mice GRT extract modulated glucose tolerance and increased the expression of 

effector proteins involved with beta-oxidation in the liver but was not effective at reducing 

NAFLD. 
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1. INTRODUCTION 

Obesity, insulin resistance, and type 2 diabetes (T2D) are associated with a concurrent 

increase in non-alcoholic fatty liver disease (NAFLD). Fatty liver affects between 70% and 

90% of people with obesity and T2D (Downman et al., 2011; Fabbrini, Sullivan, and Klein, 

2010; Souza et al., 2012). Non-alcoholic fatty liver disease is defined by the presence of 

excessive amounts of fat in the liver, exceeding 5% of the liver mass (Chalasani et al., 

2017). The diagnosis of NAFLD is based either on sonar imaging or on liver histology 

without secondary causes such as significant alcohol consumption and certain 

medications (Puri et al., 2012). 

 

NAFLD is the commonest liver disorder in Western countries (Bellentani et al., 2010). 

Fatty liver disease was initially linked to chronic alcoholism (Lieber et al., 1965). However, 

Judwing in 1981 discovered that similar fat accumulation occurs in absence of excessive 

alcohol consumption, and this was classified as NAFLD. It embraces a disease spectrum, 

ranging from simple steatosis (fatty liver) to non-alcoholic steatohepatitis (NASH) and 

cirrhosis (Benedict and Zhang, 2017). Simple steatosis is benign, whereas steatohepatitis 

(NASH) is characterized by hepatocyte injury, inflammation and fibrosis, which can lead 

to cirrhosis, liver failure and hepatocellular carcinoma (HCC) (Abd El-Kader and El-Den 

Ashmawy, 2015).  

  

The liver performs an essential role in lipid metabolism, importing free fatty acids (FFAs) 

and manufacturing, storing and exporting lipids. Fat accumulation in the liver occurs as a 

result of metabolic dysfunction that may have long term consequences (Musso, Gambino 

and Cassader, 2009). A strong relationship exists between insulin resistance and NAFLD 

(Dowman, Tomlinson, and Newsome, 2009; Takahashi et al., 2010 Kristina, Utzschneider 

and Steven, 2006). When people are insulin resistant, their muscle, fat and liver cells 

don’t respond normally to insulin, with a resultant increase in blood glucose and the 

amount of free fatty acids circulating in the blood (Petta, Muratore, and Craxì, 2009). 

Hyperinsulinaemia, a feature of insulin resistance, reduces mitochondrial fatty acid beta-

oxidation, and augments endogenous fatty acid synthesis in the liver (Anstee et al., 2006).  
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Clinically, pharmacological agents used to treat other metabolic diseases, such as insulin 

sensitizers, antioxidants, lipid-lowering drugs, pentoxifylline and medicinal herb/natural 

products, are prescribed for NAFLD with limited success. 

 

 Aspalathus linearis, popularly known as Rooibos, is a South African indigenous plant that 

has gained attention for its health promoting benefits. Rooibos is unique because it 

contains aspalathin to which many of its bioactivity has been attributed including its anti-

oxidant, glucose and cholesterol lowering activity. Afriplex GRTTM is an aspalathin rich 

unfermented rooibos extract containing 12.8% aspalathin. The extract was developed by 

Afriplex in partnership with the Biomedical Research and Innovation Platform at the South 

African Medical Research Council. 

  

The therapeutic probability that rooibos can modulate or prevent NAFLD is based on 

previous studies confirming the hypoglycaemic activity of an aspalathin-enriched green 

rooibos extract in vitro and in vivo (Muller et al., 2012). In addition, Beltrán-Debón et al. 

(2011) demonstrated hypolipidaemic effects of rooibos in LDLr-/- mice fed a high fat diet, 

but this effect was stringently dependent on diet type. Mazibuko et al. (2013) 

demonstrated that rooibos reduced insulin resistance in insulin resistant muscle cells by 

activating the AKT and the AMPK pathways, and increasing glucose uptake via GLUT 4. 

  

This finding was confirmed by Son et al. (2013) who reported that aspalathin isolated from 

rooibos increased glucose uptake in L6 myotubes by increasing AMPK phosphorylation 

and GLUT 4 translocation to the membrane. Further, in the ob/ob mouse model, 

aspalathin reduced fasting blood glucose levels, increased adiponectin levels and 

reduced hypertriglyceridaemia and serum thiobarbituric acid reactive substance (TBARS) 

levels, a marker of ROS.  In addition, enzymes related to gluconeogenesis, 

glycogenolysis and lipogenesis were reduced by aspalathin, while the mRNA expression 

of glycogen synthase was increased in the liver of these obese IR mice (Son et al., 2013). 

Rooibos also demonstrated a protective role in carbon tetrachloride (CCl4) and tert-butyl 
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hydroperoxide induced hepatotoxicity in Wistar rats by reducing conjugated dienes (CD) 

and malondialdehyde (MDA) levels in the liver and reduced serum level of ALT, AST, and 

LDH.  

 

1.1 STUDY OUTLINE 

1.2 Aim 

The primary aim of the study is to assess the modulatory or protective potential of an 

aspalathin rich green rooibos extract (Afriplex GRT) against experimentally induced 

NAFLD and then to establish the mechanisms whereby GRT protects the liver against 

NAFLD. 

1.3 Objectives 

Cell based models 

• Examine the effects of oleic acid and inflammation on lipid metabolism and 

accumulation at a functional level including gene and protein expression in C3A 

liver cells. 

• Examine the effects of GRT as treatment and/or preventative measure on the 

NAFLD lipid accumulation.  

In-vivo work 

• Assess the hepato-protective effects of an aspalathin-enriched rooibos extract on 

NAFLD in diet induced NAFLD C57BL6/J mice.  

1.4 Intended contribution to the body of knowledge 

This study will be crucial in understanding the effects of GRT extract on lipid accumulation 

in the liver leading to steatosis. Pioglitazone, a known insulin sensitizer was used as a 

reference treatment, as one of the contributors to NAFLD is insulin resistance. The 

protective effect of GRT against NAFLD is currently not known and thus this study will 

contribute new knowledge regarding the potential therapeutic effect of GRT.    
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1.5 This dissertation will be divided into 8 chapters: 

1. Introduction 

2. Literature review 

3. Materials and methodology 

4. Results 

5. Discussion 

6. Conclusion and limitations 

7. References  

8. Appendix 
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2.0 LITERATURE REVIEW 

2.1 Non-Alcoholic Fatty Liver Disease (NAFLD) 

Non-alcoholic fatty liver disease is one of the most prevalent liver diseases in the world 

(Mavrogiannaki and Migdalis, 2013). It is defined as a hepatic indicator of metabolic 

syndrome that also encompasses abdominal obesity (Milić, Lulić, and Štimac, 2014). 

About 20-30% of NAFLD patients develop non-alcoholic steatohepatitis (NASH) which 

further advances to more significant liver injury such as fibrosis, cirrhosis and for some 

people, hepatic carcinoma which leads to increased liver-related mortality (Petta, 

Muratore, and Craxì, 2009). The strong link between obesity and NAFLD arises from 

statistics which show that 80% of patients with NAFLD are obese (Kohli et al., 2010; 

Sartorio et al., 2007). Studies conducted by Hruby and Hu, (2015) show that obesity 

affects 1 in 3  worldwide and, subsequently, NAFLD has become the leading chronic form 

of liver disorder with a frequency comparable to obesity (Mirza, 2011). 

 

2.2 Obesity  

Obesity results from a disproportion between food consumption and energy outflow, 

resulting in increased accumulation of adipose tissue mass. Adipose tissue is comprised 

of adipocytes, connective tissue matrix, nerve tissue, blood vessels and immune cells 

functioning as a unit (Kershaw and Flier, 2004). However excess energy, stored as 

accumulated lipid in adipocytes, increases the adiposity and can result in obesity  (Dyson, 

Anstee and Mcpherson, 2014; Kershaw and Flier, 2004). In addition, adipose tissue 

functions as an endocrine organ that produces adipokines, cytokines and hormones 

essential for maintaining metabolic homeostasis (Jung and Choi, 2014). 

Obesity is a chronic disease, defined as a state of excess adipose mass (Caballero, 

2007), clinically characterized by a body mass index (BMI) greater than or equal to thirty 

kg/m2, (Rouabhia, Milic, and Abenavoli, 2014). In developed countries, obesity is more 

common in men while in developing countries women are more susceptible ( Pinto et al., 

2018).  A study conducted by  Chalasani et al. (2018) shows a linear relationship between 

obesity and metabolic disorders, including liver-related disease (Figure 2.1). They further 
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showed that obesity is one of the major risk factors for metabolic disease (Chalasani et 

al., 2018).  

 

 

 

 

Figure 2.1 Representation of obesity as the main causative factor for metabolic syndrome.  
Illustration adapted from Jung and Choi., (2014). Obesity defined as an imbalance between energy intake 

and expenditure, underlies several other comorbidities fueled by insulin resistance and inflammation.   
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2.3 Obesity prevalence 

Obesity is an epidemic which is increasing exponentially all over the world and presents 

a growing global public health disaster (Masuoka and Chalasani, 2013). According to the 

global burden of disease (GBD) 2016 obesity collaborators, there were more than 107.7 

million obese children and 603.7 million obese adults in 2015, worldwide. Such statistics 

highlight obesity as a major public health concern, both in developed and developing 

countries. However, the prevalence of obesity is climbing more in developing countries 

(Serván, 2013). According to the World Health Organization (2018), the rapid increase of 

obesity has shown to have tripled since 1975.  

 

2.3.1 Metabolic alterations and diseases related to obesity 

Metabolic syndrome is a collection of metabolic malfunctions and contributes to the 

development of serious metabolic diseases such as cardiovascular disease and type 2 

diabetes (T2D) (McCracken, Monaghan, and Sreenivasan, 2018). The metabolic 

syndrome is commonly characterized by increased visceral adiposity, compromised 

glucose tolerance, enhanced triglyceride levels, reduced levels of high-density 

lipoproteins and hypertension, causing an amplified rate of inflammation and increasing 

the risk of developing cardiovascular disease (Serván, 2013; Carr, Friedman and Jaffe, 

2007).  A study by Han and Boyko (2018) confirmed that strong links exist between 

obesity and T2D patients.  

 

Hypertension is also associated with the worldwide obesity epidemic (Lu et al., 2013).  

Hall et al., (2010) showed that obesity contributes up to 75% to the development of 

hypertension. In patients with obesity, vascular impairment, systemic insulin resistance 

and the dysfunction of the sympathetic nervous system contribute to hypertension (Hall 

et al., 2010). Insulin resistance and hyperinsulinaemia, which result from obesity, 

independently activate the renal sympathetic nervous system. This causes the 

constriction of blood vessels and increases blood pressure (Kotsis et al., 2010). Obesity 

is one of the major risk factors for metabolic syndrome as shown in (Figure 2.2) below.  
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Figure 2.2 Illustration showing obesity as a major consequence of metabolic disorders. 
Almost all organ systems are adversely affected by obesity as shown in the diagram. 

 

2.3.1.1 Insulin resistance, type 2 diabetes and non-alcoholic fatty liver disease 

In the presence of increased blood glucose, beta cells of the pancreas secrete insulin (a 

small protein composed of two amino acid chains interconnected by disulphide bridges) 

which is then released into the bloodstream and usually promotes glucose uptake into 

cells (Linardi, 2018). Obesity contributes to metabolic complications such as inflammation 

and insulin resistance. Insulin resistance (IR) can be defined as a condition where insulin 

responsive cells fail to respond efficiently to insulin resulting in glucose intolerance and 

increased post prandial blood glucose levels (Boden and Shulman, 2002). This condition 

normally precedes the onset of T2D (Nadulska, Szwajgier, and Opielak, 2017).  
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Type 2 diabetes is a disease that is characterized by hyperglycaemia and insulin 

resistance  (Serván, 2013). Increased circulation of free fatty acids is another of the major 

consequences of T2D, which, further impairs insulin resistance and causes lipotoxicity 

(Oh et al., 2018). This usually triggers overproduction of proinflammatory cytokines and 

a comparative reduction of anti-inflammatory factors such as the adipokine adiponectin 

(Oh et al., 2018). This metabolic dysfunction causes intracellular fat to build up in the liver, 

a condition called non-alcoholic fatty liver disease (NAFLD).  

  

2.4 Anatomy and physiology of the liver 

The liver is the organ responsible for regulating metabolism and maintaining homeostasis 

(Limdi and Hyde, 2003). It is a multi-purpose organ that fulfills numerous physiological 

requirements such as gluconeogenesis, fat metabolism, protein metabolism and 

detoxification (Pauli et al., 2012). The liver is composed of several cell types adapted to 

perform different specific functions. However, the principal cell type found in the hepatic 

parenchyma are hepatocytes which facilitate most of the vital biochemical reactions 

necessary for normal functioning (Lee et al., 2018). Hepatocytes account for 70-85% of 

the total cell population and 80% of the volume of the organ (Zhou, Xu and Gao, 2015).  

Better knowledge and understanding of the anatomy and segmental nature of the liver is 

essential in the management of patients with a liver-related disease such as NAFLD, as 

the liver plays a key role in metabolism to maintain the normal functioning of most 

physiological processes. 

 

2.4.1 Gross anatomy of the liver 

The liver weighs about 1.44–1.66 kg in humans and extends from the right 

hypochondrium and epigastrium to the left hypochondrium (Parkash and Patel, 2015). 

The liver is divided into two lobes and eight segments. It is partially separated into two 

major lobes; the right lobe, which is the largest lobe and occupies the right 

hypochondrium, and the left lobe which lies in the epigastric and left hypochondriac 
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regions. They are divided into anterior and posterior sections by the falciform ligament 

(Abdel-Misih and Bloomston, 2010). 

 

2.4.2 Microscopic anatomy of the liver 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Microscopic anatomy of the liver (hepatic lobule).  
The hepatic lobule is the classical functional unit in which the liver is divided. This represented the flow of 
blood from the portal area, comprising of the portal vein, hepatic artery and the bile duct. The blood from 
the hepatic artery and portal vein percolate through the liver sinusoids. The hepatocytes metabolize and 
detoxify nutrients and other substances from the blood. Bile secreted by the hepatocytes flows back 
towards the bile duct for excretion.      

 

Hepatocytes are dynamic cells containing abundant mitochondria. They diverge from the 

central vein towards the periphery of the lobule (Majno et al., 2014). The spaces found in 

Hepatocytes 

Bile duct 

Central vein 

Liver sinusoid 

Bile canaliculi 

Portal vein 

Hepatic artery 
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between hepatocytes are called sinusoids, which are lined by fenestrated endothelium, 

separated from the hepatocytes by the extracellular space of Disse (Ober and Lemaigre, 

2018). The main function of sinusoids is to drain blood from the portal triad into the central 

vein. From the central vein, the blood collects in the hepatic vein and then travel to the 

heart.  

 

The portal triad consists of the hepatic vein, portal vein and bile duct (Krishna, 2013). The 

hepatic artery delivers oxygenated blood to the hepatocytes while the portal vein carries 

deoxygenated blood and nutrients from the gastrointestinal tract to the liver. The arterial 

and portal blood initially percolate through the hepatic sinusoids prior to draining into the 

systemic circulation (Abdel-Misih and Bloomston, 2010). 

 

2.5 Metabolic functions of the liver: 

As mentioned earlier, the liver plays a central role in maintaining metabolic homeostasis. 

This entails various processes that regulate the nutritional needs of the body during times 

of fast and stores energy postprandially. The liver also protects the body from potentially 

toxic substances (Pauli et al., 2012). 

  

2.5.1 Glucose production 

As the brain and erythrocytes need a constant supply of glucose (Han et al., 2016), 

producing and maintaining blood glucose levels during periods of fast is a primary function 

of the liver. During the fasting state, the liver degrades its glycogen stores in a process 

called glycogenolysis. Glycogen degradation is under the hormonal control of glucagon 

and epinephrine. Glucagon is secreted by the pancreas in response to the low levels of 

glucose in the bloodstream. Glucagon binds to glucagon receptors on the surface of the 

liver cells,  causing the release of cyclic AMP which activates the glycogen degradation 

(Zhang et al., 2018; Kolnes et al., 2015).  
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The degradation process is coupled by an enzymatic reaction i.e. glycogen 

phosphorylase catalyzes the breakdown of glycogen to yield glucose 1 phosphate, which 

is then converted to glucose by glucose 6 phosphatase. The glucose that is released can 

be transported from the liver to the blood stream as shown in Figure 2.4. The second 

hormone is epinephrine, which is released into the blood stream, and binds both alpha 

and beta receptors on the outer surface of the liver cells. In response, the alpha receptor 

causes an increase in calcium ion concentration and the beta receptors increase cyclic 

AMP (Kolnes et al., 2015). The second messenger stimulates glycogen degradation and 

helps to export the glucose into blood stream (Han et al., 2016). 

 

During glycogenolysis, glycogen phosphorylase breaks down the alpha 1,4 glycosidic 

bond in glycogen, while the debranching enzyme amylo-α-1,6 glucosidase, breaks the 

branching alpha 1,6 glycogen bond to release a single glucose molecule. However, as 

the supply of glucose from glycogen stores is limited, during prolonged fasting glucose is 

produced by gluconeogenesis (Puigserver et al., 2003; Hatting et al., 2017). 
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Figure 2.4 Hormonal and enzymatic control of glycogen degradation. 

Glucagon and epinephrine hormones control the degradation of glycogen by activating cyclic AMP and 
calcium ions, degradation of glycogen also requires enzymatic reactions to occur facilitated by glycogen 
phosphorylase, phosphoglucomutase and glucose 6 phosphatase.  

 

Gluconeogenesis is an anabolic process that generates glucose from non-carbohydrate 

sources such as amino acids and lactate glycerol under prolonged fasting (Han et al., 

2016; Kaleta et al., 2011). Gluconeogenesis primarily occurs in the liver and secondarily 

in the kidneys (Hatting et al., 2017). Gluconeogenesis is a process by which pyruvate is 

converted into glucose, a sole energy source for brain and red blood cells. The first step 

of glucose production involves the conversion of pyruvate into oxaloacetate via pyruvate 

carboxylase which occurs in the mitochondria, while the following conversion occurs in 
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the cytosol (Wu et al., 2016). Pyruvate carboxylase consists of four identical subunits that 

each consists of a domain that is covalently attached to a biotin prosthetic group. This 

biotin-binding domain is used to bind the carbon dioxide molecule to the active site of the 

enzyme. It also consists of a domain that binds ATP needed to activate the carbon dioxide 

(Han et al., 2016).  

 

Carbon dioxide exists as bicarbonate ions in the cytoplasm. In the first process 

(carboxylation), ATP is used to activate the carbon dioxide by forming carboxyphosphate. 

The phosphorylated carbon dioxide then attaches to the biotin of the enzyme and forms 

the carboxybiotin enzyme intermediate. The bond holding the carbon dioxide and biotin 

enzyme is quite unstable. In the final step, the carboxylated biotin-binding domain rotates 

into the active site containing the pyruvate substrate, forming oxaloacetate (Wu et al., 

2016; Hatting et al., 2017). 

 

The conversion of pyruvate into oxaloacetate by pyruvate carboxylase occurs in the 

mitochondria. Before step two of gluconeogenesis can occur, oxaloacetate is converted 

to malate and transported across the mitochondrial membrane into the cytoplasm. In the 

cytoplasm, phosphoenolpyruvate carboxykinase converts oxaloacetate into 

phosphoenolpyruvate (PEP). This highly endergonic decarboxylation step is coupled to 

the highly exergonic decarboxylation. The goal of these steps is to bypass the last 

irreversible steps of glycolysis as this is a highly exogenic process (Han et al., 2016; 

Hatting et al., 2017). 

 

2.5.2 Fat Metabolism 

The liver plays a crucial role in fat synthesis and metabolism as illustrated in the lipid 

pathway shown in Figure 2.5, including fatty acid catabolism, fatty acid synthesis, 

ketogenesis (synthesis of ketone bodies), cholesterol synthesis and lastly synthesis of 

other lipids (Lavoie and Gauthier, 2006). All these pathways converge at acetyl-CoA. 

Triacylglycerol contains fatty acids attached to a glycerol backbone. Fatty acids are then 
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broken down into two and three carbon intermediates that feed into several lipid 

pathways.   

 

Post-prandially triacylglycerol, derived from fats in food, undergoes lipolysis in a series of 

processes to produce fatty acids and glycerol (Rui, 2014). During this process fatty acids 

are esterified to triacylglycerol. In contrast, during starvation fatty acids undergo beta-

oxidation in the liver cell mitochondria producing acetyl CoA  (Nguyen et al., 2008). The 

liver also provides energy through oxidation of fatty acids from proteins and 

carbohydrates, resulting in a formation of acetyl CoA.  

 

Acetyl CoA produced from the above mentioned pathways undergoes different processes 

according to the need of the body, which is integrated into the citric acid cycle and 

oxidized to produce energy (Nguyen et al., 2008). It also synthesizes cholesterol, 

phospholipids and lipoproteins (Tall, 2008). Lastly, acetyl CoA is used to produce ketone 

bodies through ketogenesis which acts as fuel for muscle and adipose tissue when blood 

glucose levels decrease (Puchalska and Crawford, 2017). However, in excess glucose 

levels, acetyl CoA is converted to fatty acids in a process called lipogenesis (fatty acid 

synthesis) and is stored primarily in the adipose tissue, but also in the liver and muscle 

(Ipsen et al., 2018). 
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Figure 2.5 Illustration showing role of liver in fat metabolism. 

Illustration adapted from (Ipsen et al., 2018). After a fat containing meal, fatty acids and glycerol are 
produced via lipolysis, glycerol goes to glycolysis and the fatty acids undergo beta oxidation to yield acetyl 
CoA, which then can undergo several processes depending on the requirement of the body at that moment.  

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ipsen%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=29936596
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2.5.3 Protein Metabolism 

Liver cells are responsible for the synthesis of most plasma proteins as well as non-

essential amino acids (Zhou, Xu and Gao, 2015). The liver also plays a pivotal role in 

deamination of amino acids before conversion into carbohydrates or fats. The 

deamination process results in the formation of large quantities of ammonia which is 

removed by the liver through the formation of urea  (Kraft et al., 2017). 

 

2.5.4 Other Metabolic Functions of the Liver 

In addition to the above-listed functions, the liver participates in detoxification by clearing 

the blood of drugs and other poisonous substances. Drug metabolism primarily takes 

place in the liver and secondarily, in the lungs or the gut. The fact that most drugs get 

metabolized in the liver makes the liver a vital organ. The drug-metabolizing enzymes 

cytochrome (CYP) P450 are abundant in the liver because of its location between the 

gastrointestinal tract and the systemic circulation. Additionally, different enzymes 

metabolize different drugs (Singh, Sharma, and Alam, 2018).  

 

Orally administered drugs  get metabolized in the liver before they reach the systemic 

circulation, reacting with cytochrome P450 (heme-containing) enzymes.  This 

phenomenon is known as first pass metabolism, characterized by oxidation (drug 

becomes electrophilic), reduction (drug becomes nucleophilic through reductase 

enzymes including aldo-keto reductases) and hydrolysis (the addition of water across a 

bond resulting in a more water-soluble metabolite) (Schonborn, 2010). The drug 

metabolism begins with a hydrophobic drug so the main aim of first pass or phase one 

metabolism is to produce a more hydrophilic molecule to be easily removed from the 

body. (Arshad, Butt, and Ijaz, 2018). 

 

The drug then undergoes the phase II reaction called conjugation, by the addition of small 

polar molecules to the drug, to increase polarity. The conjugation reaction uses an 

enzyme, transferase, to transfer the large polar molecule called a co-factor to the drug, 
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while glucuronic acid adds a significant amount of hydrophilicity to the molecule facilitating 

its excretion process (Schonborn, 2010). Another popular reaction is glutathione 

conjugation which results from the addition of a glutathione molecule to an electrophilic 

substrate. Being a nucleophile, glutathione generally acts to detoxify electrophiles. 

Glutathione-s-transferase is the enzyme responsible for the reaction of glutathione with 

electrophiles like epoxides and halides. After conjugation, the product is excreted as 

mercapturic acid in the urine. 

 

2.6 Definition of Non-Alcoholic Fatty Liver Disease 

Non-alcoholic fatty liver disease (NAFLD) is the cluster of conditions that occur as a 

consequence of excess deposition or accumulation of hepatic fat greater than 5% of liver 

weight and is unrelated to alcohol consumption or viruses (Antonucci et al., 2017; Yoneda 

et al., 2008). People suffering from metabolic dysfunctions are more susceptible to 

develop NAFLD (Genel et al., 2015). 

  

2.6.1 Non-Alcoholic fatty liver disease background 

 Non-alcoholic fatty liver disease mutually affects a large proportion of people with obesity 

and/or diabetes (Kim et al., 2012; Boursier et al., 2016) and includes a spectrum of 

diseases which was initially dominant in the prosperous industrialized Western countries 

(Albhaisi and Sanyal, 2018). In simple terms, due to overnutrition, triglycerides are stored 

and build up in the liver. Non-alcoholic fatty liver disease is a reversible condition that can 

progress to dangerous irreversible stages, such as liver dysfunction and scarring. 

Although generally regarded as a benign condition, NAFLD sometimes progresses to 

hepatic carcinoma (Trauner, Arrese, and Wagner, 2009).  

 

Obesity and type 2 diabetes have been well-known as mutual risk factors for NAFLD and 

cardiovascular disease. The elevated levels of inflammatory cytokines and circulating free 

fatty acids in obese individuals account for most of the liver lipids in NAFLD ( Berlanga et 

al., 2014). NAFLD can be considered as the hepatic manifestation of the metabolic 
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syndrome and is particularly associated with insulin resistance, obesity and irregularities 

of glucose and lipid metabolism (Byrne and Targher, 2015; Martin-Rodriguez et al., 2017). 

The increase in the incidence of NAFLD is not only associated with liver-related morbidity 

and mortality, but evidence shows NAFLD to be a multisystem disease, affecting 

numerous organs and other pathways (Albhansi, Issa and Alkhouri, 2018). 

 

2.6.2 Hepatic de novo lipogenesis 

Hepatic de novo lipogenesis (DNL) is an enzymatic pathway for the production of fatty 

acids from acetyl-CoA within the liver, driving lipid synthesis and storage by hepatocytes.  

In this context, DNL plays a role in a variety of metabolism-centered diseases and the 

most common of these is the link between NAFLD and the metabolic syndrome (Kawano 

and Cohen, 2013).  

 

2.6.3 The biochemical processes of de novo lipogenesis 

Energy homeostasis is primarily sustained by the liver, regardless of the nutritional state.  

In a well-fed state, glucose is converted to pyruvate through the process of glycolysis, 

which then enters the Krebs cycle to produce energy  (Koo, 2013). In the Krebs cycle, 

citrate is produced and taken to cytosol where it is converted to acetyl-CoA by an 

enzymatic reaction facilitated by ATP citrate lyase. Acetyl-CoA is formed into malonyl 

CoA by acetyl-CoA carboxylase 1 (ACC1). Malonyl CoA is a negative regulator of fatty 

acid catabolism and can be recycled to acetyl-CoA and carbon dioxide by malonyl CoA 

decarboxylase (MCD). ACC is inhibited by glucagon, epinephrine, palmitoyl-CoA as well 

as AMP, while activated by insulin, citrate and SREBP (Sanders and Griffin, 2015). 

Fatty acid synthesis occurs in a protein complex called fatty acid synthase, composed of 

different moieties, one being acyl carrier protein (ACP) which has a vitamin B5 derived 

component called phosphopantetheine (Berlanga et al., 2014). Another important binding 

point is through cysteine residue. Both acetyl-CoA and malonyl-CoA bind to the fatty acid 

synthase protein complex. The acetyl group from acetyl-CoA undergoes an enzymatic 

reaction and takes two carbons from malonyl-CoA to form butyryl-CoA (four carbon 
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molecule), releasing the remaining carbons from malonyl-CoA as CO2 (Sanders et al., 

2018)  i.e. malonyl CoA acts as a two-carbon donor for the elongation of the substrate 

acyl chain. 

 

Two carbons from malonyl-CoA are added to butyryl-CoA in a condensation reaction (Von 

Wettstein-Knowles et al., 2006) which results in the addition of a ketone group to the 

growing carbon chain. This chain undergoes reduction using NADPH to reduce the 

ketone group to a hydroxyl group and is removed by the dehydration reaction (Ameer et 

al., 2014). Further reduction occurs to form a six carbon molecule which then undergoes 

another cycle, extending the acyl chain by two carbons each cycle and producing a fatty 

acid such as  palmitate (C16:0) (Solinas, Borén, and Dulloo, 2015). Palmitic acid is either 

desaturated to palmitoleic, which can also form oleic acid, or elongated to stearic acid 

(C18:0). All these fatty acids are important intermediaries for triglycerides. In hepatic 

steatosis, the additional oleic acid is a product of de novo fatty acid synthesis (Harada et 

al., 2007). 
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Figure 2.6  The biochemical process of de novo lipogenesis. 

The process begins with glycolysis producing pyruvate. Pyruvate then moves into the mitochondria of the 
cell where it is acted on by another enzyme and converted to acetyl-CoA. Acetyl-CoA moves into a second 
metabolic pathway, TCA, producing intermediate molecule citrate. Citrate is transferred into cytosol by 
citrate transport protein that is then acted on by ATP acetyl-CoA lipase (ACL) which uses energy and biotin 
to convert citrate back to acetyl-CoA. ACC converts acetyl-CoA to malonyl-CoA, which has 2 primary 
reactions i.e. to propagate the synthesis of lipids and to inhibit a protein gate called CPT1, supressing beta 
oxidation. Three fatty acyl-CoAs are bound to glycerol backbone to form one TG. TG combines with apoB 
and back into VLDL for secretion into blood stream.  

 

2.7 Regulation of hepatic de novo lipogenesis 

In the liver, DNL  is  provoked by high levels of insulin and glucose (Linden et al., 2018). 

The mechanism whereby lipogenesis is activated in the liver, is by transcription factors 

including sterol regulatory element-binding protein (SREBP), carbohydrate response 

element-binding protein (ChREBP) and peroxisome proliferators-activated receptor-

gamma (PPAR-γ) (Ma, Robinson, and Towle, 2006). These three bHLH-Zip transcription 
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factors all participate in the progression of hepatic steatosis  (Ayisi, Yamei, and Zhao, 

2017). 

  

2.7.1 Sterol regulatory element-binding protein (SREBP) 

Srebp is transcriptionally activated by insulin (Bhatt et al., 2011). Hence, high levels of 

insulin activate SREBP which in turn activates the other lipogenic genes to trigger 

lipogenesis (Wang et al., 2015). SREBP is one of three isomers under the  transcription 

factors classified as basic-helix-loop-helix-leucine zipper (bHLH-ZipZ)  (Song, Xiaoli, and 

Yang, 2018). De novo lipogenesis commences through enzymatic activation of acetyl-

CoA carboxylase 2 (ACC2), an isomer of acetyl-CoA carboxylase (ACC), which generates 

malonyl-CoA at the mitochondrial membrane. Elevated levels of malonyl-CoA result in 

reduced beta-oxidation caused by inhibition of carnitine palmitoyltransferase-1 (CPT-1), 

an enzyme that delivers fatty acids into the mitochondria to be oxidized (Yanqiao Zhang, 

Yin, and Hillgartner, 2003). SREBP-1c is the principle gene in triglyceride synthesis. 

Therefore, upregulation of SREBP is concomitant with the occurrence of NAFLD (Zang 

2016). The stimulatory effects of insulin on SREBP-1c  is facilitated by the 

phosphoinositide 3-kinase (PI3K)-dependent pathway ( Yang et al., 2018). 

 

2.7.2 Carbohydrate response element-binding protein (ChREBP) 

In contrast to SREBP1,  ChREBP is activated by high levels of glucose in hepatocytes 

(Linden et al., 2018). This is achieved by the binding of ChREBP to an E-box motif located 

on the promoter of the liver type pyruvate kinase (L-PK) (Uyeda and Repa, 2006). Liver 

type pyruvate kinase regulates glycolysis by converting phosphoenolpyruvate to 

pyruvate, which is then integrated into the Krebs cycle producing citrate, an intermediate 

of acetyl-CoA used for fatty acid synthesis  (Linden et al., 2018; Uyeda and Repa, 2006). 

Thus, activation of L-PK promotes both glycolysis and lipogenesis (Benhamed et al., 

2004). 
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2.7.3 Peroxisome proliferators-activated receptor-gamma PPAR-γ  

A third transcriptional factor is peroxisome proliferator-activated receptor-gamma (PPAR-

γ ) which is a member of the nuclear hormone receptor superfamily essential for normal 

adipocyte differentiation (Han et al., 2017). In the presence of insulin resistance and 

hepatic steatosis, PPAR-γ  levels in the liver are elevated  (Ables, 2012). In comparison 

with other transcriptional factors, the exact molecular role of PPAR-γ  in stimulating 

triglycerides deposition in the liver is not fully elucidated (Cave et al., 2018). Despite this, 

various studies demonstrate that SREBP-1 activates PPAR-γ  by stimulating the 

production of an activating ligand for the nuclear receptor (Browning and Horton, 2004). 

 

2.7.4 The role of AMP-activated protein kinase in hepatic steatosis 

Activated protein kinase (AMPK) is a heterotrimeric, fuel-sensing and energy detector 

enzyme found abundantly in  all mammalian cells  (Son et al., 2013). In the presence of 

high energy levels, AMPK promotes catabolic pathways for energy expenditure such as 

glucose uptake and β-oxidation while reducing lipogenesis  (Woods et al., 2017). 

 

2.8 Epidemiology of NAFLD 

Non-alcoholic fatty liver disease constitutes a fast increasing burden to society (Chalasani 

et al., 2018). Statistics for NAFLD prevalence is lacking as confirmatory diagnosis 

methods are invasive and expensive. It has been estimated that the incidence of NAFLD 

worldwide is approximately 24-25%. However, South America exhibited the highest 

incidents of NAFLD with 31% (Araújo et al., 2018).  According to Araújo et al., (2018), 

these statistics are likely to accelerate as NAFLD prevalence is parallel to obesity 

incidence. NAFLD was initially dominant in adults. In contrast, recent studies show that 

children are also affected by NAFLD  (Takahashi and Fukusato, 2014). A detailed and 

better understanding of NAFLD epidemiology has drawn researchers’ attention in 

identifying approaches to NAFLD prevention and treatment. 

 



 

26 
 

2.9 Risk factors for developing the non-alcoholic fatty disease (NAFLD) 

Obese individuals are more prone to develop steatosis as excess body weight and liver 

fat content exhibits a close direct relationship, linked by impaired insulin action (Huh et 

al., 2017).  NAFLD is experienced more commonly in the elderly i.e. people over 50 years. 

People suffering from hypertension also have an increased risk of developing NAFLD  

(Alam et al., 2018). Lastly, medical conditions such as rapid weight loss, 

undernourishment and medications like tamoxifen (solt amox) and methotrexate (trexall) 

(Adams, Angulo, and Lindor, 2005) also contribute. 

 

2.10 Progression and stages of NAFLD 

The full spectrum of NAFLD ranges from simple reversible fat deposits to more severe 

irreversible stages (Jiang, Robson and Yao, 2012). In hepatic steatosis, there is 

abnormally large amounts of fats that build up in hepatocytes and at this stage the majority 

of patients experience no problems. However, if the deposit of fats becomes severe, non-

alcoholic steatohepatitis (NASH) occurs, which is an inflamed state (Dyson, Anstee and 

Mcpherson, 2014). Over time, when this inflammatory condition continues, liver cells die 

and fibrosis scar tissue gradually forms, leading to dysfunction of the liver, an irreversible 

liver stage called cirrhosis. (Dyson, Anstee and Mcpherson, 2014). Representation of 

NAFLD progression to NASH is shown in Figure 2.7. 
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Figure 2.7 Disease progression of NAFLD showing how this disease progresses. 
The disease progress from simple steatosis which is benign, to a serious life-threatening hepatocellular 
carcinoma (HCC). Both NASH and simple steatosis are reversible. However, if left untreated, NASH can 
progress to irreversible fibrosis, leading to cirrhosis and high risk of hepatocellular carcinoma.  

 

For NAFLD to progress to NASH, Day. (2002) proposed a dual hit mechanism. He 

proposes that unaccompanied fat deposit is harmless to liver cells, however, the 

secondary insults such as inflammation and hormonal inequity are potent drivers for the 

“second hit” phenomenon theory (Dowman, Tomlinson and Newsome, 2009). NAFLD 

patients remain asymptomatic for years as long as a sufficient number of liver cells remain 

for the liver continue to function and this character has added to an under-appreciation of 

its potential dangers.  
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 2.11 Development of non-alcoholic steatohepatitis 

 

 

Figure 2.8 Proposed mechanism for the development of non-alcoholic steatohepatitis 

adapted from ( Kitade and Chen, 2017). 

 

The pathophysiology of NAFLD is complex and multifactorial. However, the specific 

mechanism of NAFLD development is not clear. Insulin resistance, T2D and obesity, 

oxidative stress as well as inflammation appear to play a significant role (Takahashi and 

Fukusato, 2010), while in the adipose tissue, an enzyme hydrolyzing triglycerides is 

significant.  

 

Under normal conditions, when insulin binds to its receptors, the activity of hormone 

sensitive lipase (HSL) is reduced. With insulin resistance, the intracellular signal is 

attenuated and as a result of this, HSL is not suppressed, leading to its increased activity 

and hydrolysis of triglycerides and increasing glycerol and free fatty acid release from the 

adipocytes into the circulation towards the liver. Free fatty acids are then taken up by the 
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liver where hepatocytes channel free fatty acids into secretory pathways. In the presence 

of hyperinsulinemia, increased synthesis of TG (esterification) in the liver with a decrease 

in beta oxidation occurs (Kitade and Chen, 2017). 

 

Over time, fat deposits in the hepatocytes are degraded by reactive oxygen species 

(Azam et al., 2016). This pairing of radical species leads to cell death, an event that 

produces inflammation leading to a stage of NAFLD called steatohepatitis.(Hijona et al., 

2010). 

  

2.12 Diagnosis 

2.12.1 Signs and symptoms of non-alcoholic fatty liver disease 

Normally, the majority of patients with NAFLD encounter no symptoms as initially the 

disease is asymptomatic. However jaundice, ascites, nail changes (e.g. clubbing) 

splenomegaly and abdominal pain may occur at a later date (Adams, Angulo, and Lindor 

2005; Khoonsari et al. 2017; Tian et al., 2016). 

   

2.12.2 Imaging studies 

Diagnosis of NAFLD can be made with imaging studies using non-invasive imaging 

techniques, including ultrasonography (least expensive), computed tomography and 

magnetic resonance imaging. These techniques are used to look for fatty infiltrates  

(Sass, Chang, and Chopra, 2005). 

 

2.12.3 Liver Biopsy 

A liver biopsy is a procedure where a small piece from the liver is removed and examined 

histologically (Nalbantoglu and Brunt, 2014). However, given the lack of effective medical 

treatment for patients with NAFLD, there has been a reasonable hesitation to perform a 

liver biopsy with the simple purpose of confirming the diagnosis  (Rinella et al., 2014). 

Nevertheless, the liver biopsy remains not only the best diagnostic tool for confirming 
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NAFLD, but also the most sensitive and specific means of providing important prognostic 

information (Gunn and Shiffman, 2018). 

 

2.13 In vivo models used for NAFLD 

Animal models play a significant role in expounding the mechanism of NAFLD and are 

used to study possible treatments for NAFLD  (Oligschlaeger, 2017). Commonly C57BL/6  

mice and Wistar and Sprague Dawley rat strains  are used because they are more prone 

to developing obesity and its related metabolic disorders (Kim et al., 2017; Fengler, 

Macheiner and Sargsyan, 2016).  Various models, including nutritional and chemically 

induced NAFLD, as well as genetic models of NAFLD are used (Van Herck, Vonghia and 

Francque, 2017).  

 

2.13.1 Dietary models 

A study conducted in the United States by Anderson et al. (2011) demonstrated a strong 

link between obesity and fast food consumption. Obesity and diet consequently leads to 

the development of hepatic steatosis in that most scenarios resemble NAFLD. The 

C57BL/6 mice appear to be more responsive to obesogenic diets, hence they are the 

most frequently used strain in NAFLD experiments  (Hansen et al., 2017).  These dietary 

mouse models are designed to mimic hepatic and metabolic conditions occurring during 

the development of human NAFLD. 

 

2.13.1.1 Fructose  

Foods rich in fructose have been related to the development of obesity and NAFLD (Kohli 

et al., 2010). Fructose is a ketonic monosaccharide present in various fruits. Metabolism 

of fructose predominantly takes place in the liver and excessive intake leads to 

lipogenesis, fatty liver as well as insulin resistance (Ter Horst and Serlie, 2017). Hence, 

fructose is often supplemented in drinking water (10%) for animal models of steatosis 

(Kohli et al., 2010). Studies conducted by Takahashi, Soejima and Fukusato, (2012) on 

hepatocytes of Wistar rats fed a diet enriched with 70% fructose for five weeks, found that 
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the rats developed macrovesicular steatosis (Figure 9A) and intralobular inflammation 

(Figure 2.9B) when contrasted to rats fed a normal diet.  Based on this pathological 

observation, fructose-induced models can be considered as good models of NAFLD. 

 

 

 

 

 

 

Figure 2.9 Liver histology of untreated Wistar rats fed a 70% fructose-enriched diet for 5 weeks 

Images Stained by aza stain at 40x magnification (A), representation of microvacuolar and macrovesicular 
changes stained by haematoxylin and eosin (H&E) at 200x magnification and (B) after treatment with plant 
leaf extract (H&E) at 40x magnification. 

 

2.13.1.2 Methionine and Choline Deficient Diet 

An approach to induce hepatic steatosis is to provide the additional second hit to the 

hepatic metabolism. The methionine and choline-deficient diet contains high sucrose and 

10-20% fat content (kcal) but lacks certain amino acids, essentially methyl donor and 

choline, which are crucial for hepatic beta oxidation and exportation of triglycerides 

through very low-density lipoproteins. The impairment of beta oxidation and VLDL 

production results in hepatic fat deposits (Fengler, Macheiner and Sargsyan, 2016; Van 

Heck,Vanghia and Francque, 2017). 

 

In the liver, under normal conditions, triglycerides are exported by very low-density 

lipoproteins facilitated by phosphatidylcholine. Deficiency of choline (a precursor for the 

de novo synthesis of phosphatidylcholine) favors fatty liver as triglycerides are not 
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exported from the hepatocytes (Ramadori et al., 2015). MCD does not only impair VLDL 

secretion but also suppresses β-oxidation (Lau, Zhang and Yu, 2017). This approach is 

preferable to the obesogenic diets specifically when studying the late stages of NAFLD 

such as fibrosis (Hansen et al., 2017). The disadvantage of this model is the resultant 

hypophagia and hypercatabolism resulting in weight loss which is usually 20-40% (Koppe 

and Green, 2003; Takahashi, Soejima and Fukusato, 2012). 

 

2.13.1.3 High-Fat Diet  

The free fatty acids derived from a high-fat diet lead to increased accumulation of hepatic 

triglycerides which contribute to the development of obesity (Lau, Zhang and Yu, 2017). 

In rodents, a high-fat diet consisting of 45-75% of its calories derived from fat, was 

compared to a standard diet with less than 10% of its calories as fat  (Van Heck,Vanghia 

and Francque, 2017). Using this diet, induction of hepatic steatosis resulted in 

histopathological changes resembling human NASH  (Ramadori et al., 2015; Lau, Zhang 

and Yu, 2017). Feeding with HFD diet renders the species predisposed to metabolic 

alterations which could be the result of the altered mRNA gene expression (Chiu et al. 

2017). Based on this, the diet closely resembles pathogenesis of human NAFLD rather 

than genetic models and methionine and choline-deficient diet (Chiu et al., 2017; 

Takahashi, Soejima and Fukusato, 2012). 

 

A study conducted by Buettner et al. (2006) investigated the effects of four different high-

fat diets (lard, olive oil, coconut oil and fish oil) on male Wistar rats. Liver histology was 

similar for the different fat diets, revealing only microvesicular steatosis with no 

inflammation or fibrosis. Similar effects were also noted on mRNA expression, which 

showed up-regulation of lipogenic genes such as SREBP-1c 

 

2.13.2 Chemical models 

Chemically-induced models are usually utilized for exploring hepatic fibrosis 

advancement and regression. Several chemicals have been used to induce hepatic 
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steatosis, including streptozotocin and carbon tetrachloride (CCl4) (Castro and Diehl, 

2018). Streptozotocin (STZ) is generally regarded as a pancreatic beta cell specific toxin, 

used to induce diabetes in various rodent models. However, STZ also affects other cells 

expressing the Glut-2 glucose transporter, such as hepatocytes, and therefore  

inadvertently causes liver damage in a dose and time-dependent manner (Eleazu et al., 

2013; Meagher et al., 2007; Castro and Diehl, 2018).   

 

Another chemical hepatotoxic model includes oral administration of carbon tetrachloride 

(CCl4) which causes excessive oxidative stress in the hepatocytes through cytochrome 

P450 2E1 facilitated conversion of CCl4 to CCl3 (carbon tri chloride) which is a free radical 

and triggers oxidative necroinflammation. CCl3 enters the mitochondria and causes lipid 

peroxidation as it steals electrons from the lipids which results in the breakdown of the 

cell walls of the endoplasmic reticulum.  (Tsai et al., 2015; Van Heck,Vanghia and 

Francque, 2017). It’s also blocks apolipoprotein production which is required for binding 

triglycerides with lipids. In the absence of apolipoproteins, this binding does not occur, 

leading to hepatic steatosis. 

 

2.13.3 Genetic models of obesity and diabetes 

2.13.3.1 Ob/ob mice 

Lepob/Lepob (ob/ob) mice are leptin deficient caused by a spontaneous mutation of the 

leptin gene Ob (Lep). Leptin is also identified as the Ob gene positioned at chromosome 

number 7. The leptin resistant mice are called ob/ob mice. Leptin is an adipocyte-derived 

satiety, anorexigenic as well as peptide hormone secreted in relative amounts to body fat 

mass  (Facey, Dilworth, and Irving, 2017).  

 

Leptin inhibits fat synthesis and stimulates beta-oxidation of fat in adipose tissue and 

reduces appetite and increases energy expenditure by activating its receptors in various 

regions of the central nervous system (CNS), especially in the hypothalamus and 

brainstem (Pocai et al., 2005). A deficiency in leptin leads to morbid early-onset obesity 
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(Fatima et al. 2011), due to hyperphagia, hyperlipidemia, and reduced energy expenditure 

(Francisco et al., 2018). This model does not develop steatohepatitis unless secondary 

insults are activated such as manipulating their diet  (Ansteen and Goldin, 2006). 

A. Lean                     B. Obese 

 

 

 

                                             

 

 

 

 

 

 

Figure 2.10 Illustrative images of a lean (C57BL/6) and an obese ob/ob mouse. 
Hepatosteatotic changes in their liver histology is demonstrated by haematoxylin and eosin (200×) (Kanuri 
and Bergheim, 2013). 
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Figure 2.11 Role of leptin in energy homeostasis. 
Leptin secretion is proportionate to body fat mass, as it regulates energy balance by limiting fat mass, and 
by controlling food intake while promoting energy expenditure (beta oxidation). Deficiency of leptin activity 
enhances food intake, lessens energy expenditure and fat storage.  

   

2.13.3.1.2 Db/db mice 

The db/db mice have spontaneous mutations in the LEPR gene encoding for the leptin 

receptor (LEPR) ( Anstee and Goldin, 2006; Wang, Chandrasekera and Pippin, 2014). 

Leptin receptors are predominantly located in the hypothalamus of the brain. Therefore, 

although leptin is available in abundance in db/db mice, due to the mutation of the 

receptor, its signal is not translated into the cells, and particularly in the hypothalamus, 

the deficiency in leptin receptor leads to unrestrained feeding and excessive fat storage 

(Ortiga-Carvalho, Oliveira, and Pazos-Moura, 2002). As a result, this strain is 

characterised by hyperphagia, obesity and become spontaneously diabetic. The db/db 
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mice are good research models for studying NAFLD.  Late stages of NAFLD can be 

induced by provoking secondary insults using the MCD or high-fat diet (Ka et al., 2017). 

  

2.13.3.2 Atherosclerosis Models 

Atherosclerosis models consist of apolipoprotein deficient (ApoE−/−) mice and low-density 

lipoprotein receptor deficient (Ldlr−/−) mice (Van Herck, Vonghia and Francque, 2017). 

These models lack the LDL receptor gene which is required for the normal regulation of 

cholesterol  (Mailleux et al., 2017). Its core function is to eliminate excess cholesterol 

present in low density lipoproteins from plasma. Therefore, low-density lipoprotein 

receptor-knockout mice are predisposed to develop hypercholesterolaemia, 

atherosclerosis and obesity, which are risk factors for NAFLD development (Ma et al., 

2012). 

 

2.14 In vitro models for fatty acid metabolism 

Over the past decades, cell lines have gained growing attention as models for studying 

animal and human biology. Numerous cell models/types have been employed to study 

liver metabolism (Brandon et al., 2003). Fully characterized in vitro models are required 

to ascertain a suitable environment to assess the development of the disease (Poteser, 

2017). Therefore, this section of the thesis focuses on the different types of models that 

could be used to study liver fatty acid metabolism depending on the objectives of the 

study. 

 

2.14.1 Primary cell culture  

Cells that are directly isolated from tissues or organs are referred to as primary cells (Van 

de Bovenkamp et al., 2007). This approach was discovered in the 1960s (Howard et al., 

1967). Due to the complexity of its methodology, it was only applied in the 1970s. The 

downfall about this model is its availability, phenotypic instabilities, cryopreservation 

techniques and its lifespan, which is generally only 4 hours after isolation. The use of 

special culture methods such as embedding in matrix can extend the primary cell lifespan 
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and its phenotype stability up to a number of days (Mathijs et al., 2009;  Brandon et al., 

2003).  

 

In vitro hepatocytes exhibit normal de novo pathways based on their response to external 

stimulus, such as fatty acid supplementation, leading to excessive triglyceride 

accumulation and secretion (Parafati et al., 2018). The cells used include hepatocytes 

isolated directly from NAFLD patients as well as Kupffer cells, stellate cells and iNKT 

cells. They are usually used as they imitate the in vivo setting (Kanuri et al., 2013). 

Hepatocytes have also been isolated from rodents and have similar limitations to human 

hepatocytes (Guillouzo, 1998). However isolation problems, ethical issues and limited 

culture time are major challenges as mentioned above (Howard et al., 1967).  

 

2.14.2 Immortalized cell line 

Immortalized cells, in contrast to primary cells, have been manipulated to grow and 

sustain a steady phenotype in culture. They can be cultured over several generations and 

are easy to cultivate and standardize (Green et al., 2017). Immortality is introduced by 

genetic manipulation of the primary cells. Some of these cells have been immortalized 

using 3T3 protocol where specific immortalized genes are transferred to induce clearly 

defined alterations. The disadvantage of this method is alteration of the cellular processes 

which might affect the pathways to be experimented. However, immortalization using 

gene SV40 virus large T-antigen (TAg) overcomes the downfalls of 3T3 protocol. Cell 

lines immortalized using this method have been shown to be advantageous (May, 

Hauser, and Wirth 2004).  

 

2.14.2.1 Liver tumour cell line 

Hepatoma cells are spontaneously immortalized having undergone genetic manipulation 

to resist senescence. These are the most commonly used hepatic cell lines used to 

investigate the effects of extracts and anti-cancer drugs due to their stability (Kaur et al., 

2018). HepG2 cells are differentiated from a cell line derived from 15-year adolescent 
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liver tissue expressing hepatic carcinoma and are commonly used as they exhibit several 

liver-specific characteristics without any alterations. 

 

Wang et al., (1988) demonstrated that HepG2 cells’ secretion of dense triglycerides more 

closely resemble LDL, instead of VLDL, lipoproteins seen in human hepatocytes, and this 

accounts for the high susceptibility for fat accumulation in HepG2 cells. C3As are a sub-

clonal derivative of the HepG2 cell line and mostly share its characteristics.  Vendel 

Nielsen et al., (2013) demonstrated that genes participating in cholesterol metabolism 

were highly upregulated in HepG2 cells by elaidic acid 

 

2.14.3 Co-culture models 

Many in vitro approaches have been established where multiple cell types are cultured 

simultaneously to imitate in vivo settings. Kupffer cells, macrophages found in the 

sinusoids of the liver, play a major role in hepatic injury and the sepsis response. 

However, there have been difficulties encountered regarding their adherence during 

culturing (Alabraba et al., 2007). Kupffer cells have been shown to be involved in 

improving lipid metabolism. Hence, simultaneous incubation of Kupffer cells with 

hepatocytes might be of great use to reduce triglyceride accumulation (Nishikawa et al., 

2008). Endothelial cells play a vital role in regeneration and inflammation. Their core 

function is to exchange lipids between blood and sinusoidal regions of the liver and, as a 

result, their co-culture aids in retaining the differentiated role of hepatocytes  (Bale et al., 

2014). 

 

2.15 Therapeutic interventions for non-alcoholic fatty liver disease 

2.15.1 Diet and lifestyle modification 

Presently no medication is available to cure NAFLD. However, proper guidance and 

lifestyle changes contribute significantly to reversing early stages of fatty liver (Takahashi 

et al., 2015; Sumida and Yoneda, 2017). Based on studies conducted by Bril and Cusi, 

(2017), this approach (diet and lifestyle modification) is considered as the primary 
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treatment in the management of hepatic steatosis. For this reason, it is of paramount 

importance to moderate lifestyle risk factors (Romero-gómez, Zelber-sagi, and Trenell, 

2017). 

 

2.15.2 Pharmacological agents 

Various therapeutic agents have been intensively studied for the treatment of NAFLD. 

However, most of the therapeutic research focuses on treating NAFLD indirectly i.e. 

treating risks factors for NAFLD as listed below. (Bril and Cusi, 2017; Lomonaco et al., 

2013). 

 

2.15.2.1 Insulin sensitizers 

Insulin resistance is a major contributor to the pathogenesis of NAFLD (Takahashi et al., 

2015) hence insulin sensitizers have been studied as potential therapeutic agents to 

target NAFLD. Among those insulin sensitizers are thiazolidinediones (TZDs) including 

rosiglitazone and pioglitazone. TZDs are ligands for PPAR-γ, a transcriptional factor that 

plays a significant role in the regulation of glucose and lipid metabolism, as well as in 

inflammation (Soccio, Chen and Lazar, 2014). 

 

PPAR-γ regulates metabolic pathways in various tissues. Pioglitazone binds and 

activates the receptor leading to activation of the RXR receptor in the nucleus of 

adipocytes. This regulates gene transcription by binding to a specific DNA site, leading to 

an increase in tissue sensitivity to insulin and consequently increases glucose uptake in 

muscle and adipose tissue  (Soccio, Chen and Lazar, 2014). Pioglitazone also causes a 

decrease in hepatic glucose production and an increase in hepatic glucose uptake 

(Chang, Park, and Park, 2013).  

 

Considering the study relationship  between insulin-resistance and NAFLD, any attempt 

to improve insulin sensitivity might be of therapeutic importance in NAFLD patients 
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(Mazza et al., 2012). Metformin is a first line anti-hypoglycaemic drug that acts by 

reducing energy stores of ATP, which increases the activity of the AMP-dependent protein 

kinase (AMPK) enzyme (Rouabhia, Milic, and Abenavoli, 2014). Activated AMPK 

stimulates glycogen storage in skeletal muscle, decreases hepatic glucose production, 

decreases blood glucose levels and finally increases tissue sensitivity to insulin  (Inzucchi 

et al., 2015). 

 

2.15.2.2 Antioxidants 

Due to the existing correlation between oxidative stress and the progression of NAFLD, 

pharmacological agents aiming to ameliorate oxidative stress have been extensively 

studied. Vitamin E is a potent fat-soluble antioxidant that moderates oxidative stress in 

NAFLD patients. It donates a hydrogen atom from its hydroxyl group to counterbalance 

free radicals  (Hadi, Vettor, and Rossato, 2018). A study conducted by Sanyal et al., 

(2010) showed that vitamin E improved histological features by 37% in patients receiving 

vitamin E. However, it had no effect on portal inflammation. 

  

2.15.2.3 Lipid-lowering drugs 

Altered hepatic cholesterol metabolism plays a crucial role in the pathogenesis of NAFLD 

(Arguello et al., 2015). Hence this has been another targeted approach for treating 

NAFLD. The production of cholesterol is facilitated by HMG-CoA reductase, an enzyme 

which converts HMG-CoA to mevalonate. Statins are lipid-lowering agents that inhibit 

HMG-CoA reductase, lowering the production of cholesterol by the liver. Due to the 

absence of persuasive histological data, statins have not been fully considered as a 

therapeutic agent to treat NAFLD (Cioboată et al., 2017). Based on this, statins are not 

recommended as a treatment for NAFLD. Additionally, side effects have been noted with 

consumption of statins including liver and muscle injury (Pappachan et al., 2017). 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sanyal%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=20427778
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2.15.2.4 Pentoxifylline 

Obesity and insulin resistance are the leading causes of NAFLD. Pro-inflammatory 

cytokines such as TNF-α play a critical role in both obesity and insulin resistance (Kang 

et al., 2016). Pentoxifylline is a methylxanthine compound and a non-selective 

phosphodiesterase inhibitor that produces vasodilatory effects (Ye et al., 2016). 

Pentoxifylline exhibits its pharmacological role by inhibiting the synthesis of TNF-α. A 

study conducted by Du et al. (2014) shows that pentoxifylline reduces plasma TNF-α and 

IL-6 levels. It also significantly reduces ALT and AST in patients with NASH compared to 

the placebo or UDCA groups. 

 

2.15.2.5 Medicinal herb/natural products (polyphenols) 

Plant-based or natural therapies are generally perceived to be safe and effective in 

managing metabolic disease (Malviya, Jain, and Malviya, 2010). The efficacy of herbal 

medicine has been extensively studied as potential therapeutic agents to ameliorate and 

protect against NAFLD. Generally natural products are deemed to be effective and exhibit 

a low risk for side effects (Ferramosca et al., 2017). Polyphenols, that are the plant’s 

secondary metabolites, are frequently explored for their anti-oxidant and anti-

inflammatory potential (Takahashi et al., 2015).  

 

Herbal medicines, especially flavonoid-containing/centered therapeutic agents such as 

silybin, green tea and the isoflavones, quercetin and rutin, have antioxidant, anti-

inflammatory and weight regulation properties ( Van De Wier et al., 2017). These 

properties have drawn attention to herbal medicines as potential therapeutic agents for 

treating NAFLD. Green rooibos has demonstrated similar properties as discussed in 

section 2.16.1. Hence the motivation of this study originated from the findings on herbal 

medicines properties. 
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2.16 Rooibos (Aspalathus linearis) 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 Distribution of rooibos. 
 A geographical map illustrating the production and distribution areas of Aspalathus linearis in the Western 
Cape Province of South Africa (Johnson et al. 2018).  
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2.16.1 Overview of Aspalathus linearis (Rooibos)  

Aspalathus linearis (Botanical name; Aspalathus linearis (Burm.f.) R.Dahlgren), also 

known as rooibos, is a fynbos shrub that grows naturally in the Cederberg Mountain area, 

of the Western and Northern Cape Provinces of South Africa (Joubert and De Beer, 

2011). Rooibos is commercially cultivated and widely consumed as a hot beverage 

lacking caffeine and having low quantities of tannins. It is a rich source of health promoting  

phenolic compounds such as the C-C-linked dihydrochalcone glucoside, aspalathin 

(Joubert et al., 2016), that is unique to the Aspalathus species.  

 

Aspalathus linearis, primarily cultivated as a herbal tea, has a growing worldwide market 

share, that has been boosted by its health promoting properties (Mahomoodally, 2013; 

Van De Merwe, Beer and Joubert, 2015). Traditional rooibos tea (a fermented rooibos 

tea) is produced by oxidation of the cut and bruised leaves and stems to obtain the 

classical red-brown rooibos herbal tea. In contrast, unfermented rooibos tea (green 

rooibos) is rapidly dried to avoid oxidation and retain the antioxidant properties of its 

phenolic compounds (Joubert and De Beer, 2011)  Apart from aspalathin which is the 

major polyphenol, A. linearis also contains nothofagin, a structural analogue of aspalathin, 

and their flavone derivatives orientin, isoorientin, vitexin and isovitexin; as well as several 

other relevant bioactive polyphenolic sub-groups, such as the flavonols quercetin, 

isoquercetin and rutin and the flavanones chrysoeriol and luteolin (McKay and Blumberg, 

2006). Other bioactive compounds of interest include phenylpropenoic acid Z-2-(β-D-

glucopyranosyloxy)-3-phenylpropenoic acid (PPAG) and several other phenolic acids 

such as p-coumaric acid, caffeic acid, ferulic acid and chlorogenic acid (Muller et al., 

2013).  
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Figure 2.13 The picture showing cultivation of Rooibos plant. 
Agro-processing of rooibos (Aspalathus linearis) produces two forms of rooibos tea. Unfermented rooibos 
(A) and fermented rooibos (B) differ in taste and their polyphenolic composition (Johnson et al., 2018). 

 

 2.16.2 Aspalathin 

The dihydrochalcone C-glycoside, aspalathin (Figure 2.13) is the most abundant 

polyphenol present in Aspalathus linearis. Although the aspalathin content varies greatly, 

in rooibos material the mean content was shown to be ca. 3.6 g/100 g dried green plant 

material (Johnson et al., 2018).  Aspalathin is a strong antioxidant and therefore is quickly 

broken down during the fermentation process. Fermented rooibos only contains about 

7% of the original aspalathin content (Joubert, 1996). During the oxidation process 

aspalathin is oxidized to its flavone derivatives orientin and isoorientin via their respective 

flavanone precursors (Koeppen, 1965).   
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Figure 2.14 Chemical Structure of Aspalathin. 
Aspalathin (formula C21H24O11) is a member of 2'-hydroxy-dihydrochalcones described that is the 2-C-beta-
D-glucopyranide of phloroglucinol and which is substituted at position 4 by a 3-(3,4-dihydroxyphenyl) 
propanoyl group. 

 

 2.16.3 Therapeutic effects of aspalathin 

Apart from its antioxidant effects, aspalathin has been shown to have anti-diabetic 

(Kawano et al., 2009; Muller et al., 2012), hypolipidemic (Johnson et al., 2018; Najafian, 

Najafian and Najafian, 2016; Van der Merwe et al., 2015; Beltrãn-Debãn et al., 2011; 

Orlando et al., 2017) and anti-inflammatory activities (Canda, Oguntibeju, and Marnewick 

2014). At a molecular level, aspalathin was shown to enhance PI3K-mediated AKT insulin 

signalling, suppressed by palmitate, and the activation of AMPK, that increased glucose 

uptake via GLUT 4 (Mazibuko et al., 2015; Son et al., 2013). In addition, Son et al. (2013) 

demonstrated that aspalathin protected pancreatic beta cells against oxidative stress 

induced by artificial advanced glycation end (AGE) products. Aspalathin has also been 

shown to modulate the activation of pro-inflammatory transcription factor NF-κB by 

palmitate (Mazibuko et al., 2015) and lipopolysaccharide (LPS) (Lee et al., 2015). In 

addition, aspalathin was able to suppress TNF-α and IL-6 production induced by LPS in 

HUVEC cells and in mice (Lee et al., 2015).  

https://pubchem.ncbi.nlm.nih.gov/compound/beta-D
https://pubchem.ncbi.nlm.nih.gov/compound/beta-D
https://pubchem.ncbi.nlm.nih.gov/compound/phloroglucinol
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Activation of NF-κB promotes the production of pro-inflammatory cytokines which 

promote metabolic dysfunction and play a central role in the pathogenesis of NAFLD 

(Reddy and Rao, 2006). The increased inflammatory cytokines, FFAs and associated 

ROS perpetuates NF-κB activation and leads to further liver damage (Ponmari et al., 

2014). Flavonoids, including aspalathin, enhance endogenous intracellular antioxidant 

defences by increasing the expression and binding of the stress response transcription 

factor Nrf2 to the anti-oxidant response elements (ARE), promoting the transcription of 

antioxidant enzymes, such as GSH, SOD and UCP-2 ( Son et al., 2013; Johnson et al., 

2018; Yang, Gadi and Thomson, 2010) 

 

Aspalathin positively effects lipid metabolism in the liver. Aspalathin enhances CPT-1 

expression, thereby increasing beta oxidation and, by activating AMPK de novo, reducing 

lipid synthesis. (Van De Wier et al., 2015). Activating AMPK inhibits liver X-receptor-α 

(LXRα) and sterol regulatory element-binding protein-1c (SREBP-1c) transcription, 

suppressing the expression of the lipogenic enzymes fatty acid synthase (FAS), 

glucokinase (gk) and acetyl-coenzyme A carboxylase (ACC) (Ferre and Foufelle, 2010).  

 

2.16.4 Hepatoprotective role of Rooibos and aspalathin  

Several studies, using different modalities to induce liver damage, have been conducted 

to demonstrate the hepatoprotective potential of rooibos. A study conducted by Uličná et 

al., (2003) looked at the hepatoprotective role of green rooibos tea against liver injury 

induced by carbon tetrachloride (CCl4) in male Wistar rats. The results revealed that rats 

which had free access to rooibos tea decreased CCl4-induced steatosis up to 73%. The 

effect of rooibos was comparable to the N-acetyl-L-cysteine used as a positive control. 

 

 A study by Ajuwon et al. (2013) used tert-butyl-hydroperoxide (t-BHP) to induce oxidative 

hepatotoxicity. Fermented rooibos extract decreased liver marker enzymes, prevented 

lipid peroxidation and improved antioxidant enzymes   (Ajuwon et al., 2013). Another 

study by the same group in 2014 demonstrated the protective role of fermented rooibos 
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against lipopolysaccharide (LPS) induced liver injury in male Wistar rats. Rooibos 

treatment reduced liver injury by modulating oxidative stress and suppressing pro-

inflammatory cytokines (Ajuwon, Oguntibeju and Marnewick,2014). 

 

A study conducted by Van der Merwe et al. (2015) investigated the role of unfermented 

rooibos on the antioxidant homeostasis in the liver of male Fischer rats. The results 

demonstrated that rooibos can alter glutathione homeostasis in a time and dose related 

manner. The authors speculated that the protective responses by rooibos against 

oxidative stress in the liver could be mediated by increasing the expression of Nqo1 and 

Gpx2, both targets for Nrf2 (Van der Merwe et al., 2015). 

 

2.16.5 Hepatotoxicity role of Rooibos 

Most studies have focused on the protective and beneficial roles of rooibos. However, 

recently, Sinisalo, Enkovaara and Kivistö. (2010) presented a case study reporting 

possible hepatotoxicity of rooibos. A 42-year-old woman treated for low-grade β -cell 

malignancy presented with minor steatosis on ultrasound. The steatosis could not be 

attributed to alcohol or other medication; however, she had started drinking rooibos for 

the two weeks before her medical examination. She was instructed to abstain from 

drinking rooibos and her liver enzymes normalized within a week. The authors concluded 

that causality could either be attributed to herb-drug interaction of rooibos or by rooibos 

contaminated with another hepatotoxic compound. 

  

A poster presentation in San Francisco 15-18 June, (2013) at the 95th Endocrinology 

Society conference presented a second case study related to hepatoxicity and rooibos. 

A 52-year old male patient with hyperlipidemia on treatment with atorvastatin presented 

with jaundice and elevated liver enzymes. The patient confessed to have been consuming 

rooibos for three months. As the jaundice and liver enzymes normalized, after the patient 

stopped drinking rooibos, the authors concluded that high consumption of rooibos was 

responsible for the observed hepatotoxicity.  
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In our group, a study conducted by Buthelezi (2017) (unpublished M.Sc. thesis) 

investigated the potential hepatotoxicity of GRT in a sub-chronic toxicity study using 

Sprague Dawley rats and in vitro using C3A cells. The results demonstrated that at a high 

concentration (1 mg/mL), GRT extract was cytotoxic in vitro. Similar results were 

observed in vivo where a high dose (300 mg/kg BW) showed mild toxicity of the liver by 

histology.  

As mentioned above, the beneficial versus harmful effects of rooibos on the liver is related 

to dose and time. At therapeutic doses, rooibos has positive effects that enhance the 

endogenous anti-oxidant defenses. However, at high doses over extended periods, it 

elicits a pro-oxidant effect that depletes the endogenous anti-oxidants. These 

assumptions are supported by Buthelezi, (2017) and the Van der Merwe et al. (2015) 

study that showed that after 28 days of treatment with a green rooibos extract, liver GSH 

levels were increased and after 90 days the levels were decreased (Van der Merwe, De 

Beer and Joubert, 2015). 
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CHAPTER THREE 

MATERIALS AND METHODS 

 

The chapter comprises of two sections: A and B.  

Section A is in-vitro work. 

Section B is in-vivo work. 
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3.0 METHODS 

3.1. Cell Culture 

3.1.1 Materials 

The human derived hepatoma C3A cell line (Cat No: CRL-10741) was purchased from 

the American Type Culture Collection (ATCC) (UA, USA). All cells used for this study 

were derived from the original stock of passage 12 and further experiments were limited 

to less than 5 additional passages. Afriplex GRT™ green rooibos extract (GRT), 

containing approximately 12% aspalathin, was kindly provided by Afriplex (Pty) Ltd, Paarl, 

South Africa. All other materials, suppliers and product numbers are listed in Appendix A. 

   

3.1.2 Thawing of cells 

Cryopreserved C3A cells, stored under nitrogen, were thawed at 37 °C in a preheated 

water bath. Once thawed, the cells were transferred to a 50 ml tube containing 16 ml of 

pre-warmed Eagle's Minimum Essential Medium (EMEM) complete growth media 

supplemented with 100 mM sodium pyruvate, 1 % non-essential amino acids (NEAAs), 

10 % foetal bovine serum (FBS) and 2 ml glutamine; then gently mixed by repeated 

pipetting. Thereafter, cells were transferred to a 75 cm2 cell culture flask and incubated in 

humidified air with 5 % CO2 at 37°C. The cell media was refreshed every second day and 

the cells cultured until 70-80 % confluency.  

 

3.1.3 Trypsinization 

Upon reaching 70-80 % confluency, cells were rinsed with 8 ml of pre-warmed Dulbecco’s 

phosphate buffered saline (DPBS) and incubated with 2 ml of trypsin/versene under 

standard tissue culture conditions (37°C, 5 % CO2 in humidified air) until the cells were 

dislodged from the cell culture flask (5-7 min). Dislodgement of cells was confirmed 

through visual observation under an inverted light microscope (CKX 41, Olympus; 

Melville, NY, USA). Thereafter, trypsinization was ended with the addition of 8 ml of pre-

warmed EMEM growth media supplemented with 10% FBS. A single cell suspension was 

achieved by repeated pipetting and the cell suspension centrifuged at 800 × g (SL 16R 
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Thermo Fisher Scientific, Waltham, MA, USA) for 5 min. After centrifugation, the 

supernatant was removed and the cell pellet was re-suspended in 10 ml of pre-warmed 

EMEM growth media. Prior to seeding, cell density was determined and adjusted as 

described in section 3.1.4.  

 

3.1.4 Counting of cells 

The number of viable cells was determined by a manual counting technique using an 

improved Neubauer haemocytometer, containing two identical cover slipped counting 

chambers into which a small volume of cell suspension is added and viewed under an 

inverted microscope. Briefly, 10 µl of cell suspension was transferred into a micro 

centrifuge tube and trypan blue solution was added. The cells/trypan blue mixture was 

placed into the chamber, viewed and counted using an inverted light microscope at 100 

x magnification. Each counting chamber is divided into a grid pader consisting of nine 

squares. The rules of counting cells differ from lab to lab, however in our lab we counted 

four corner squares as shown in Figure 3.1. The number of cells were calculated using 

the following formula:  

No. of cells = number of cells counted/number of squares × 2 × 10 000.  

Dead cells were distinguished from the live cells using trypan blue. In dead cells, the dye 

passes through the cell membrane and the cells appear blue under the microscope. For 

this study only the culture yielding >95% cell viability was used for further culturing.  

 

Figure 3.1 : Cell counting chamber. 
Squares labelled 1-4 represents designated sites on which cells were counted. 
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3.1.5 Freezing cells  

After obtaining the number of viable cells, cells were harvested by centrifugation at 800 × 

g for 5 min. The supernatant was discarded, and the cells were re-suspended in sterile 

freezing cold EMEM with 7% DMSO, at a volume ratio required to achieve 1 × 106 cells/ml. 

The cell suspension (1 ml) was aliquoted per cryotube and kept on ice. Cells were then 

kept at -80 °C overnight and transferred to liquid nitrogen the following day for long-term 

storage. 

 

3.1.6 Sub-culturing of cells 

C3A cells were seeded in 75 cm2 culture flasks at a density of 5.5 x 104   cells/ml. A total 

volume of 18 ml of pre-warmed growth media was added to the cells. Cells were then 

incubated at 37 °C in 5% CO2 and humidified air for three days until the cells were 

approximately 70-80% confluent. Media was refreshed every 48 hrs. 

 

3.1.7 Seeding in multi-well plates 

After establishing the number of viable cells, as described in section 3.1.4. C3A 

hepatocytes were seeded at the respective seeding densities as indicated in Table 3.1 

for further experimental purposes, followed by incubation at 37 °C for four days.  

 

Table 3.1: Seeding of C3A hepatocytes in multi-well plates 

Multi-well plate 
Seeding density 

(cells/well) Volume (µl) 

96 11x10^3  100 

6 2x10^4 3000 
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3.1.8 Preparation of treatments and treating of cells 

3.1.8.1 10 mM oleic acid (Stock solution) 

3 488,3 μl BSA in EMEM (0.9 g BSA was weighed and dissolved in 45 ml of pre-warmed 

EMEM) was added to 11,7 μl (3M) oleic acid to make up a 10 mM stock solution. The 

BSA/oleic acid stock was allowed to conjugate in a water bath at 37°C for 2 hrs before 

treating. 

 

3.1.8.2 Preparations of working concentrations of oleic acid (for dose-response) 

Different concentrations of the conjugated oleic acid (0.125, 0.25, 0.5, 0.75, 1 and 2 mM) 

used in this study were prepared using the dilution equation below: 

C1V1=C2V2 

where C1 is concentration of oleic acid stock solution (10 mM), V1 unknown volume of 

oleic acid, C2 desired concentration of oleic acid and V2 is the desired final volume of 

medium. 

 

3.1.8.3 1 mM oleic acid (for inducing steatosis) 

After conducting dose response experiments, a suitable concentration of oleic acid was 

selected to induce steatosis, and prepared for two of three treatment conditions as 

follows: 1600 μl of 10 mM stock solution was added to 14,400 μl (EMEM without BSA) to 

make up 1 mM oleic acid, and kept in a water bath (37°C) until further use. For the second 

condition (oleic acid and treatment), the same method was followed using half the volume 

of EMEM.  

 

3.1.8.4 Afriplex GRT™ green rooibos extract (GRT) 

Two milligrams of GRT was dissolved in 2 ml of medium (EMEM) to make up a stock 

solution (1000 μg/ml), followed by serial dilutions as shown in Figure 3.2 for the first and 

third condition (controls and post-treatments). For the second condition (simultaneous 
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treatments), incubating both oleic acid and the treatments, the same method was 

followed but with half the volume of EMEM.  

 

 

2 ml Stock solution    1800 μl EMEM                        1800 μl EMEM                      1800 μl EMEM                      

1000 μg/ml   GRT               100 μg/ml   GRT                       10 μg/ml GRT                      1 μg/ml GRT 

 

Figure 3.2: A graphical representation of the preparation of 10-fold serial dilutions of GRT for 
experiments. 

 

3.1.8.5 Pioglitazone 

A volume of 12,5 μl of 10 mM pioglitazone stock solution was diluted with 4 987,5 μl 

EMEM to make up 25 μΜ pioglitazone working solution.   

 

3.1.9 Steatosis induction in C3A cells 

3.1.9.1 Establishing in vitro steatosis model    

The C3A liver cells (11x103 cells/well) were incubated with increasing concentrations of 

oleic acid (0.125, 0.25, 0.5, 0.75 1 and 2 mM) for 24 and 48 hrs respectively in 96 multi-

well plates. After incubation, an Oil Red O (ORO) assay was performed to visualize 

intracellular lipid content induced by oleic acid. Based on this dose and time response, 

the most suitable non-toxic concentration and time for steatosis induction was selected, 

for further treatment with respective concentrations of GRT as well as pioglitazone as 



 

55 
 

described below. 

Six plates were subjected to different treatments depending on the three conditions as 

described below 

 

3.1.9.2 Afriplex GRT treatment of normal cells 

According to the experimental plate layout in Figure 3.2, two 96 multi-well plates (one for 

MTT assay and the second one for ORO) were treated for 24 hrs with three different 

concentrations of GRT (low, middle and high dose) as well as pioglitazone which was 

used as a reference known to modulate fat accumulation.  The vehicle control was left 

untreated.  

 

3.1.9.3 Steatotic groups with treatment (Simultaneous and Post-treatment groups) 

Treatment of cells, exposed to oleic acid for 24 hrs, was preformed either in the presence 

of the oleic acid (simultaneous treatment group) or treated after the induction of steatosis 

with oleic acid for 24 hours, followed by various treatments in the absence of oleic acid 

for 24 hrs (post-treatment group). Simultaneous and post-treatments were prepared and 

applied according to the plate layout illustrated in Figure 3.3 

 

 

Figure 3.3: Plate layout. 
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The outer wells (grey) contain DPBS to maintain the rate of evaporation in the plate. Treatments were 
applied to the inner wells as per the illustration. 

   

 3.1.10 In vitro bioassays   

The assays conducted include determination of cell viability using MTT assay and lipid 

content evaluation using Oil Red O assay as described in the following sections. 

 

3.1.10.1 Oil Red O Assay 

To quantify intracellular lipid content, cells were stained with Oil Red O (ORO) after 

treatment. Oil Red O is a hydrophobic dye that is more soluble in lipids than the solvent, 

resulting in the uptake of the dye by fats and lipids (Lillie et al., 1943). For the assay, the 

culture media was removed, and the cells were rinsed with pre-warmed PBS and then 

fixed with 10% (v/v) neutral buffered formalin for 15 min at room temperature. The formalin 

was removed by rinsing twice with PBS and the cells were then stained with 0.7% (v/v) 

ORO staining solution (prepared as shown in appendix 6.5) for 30 min at room 

temperature. 

 

 After staining, cells were washed three times with double distilled water and visualized 

using an inverted light microscope at 40X magnification and images were taken to 

quantify intracellular lipid accumulation. Quantitative estimation of lipid accumulation was 

performed by adding 50 μl of isopropanol to the cells of the dye elution retained by cells 

for 2 min. Thereafter, the eluted ORO stain was transferred to a micro assay plate and 

the optical density measured at 490nm using a BioTek® ELx800 plate reader. 

 

To normalize cell numbers to lipid content, crystal violet staining was measured according 

to the method described by Sanderson et al. (2014). Briefly, after performing the ORO 

assay, the cells were washed with 70% (v/v) ethanol and the cells were stained with 0.5% 

(v/v) crystal violet (CV) working solution for 5 min. After staining, CV was aspirated 

completely, and the cells washed thrice with PBS. To extract CV stain from cells, 70% 
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ethanol was added, and optical density was measured at 570 nm using a BioTek® 

ELx800 plate reader. ORO was normalized to CV values and expressed as a percentage 

relative to the vehicle control. 

 

3.1.10.2 The 3-[4, 5-Dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium bromide (MTT) 

assay   

The effects of oleic acid (used to induce steatosis) and GRT on cell viability was 

determined using 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium (MTT) colorimetric 

assay. The MTT method described by Mosmann (1983) is based on the production of a 

purple formazan by enzymatic action of mitochondrial dehydrogenase of viable cells. The 

product is insoluble in aqueous solutions (Weyermann et al., 2005). 

 

Briefly, 2x104 cells/well were seeded in 96 multi-well plates and treated with GRT extract 

in the presence or absence of oleic acid for 24 and 48 hrs. Briefly, after aspirating the 

media and washing the cells with 100 µl pre-warmed DPBS, 100 µl of 2 mg/ml MTT 

solution (prepared as shown in appendix 6.5) was added to each well and incubated at 

37 °C in humidified air with 5% CO2 for 30 min.  Thereafter the MTT solution was aspirated 

and a mixture of 200 µl of 100% DMSO and 25 µl of Sorenson’s glycine buffer were added 

to dissolve the formazan product. Optical density was measured at 570 nm using the 

BioTek® plate reader ELx800 and the Gen 5 software. Results were expressed as a 

mean percentage relative to the control set at 100%.  

 

3.1.11 RNA isolation and Real-time quantitative reverse transcription polymerase 

chain reaction  

The effect of aspalathin enriched green rooibos extract was evaluated on the mRNA 

expression of genes involved in inflammation, glucose and lipid metabolism. 
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3.1.11.1 Harvesting of cells  

After treatment as described above in subsection 3.1.9, cells were washed with 0.5 ml 

DPBS and lysed by adding 1 ml Qiazol lysis reagent for 5 min. The cells were scraped 

from the plate using cell scrapers and wells were pooled in triplicates in 2 ml Eppendorf 

tubes and stored at -80 ºC until analysis. 

 

3.1.11.2 RNA extraction  

Sterile stainless-steel beads were added to 2 ml Eppendorf tubes containing the cells and 

homogenized using the Qiagen tissue lyser for 1 min at 25 Hz. This was repeated 4 times 

and samples were alternated between 1 min in the Tissue Lyser and 1 min on ice. The 

homogenate was then centrifuged at 15 000 x g at 4 ºC for 1 min and the supernatant 

was transferred to a 1.5 ml tube.  A volume of 0.2 ml chloroform was added per ml of 

Qiazol initially added for harvesting, followed by brisk shaking for 15 min on a shaker and 

then re-centrifuged at 15 000 x g at 4ºC for 15 min. While avoiding destruction of phases, 

the upper aqueous phase was transferred into a new 1.5 ml microcentrifuge tube, 0.5 ml 

of isopropanol was then added before mixing and overnight incubation at -20ºC. 

On the following day, the samples were centrifuged at 15 000 x g for 30 min at 4 ºC, the 

supernatant discarded and 1 ml of 70 % ethanol added to the pellet before re-centrifuging 

at 15 000 x g for 10 min at 4 ºC. The supernatant was removed and the tubes were blotted 

on a paper towel. The ethanol step was repeated. However, this time the RNA pellet was 

left to air dry in a pre-cleaned hood for 30 min. After the pellet was completely dry, it was 

then dissolved in 100 µl RNase-free water, mixed and then incubated for 10 min at 55 ºC 

on a heating block. 

  

3.1.11.3 RNA integrity  

RNA quantification and purity were assessed using Nanodrop ND-100 which usually 

determines both RNA and DNA concentrations within 1 µl samples with high accuracy in 

a 260/280 nm ratio format. A ratio of 2.0 is considered pure for RNA and 1.8 for DNA. If 

the ratio is lower, that indicates contamination (e.g. protein, phenol or other contaminants) 
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(Nanodrop Technologies, Wilmington, DE, USA). The quantification was initiated by 

cleaning the pedestal, followed by blanking with RNase-free water. RNA was then 

measured by loading 1 µl of the sample onto the pedestal and the absorbance measured.   

Each sample aliquot was read in duplicate and the average of the two readings was used. 

   

3.1.11.4 DNase treatment 

This step was performed to eradicate contaminating genomic DNA to preclude its 

interference with gene expression. RNA samples were DNase treated using TURBO 

DNA-free kit (Ambion by life technologies) as per manufacturer’s instruction. Briefly, 5 µl 

of DNase buffer and 1 µl of DNase were added to the RNA sample making up a final 

volume of 50 µl, mixed and incubated at 37ºC for 30 min. After the incubation period, 

another 1µl of DNase was added and reincubated for another 30 min. A volume of 10 µl 

of inactivation reagent was added and the tubes were then placed on an orbital shaker 

for 5 min at room temperature (25 ºC), followed by centrifugation at 10 000 x g for 1.5 

min. After centrifuging, RNA was transferred into a new tube and RNA concentrations 

were determined using nanodrop as described 3.1.11.3  

 

3.1.11.5 Reverse transcription/cDNA synthesis 

Total RNA was reverse transcribed into a single‐stranded complementary DNA (cDNA) 

using the High-Capacity cDNA kit (Applied Biosystems, Foster City, CA, USA), according 

to the manufacturer’s instructions. Briefly, nuclease-free water was added to DNase 

treated samples to make a volume of 10 µl. Thereafter a high-capacity cDNA reverse 

transcription kit (Applied Biosystem) was used to generate cDNA as per manufacturer’s 

instructions. Negative and positive reverse transcriptions were prepared as shown in 

Table 3.2 

 

Table 3.2: components of reverse transcription  

Component 
Volume/reaction(µl) 

RT Positive RT Negative 
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3.1.11.6 Testing cDNA 

To test cDNA for genomic DNA contamination, cDNA generated from positive and 

negative RT were amplified using both reverse and forward primers. A reaction mix, 

containing 12.5 µl SYBR Green master mix (Applied Biosystems), 1 µl ActB reverse and 

forward primers (10 µM) and 9.5 µl nuclease free waterwas added to a final volume of 24 

µl as shown in Table 3.3. The reaction mix was upscaled according to the number of 

samples to be analyzed.  

 

Twenty-four microliters of the reaction mix was pipetted into a 96 well PCR plate (Applied 

Biosystems) and topped up with 1 µl of undiluted cDNA (RT positive or negative). The 

plate was covered with a plate cover, centrifuged and mixed on a plate shaker for 5 min. 

The PCR reaction was conducted using Sequence Detection System Instrument ABI 

7500 (Applied Biosystems) 

 

 

 

Table 3.3: Reaction mix components to determine genomic DNA contamination. 

PCR reaction Volume (µl) 

2x master mix 12.5 

Beta Actin forward primer (10 µM) 1 

Beta Actin reverse primer (10 µM)  1 

Nuclease-free water 9.5 

10x RT buffer  2 2 

25x dNTP mix 0.8 0.8 

10x random primers 2 2 

RNase inhibitor  1 1 

Nuclease-free water  3.2 4.2 

Reverse Transcriptase 1 0 

Total volume 10 



 

61 
 

Cdna 1 

Final volume 25 

 

3.1.11.7 Quantitative real-time PCR 

TaqMan® gene expression assays, as shown in Table 3.4, were used in this study to 

assess the effects of aspalathin enriched green rooibos extract on the expression of 

genes involved in inflammation, glucose and lipid metabolism. The PCR master mix 

consisted of 5 µl of TaqMan® universal PCR master mix from Applied Biosystems, 0.5 µl 

TaqMan® gene expression assay and 3.5 µl of nuclease-free water, to a final volume of 

9 µl. The mix was scaled up according to the samples to be analyzed. Thereafter, 9 µl of 

PCR master mix was added in a 96 well PCR plate (Applied Biosystems) followed by 1 µl 

of cDNA as shown in Table 3.5. This was then covered with a plate cover (Applied 

Biosystems) and centrifuged on a microplate centrifuge. Thereafter, the plate was placed 

on an orbital shaker for 5 min to allow for mixing. 

 

 A standard curve was prepared from cDNA samples (control groups) diluted with 

nuclease-free water (1:5 ratio). Real Time PCR was performed using ABI 7500 on cDNA 

and housekeeping genes were used for normalization. The relative change in gene 

expression was determined using the ΔΔCT method. All kits in this study were used as 

per manufacturer’s instruction. Gene expression was analyzed in duplicate. 

 

 

Table 3.4: TaqMan® gene expression assays used for Quantitative real-time PCR in C3A cells 

Assay name Assay number Species 

Peroxisome proliferators-activated receptor-Alpha 
(PPARα) Hs01115513_m1 Human 

Fatty acid synthase (FASN) Hs001204974_m1 Human 

Sterol regulatory element binding protein (SREBP-1) Hs00550338_m1 Human 
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Carnitine palmitoyl transferase-1 (CPT-1) Hs00912671_m1 Human 

Tumor necrosis factor (TNF)  Hs00174128_m1 Human 

Glucokinase (GCK) Hs00386984_m1 Human 

                                                        Housekeeping genes Assay number Species 

Beta Actin Hs01060665_m1 Human 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Hs02758991_m1 Human 
 

 

        Table 3.5: PCR master mix for RT PCR reaction 

PCR reaction Volume (µl) 

2x Master mix 5 

Probe assay 0.5 

Nuclease-free water 3.5 

cDNA 1 

Final Volume 10 

 

3.1.12 Statistical analysis 

The quantitative results were presented as mean + SEM of triplicate experiments.  

Statistically significant values were compared using one-way analysis of variance 

(ANOVA) followed by Dunnett’s post hoc analysis, and p<0.05 was considered significant 

using pro-graph GraphPad Prism 5.0. 

 

Section B 

3.2 In vivo 

The in vivo effects of GRT on liver steatosis were assessed using male C57BLKS db/db 

mice as an animal model of NAFLD. The db/db mice have a leptin receptor deficiency.  

They become obese due to persistent hyperphagia and spontaneously develop diabetes 

and associated liver steatosis similar to patients with NAFLD. 
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Animals were treated with two different GRT extracts and pioglitazone was used as a 

positive control. After treatment, liver tissue was harvested for histology, and key 

steatogenic genes and proteins were accessed by RT-PCR and Western blot, 

respectively.  

 

3.2.1 Ethical approval 

Ethics Committee for Research in Animals at the Medical Research Council of South 

Africa (SAMRC-ECRA REF.05/17, see appendix 6.2) approved the animal study 

protocols. This study was performed in accordance with the guidelines of the South 

African Medical Research Council as defined in Guidelines on Ethics for Medical 

Research. Additionally, ethical clearance was obtained from the University of Zululand 

Committee on Animal Research and Ethics (UZREC 171110-030, see appendix 6.1). 

 

3.2.2 In vivo model of NAFLD 

Our study used 64 C57BLKS db/db mice obtained and housed at the SAMRC Primate 

Unit & Delft Animal Centre. At approximately four weeks of age, the mice prone to obesity 

were identified as mice homozygously expressing the diabetes spontaneous mutation 

(Leprdb). The identified mice were housed in pairs with free access to water and food, a 

controlled temperature (23-24 ̊C) and a relative humidity of 50 % with 12 hrs light/dark 

cycle.  

 

All animals were acclimatized to the experimental environment for 6 weeks with body 

weights assessed weekly. After the acclimatization period, mice were randomised into 

four treatments groups (n = 8/ group). Lean C57BLKS db/+ litter mates were included as 

controls. GRT was administered with food at doses of 70 mg/kg BW/day and 740 mg/kg 

BW/day. 
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Treatment dosages used in this study stemmed from previously published data and/or 

unpublished studies at the South African Medical Research Council’s Biomedical 

Research and Innovation Platform (SAMRC-BRIP) (Muller et al., 2012). Body weight and 

fasting plasma glucose were measured weekly during the 10-week treatment period. 

 

 GRT doses as described previously by Arakawa. (2001) were calculated from the food 

intake as recorded three times per week. Daily treatment dosages were administered in 

proportion to the average daily food intake. e.g. if mice consumed 5 g food /day, 

pioglitazone was mixed in a ratio of 15 mg/ 5 g of powdered food.  

 

The ratio of treatment: food was recalculated every three days according to the most 

recent food intake data. The selected doses of pioglitazone are in accordance with the 

literature (Kanda et al., 2010; Ishida et al., 2004). The dose of GRT extract was based on 

a previous study by Muller et al. (2012) in rats and converted to the mouse equivalent 

dose according to conversion formula described by Reagan-Shaw et al. (2008).  

 

 

 

Table 3.6: Treatments dosages used in this study 

 Group Lean control mice  Group Obese diabetic mice Treatment 

A Control E Control Food equivalent 

daily 

B Pioglitazone F Pioglitazone 15 mg/kg BW/day 

C GRT 1 G GRT 1 74 mg/kg BW/day 

D GRT 2 H GRT 2 740 mg/kg BW/day 
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3.2.3 Food intake monitoring 

Food consumed was calculated by subtracting the remaining food in the feeder together 

with spillage from amount of food initially given to animals.  

 

3.2.4 Body weight monitoring 

Body weights were measured weekly for the 10-week treatment period, using a weighing 

balance. Average weight per treatment group was calculated on an MS Excel sheet. 

 

3.2.5 Blood glucose monitoring 

Blood glucose concentrations were recorded on MS Excel weekly for the period of the 

study. Prior to pricking tails for the blood sample, water and 70% ethanol were used to 

clean and sterilize the tail. Blood glucose levels were measured by loading the sample 

onto a glucose strip inserted in a glucometer (OneTouch Select®, LifeScan Inc., Milipitas, 

CA). Thereafter, average per treatment group was calculated using MS Excel. 

 

 

3.2.6 Oral Glucose Tolerance Test (OGTT) 

A week before terminations, the mice were subjected to an oral glucose tolerance test. 

Briefly, mice were fasted for 16 hrs and a baseline glucose determined. For the OGTT 

mice were given 1 g/kg glucose bolus via oral gavage. Blood glucose levels were 

measured from a tail prick at 0, 15, 30, 60, 120 min. The glucose concentrations over time 

were used to construct glucose tolerance test curves and to calculate the area under the 

curve (AUC) with the trapezoidal rule using Graphpad Prism version 5.00. 

  

3.2.7 Animal termination and tissue harvesting 

Mice were anaesthetized using 2% fluothane and 98% oxygen inhalation. Once deep 

anaesthesia was established by pinching the toe, blood was collected from the abdominal 
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vena cava and the liver harvested, weighed and cut into pieces that were either snap 

frozen, preserved in RNAlater or fixed in 10% buffered formalin for histology.  

 

3.2.8 Histological examination of liver tissue 

Histology examination was performed to assess for the presence of specific histological 

abnormalities related to NAFLD and liver steatosis (Brunt et al., 2011). 

 

3.2.8.1 Processing of liver tissue for histology 

Liver samples were fixed overnight in 10% phosphate buffered formalin pH 7.4. 

Thereafter the liver tissue was processed on a Leica TP 1020 automatic tissue processor 

(Nussloch, Germany) through ascending concentrations of ethanol (70% for 1.5 h, 2 x 

96% for 1 h each and 3x 100% for 1 h each), then xylene before being impregnated with 

heated paraffin wax. After processing, the liver tissue was embedded in paraffin wax and 

5-7 µm sections cut using a Leica RM 2125 RM rotary microtome (Nussloch, Germany). 

Sections were floated out on a water bath set at ± 40 °C and mounted on 3-

aminopropyltriethoxysilane (APES) coated slides.  

 

3.2.8.2 Haematoxylin and Eosin staining of liver sections 

Slides were heated at 60 ºC for 45 min to allow the sections to adhere and melt the wax.  

Slide were then dewaxed with two changes of xylene for 10 min each before rehydrating 

the sections through descending concentrations of ethanol (100% and 95 %). Slides were 

rinsed with distilled water and stained with Mayer’s haematoxylin stain for 12 min followed 

by washing with running water to “blue”. They were counterstained with 1% aqueous 

eosin stain for 2 min and washed with distilled water. For mounting, slides were 

dehydrated through ascending concentrations of ethanol 95% and 100%, before clearing 

the slides with xylene.  
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3.2.8.3 Mounting 

Entellan (Merck) was used to mount the stained sections with coverslips (24x40mm). 

Slides were left to air dry at room temperature for a couple of hours before being viewed 

under the Nikon Eclipse Ti inverted light microscope equipped with a camera and images 

were captured using NIS elements software (Nikon, Kanagawa, Japan) at 200x 

magnification. 

 

3.2.8.4 NAFLD scoring 

Liver sections were assessed using the NAFLD severity scoring defined by Trak-Smayra 

et al., 2011. This scoring system scores the intensity, distribution and type of lipid 

accumulation in the db/db liver lobules. The intensity of steatosis was scored as the 

percentage of hepatocytes containing lipid vacuoles assessed at 200x magnification in 

10 non-overlapping random chosen fields. Further, lipid accumulation was scored by its 

zonal distribution within the lobules i.e. centrilobular, mediolobular or periportal. The 

steatotic type was also classified into microvesicular, mediovacuolar or microvacuolar, 

based on the size of the lipid vacuoles present in the hepatocytes, ranging from very small 

to a single large vacuole that displaces the nucleus. 

 

3.2.9 Real time PCR 

50 mg of liver samples were weighed, and the total cellular RNA was extracted using a 

RNA extraction kit (QIAGEN RNeasy Mini kit) as per manufacturer’s instruction. The 

cDNA was synthesized using a cDNA Synthesis High-Capacity cDNA kit (Applied 

Biosystems, Foster City, CA, USA) according to manufacturer’s instructions. Real Time 

PCR was performed using primers for selected genes involved in NAFLD listed in Table 

3.7. Gene expression was analyzed in duplicate and normalized to the housekeeping 

genes (ActB and HPRT1) listed in Table 3.7. A fully detailed PCR methodology is 

previously described under subsection 3.1.11.  

 

Table 3.7: TaqMan® gene expression assays used for Quantitative real-time PCR in liver tissues 
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3.2.10 Western blot analysis 

Western blot analysis was performed to assess the effect of GRT on proteins associated 

with inflammation, lipid and glucose metabolism in NAFLD. 

 

 

3.2.11 Protein isolation from liver tissue 

50 mg of liver samples were weighed in 2 ml tube and 500 µl of cold Tissue Extraction 

Reagent I (Invitrogen Corporation, Camarillo, CA) and stainless-steel beads were added. 

The tubes were transferred to pre-cooled tissue lyser blocks and the tissue was 

homogenized at 25 Hz for 60 seconds using a Qiagen Tissue Lyser (Qiagen, Hilden, 

Germany) alternating by cooling the tissue in the ice for 60 seconds. This step was 

repeated five times and the protein lysate transferred into a fresh 1.5 ml tube and kept at 

-20ºC. 

  

3.2.12 Protein concentration determination 

The concentrations of proteins were determined using the Bicinchoninic (BCA) protein 

Assay name Assay number Species 

Peroxisome proliferators-activated receptor-Alpha (PPARα) Mm00440940_m1 Mouse 

Fatty acid synthase (FASN) Mm01204974_m1 Mouse 

Hydroxymethylglutaryl-CoA synthase-1 (HMGCS1) Mm01304569_m1 Mouse 

Sterol regulatory element binding protein (SREBP-1) Mm01088679_m1 Mouse 

Apolipoprotein AI (APO AI) Mm00437569_m1 Mouse 

Apolipoprotein AI (APO AIV) Mm00431814_m1 Mouse 

Carnitine palmitoyl transferase-1 (CPT-1) Mm01231183_m1 Mouse 

Acetyl CoA carboxylase (ACACA)  Mm01304257_m1 Mouse 

Hydroxymethylglutaryl-CoA reductase (HMGCr)   

Housekeeping genes 

β-Actin  Mm02619580_g1 Mouse 

Hydroxanthine phosporibosyltransferaserase 1 (HPRT 1)  Mm01545399_m1 Mouse  
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assay. BCA is a detergent-compatible formulation centered on bicinchoninic acid (BCA) 

for the colorimetric detection and quantitation of total protein (Smith et al., 1985; Bainor 

et al., 2011). The assessment of total proteins was conducted using the BCA Protein 

Assay Kit (ThermoFisher) as per manufacturer’s instruction. Briefly, an albumin standard 

(BSA) and working solution were prepared as specified in the product instruction sheet. 

Thereafter, 20 µl of each standard and sample replicate were added to a 96 well plate 

and 200 µl of the working solution was added to each well and mixed well on microplate 

shaker for 10 min. The plate was covered with foil to prevent light interference and 

incubated at 37°C for 30 min. 

  

After the incubation, the plate was allowed to cool to room temperature and the 

absorbance read at 562 nm using a BioTek® ELX800 plate reader with Gen 5® software.  

The average 562 nm absorbance measurements for blank replicates were then 

subtracted from the absorbance measurement of all other individual standards and 

samples replicates. From this, a standard curve was plotted to determine the protein 

concentration of each sample. 

  

3.2.13 Protein gel electrophoresis 

This technique uses the phenomenon of protein separation and characterization based 

on their size or molecular weight. Thirty micrograms of protein sample was diluted using 

equal amounts of 2 X Sample buffer (Bio-Rad) i.e. 1:1 ratio. Subsequently, proteins were 

denatured by heating at 95°C for 5 min. Protein samples were then loaded onto 12% 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) pre-cast gels (Bio-Rad). Blue 

marker (4 µl) was also added to the 1st well (for gel profiling) while 4 µl of Precision Plus 

Protein Western C standard was added to the other wells for western blot analysis. Gel 

electrophoresis was started at 150 V for 60 min. Stain-free profile gels were then captured 

using Bio-Rad Chemidoc image analysis (Bio-Rad, Hercules, CA, USA). 
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3.2.14 Assemble of sandwich and transfer of gel to a membrane 

PVDF membranes were immersed in 99.99% methanol for 1 min followed by equilibrating 

both PVDF membrane and Whatman filter paper in transfer buffer with shaking for 5 min. 

This was used to assemble the transfer sandwich as illustrated in Figure 3.5 The cassette 

was placed between the electrodes as per manufacturer’s instructions. After the 

transferring step, the sandwich was removed from the cassette, the membrane labeled 

and the stain-free image captured using Bio-Rad Chemidoc MP (Bio-Rad, Hercules, CA, 

USA).  

 

Figure 3.4: Diagrammatic representation of the transfer sandwich used for proteins transfer in 
western blotting. 
Illustration adapted from Mahmood and Yang, 2012. 

 

3.2.15 Blocking and labelling with antibodies 

Membranes were blocked using 5% (w/v) fat-free milk (Clover, South Africa) in Tris-

buffered saline with Tween 20 (TBST) for 2 hrs on a shaker. Blocked membranes were 

immunoblotted using selected primary antibodies diluted in 1 x TBST overnight on a 

shaker at 4°C, using either manufacturers recommended, or laboratory optimized 

antibody dilutions as listed in Table 3.8. After overnight incubation, the membranes were 

washed 3 times for 10 min with 1 x TBST. Thereafter, they were incubated with the 

secondary antibody in 2.5% fat-free milk in 1 x TBST at room temperature for 90 minutes. 

After incubation with the secondary antibody, the wash step was repeated three times. 
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Table 3.8: List of antibodies and their dilution factor 

Antibody Dilution Gel Cat no Company 

Primary antibody 

Acety-CoA Carboxylase (ACC) 1:1500 12% 3662S Cell signaling 

Fatty acid synthase (FASN) 1:1500 12% 3180 Cell signaling 

Carnitine palmitoyl transferase-

1(CPT) 1:1500 12% 28568 Abcam 

Sterol regulatory element binding 

protein (SREBP-1) 1:1500 12% 30682 Abcam 

Peroxisome proliferators-

activated receptor-Alpha 

(PPARα) 1:1500 12% 24509 Abcam 

β-Actin  1:1000 12% 
  

Secondary antibody 

Donkey anti-rabbit IgG-HRP  1:400 12% Sc-23181 Santa Cruz 

Donkey anti-mouse IgG-HRP 1:400  12%   Sc-23181 Santa Cruz 

 

3.2.16 Detection 

The immunoblots were detected using a chemiluminescence detection kit. Quantity one 

software (Bio-Rad, Hercules, CA, USA) was used for densitometric analysis of the bands.  

Images were captured using chemidoc (Bio-Rad, Hercules, CA, USA). 

3.2.17 Stripping of Western blot 

The membrane was washed once with 1 x TBST and stripped using Restore Plus Western 

Blot Stripping Buffer (Thermo Scientific 46430) for 13 min at room temperature. 

Thereafter the blot was reused for another analysis. 

 

3.2.18 Statistical analysis 

The quantitative results were presented as mean + SEM of eight mice per group.  

Statistically significant values were compared using one-way analysis of variance 

(ANOVA) followed by Dunnett’s post hoc analysis, and p< 0.05 was considered significant 

carried out using pro-graph GraphPad Prism 5 
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4.0 RESULTS 

4.1 Section A- In vitro 

4.1.1 Establishing the C3A liver model for hepatic steatosis  

In vitro cell models are widely used for the screening of extracts and compounds for 

toxicity and biological efficacy. Cell models are also useful to study pathophysiological 

processes such as NAFLD. NAFLD is characterized by excessive accumulation of lipid 

droplets in hepatocytes. In vitro, NAFLD can be induced in liver cells using oleic acid. In 

this study, C3A liver cells were selected as the hepatocyte cell line and oleic acid was 

used to induce steatosis. The first approach of this study was to establish a suitable 

concentration of oleic acid to induce steatosis that was non-toxic. Cytotoxicity was 

evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Oil 

red O (ORO) staining, normalized to cell number by crystal violet staining, was used to 

assess lipid accumulation. 

 

4.1.1.1 Concentration-response effect of oleic acid in C3A liver cells  

A concentration-response was conducted at six different concentrations of oleic acid for 

24 and 48 hrs respectively. The results showed oleic acid had varying effects on cell 

viability, in a concentration and time related manner. At concentrations of 0.5, 0.75, 1 and 

2 mM, oleic acid significantly reduced cell viability after 24 hrs of culture (Figure 4.1a). 

After 48 hrs, all concentrations tested reduced cell viability in a concentration- dependent 

manner, with 2 mM oleic acid reducing cell viability by ca. 50% (Figure 4.1b).  

 

In terms of lipid accumulation at 24 hrs, 0.125 - and 0.25 mM oleic acid had no effect, 

while concentrations of 0.5, 0.75 - and 1 mM increased lipid accumulation in C3A liver 

cells compared to the vehicle control (p< 0.05, p< 0.01, p< 0.05) (Figure 4.2A and 4.3). 

After 48 hrs, 0.125, 0.25, 0.5 and 2 mM of oleic acid reduced lipid content compared to 

the control (p< 0.001; p< 0.01; p< 0.01; p< 0.01) (Figure 4.2b) and at the higher 

concentrations ≤ 1 mM the cells were starting to detach from the surface (Figure 4.4).  
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Based on these findings, a concentration of 1 mM oleic acid for 24 hrs was selected to 

induce steatosis for further experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1:  Oleic acid cytotoxicity in C3A liver cells.  
Cells cultured in EMEM with 8 mM glucose supplemented with various concentrations (0.125, 0.25, 0.5, 
0.75, 1 and 2 mM) of oleic acid for 24 (A) or 48 (B) hours, respectively. Cell viability was assessed by MTT 
activity. Absorbance was read on a microplate reader at 570 nm. The data is presented as mean ± SD of 
three independent experiments, expressed relative to the vehicle control (VC) set at 100%. P value, **p< 
0.01, ***p< 0.001.  
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Figure 4.2 Oleic acid induced lipid accumulation in C3A liver cells. 
Cells were cultured in EMEM with 8 mM glucose supplemented with various concentrations (0.125, 0.25, 
0.5, 0.75, 1 and 2 mM) of oleic acid for 24 (A) or 48 (B) hours, respectively. Intracellular lipid accumulation 
was assessed using oil red O (ORO) staining followed by isopropanol extraction before the absorbance 
was read on a microplate reader at a wavelength of 490 nm for ORO and 570 nm for crystal violet. The 
data is presented as mean ± SD of three independent experiments, normalized to crystal violet and 
expressed relative the vehicle control (VC) set at 100%, P values *p< 0.05, **p<0.01, ***p< 0.001.  
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C3A STEATOSIS INDUCED BY OLEIC ACID FOR 24 HOURS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Induction of hepatic steatosis by oleic acid in C3A liver cells.  
Cells were cultured in EMEM with 8 mM glucose supplemented with various concentrations (0.125, 0.25, 
0.5, 0.75, 1 and 2 mM) oleic acid for 24 hours. Intracellular lipid accumulation was visually assessed using 
oil red O staining; (a) untreated, (b) 0.125 mM oleic acid, (c) 0.25 mM oleic acid, (d) 0.5 mM oleic acid, (e) 
0.75 mM oleic acid, (f) 1 mM oleic acid and (g) 2 mM oleic acid. Photomicrographs taken at 400x 
magnification. 
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C3A STEATOSIS INDUCED BY OLEIC ACID FOR 48 HOURS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Induction of hepatic steatosis by oleic acid in C3A liver cells. 
Cells were cultured in EMEM with 8 mM glucose supplemented with various concentrations (0.125, 0.25, 
0.5, 0.75, 1 and 2 mM) oleic acid for 48 hours. Intracellular lipid accumulation was visually assessed using 
oil red O staining; (a) untreated, (b) 0.125 mM oleic acid, (c) 0.25 mM oleic acid, (d) 0.5 mM oleic acid, (e) 
0.75 mM oleic acid, (f) 1 mM oleic acid and (g) 2 mM oleic acid. Photomicrographs taken at 400x 
magnification.  
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4.1.2. Effect of GRT extract on oleic acid induced cytotoxicity.  

In terms of GRT extract cytotoxicity in C3A cells, no significant effect on cell viability was 

evident in C3A cells cultured for 24 hrs with GRT extract, as determined by the MTT 

assay, compared to the control (Figure 4.5A). C3A cells were treated with oleic acid for 

24 hrs, and GRT extract at 1, 10 and 100 µg/ml either during oleic acid treatment 

(simultaneous group) or following oleic acid treatment for a further 24 hrs (post-treatment 

group). The GRT extract increased MTT activity under both treatment conditions (p< 0.05, 

p< 0.001 and p< 0.001), for simultaneous treatment and (p< 0.05, p< 0.01 and p< 0.001) 

for post treatments (Figure 4.5B and C). Pioglitazone (25 µM), used as a positive control, 

also increased MTT activity under both treatment conditions p< 0.001 for simultaneous 

treatments and p< 0.05 for post treatments, relative to the control group. The results 

demonstrated that GRT extract was non-toxic at all concentrations tested.  
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Figure 4.5: Evaluation of GRT extract cytotoxicity on oleic acid treated C3A liver cells. 
C3A cells were cultured to confluence in EMEM media and treated with 1 mM oleic acid for 24 hours, then 
treated with different concentrations of GRT extract (1, 10 and 100 µg/ml) and pioglitazone (25 µM) for 24 
hours. The GRT extract treatments were either performed on controls not exposed to oleic acid (A), during 
oleic acid induction (simultaneous group) (B) or after oleic acid induction (post treatment group) (C).  Cell 
viability was assessed by MTT read at 570 nm. Data is presented as the mean ± SD of three independent 
experiments, expressed to the relative control set at 100%.  *p< 0.05, **p< 0.01, ***p< 0.001.  
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4.1.3. The effect of GRT extract on oleic acid induced steatosis.  

The effect of GRT extract on oleic acid induced steatotic C3A liver cells was assessed 

using various concentrations of GRT extract (1, 10 and 100 µg/ml) for a period of 24 hrs. 

Intracellular lipid content was determined using ORO staining. The effects of GRT on 

cellular lipid content varied according to the oleic acid treatment and concentration of 

GRT used. In the control group (cells not exposed to oleic acid) GRT extract reduced lipid 

content (p< 0.05, p< 0.01, p< 0.01) (Figure 4.6A).  

 

In the presence of oleic acid (simultaneous treatment group) the high concentration of 

GRT (100 µg/ml) and pioglitazone (positive control) enhanced lipid accumulation (p< 

0.001) (Figure 4.6B). In contrast, in the post-treatment group (cells treated with GRT 

extract after oleic acid induction), GRT extract appeared to non-significantly reduce lipid 

accumulation in a concentration-dependent manner (Figure 6C). A similar effect was 

observed for pioglitazone.  

 

This effect was substantiated by visualizing intracellular lipid content stained with ORO 

using phase contrast microscopy. The control group displayed minimal lipid accumulation 

as indicated by negative staining of ORO (Figure 4.7). In the simultaneous treatment 

group, an increase in lipid content was observed for high dose GRT extract (100 µg/mL) 

and pioglitazone (Figure 4.8). In the post treatment group, GRT extract at a low 

concentration (1 µg/mL) visibly increased intracellular lipid content, whilst higher 

concentrations (10 and 100 µg/mL) decreased lipid content (Figure 4.9). 
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Figure 4.6: The effect of GRT extract on lipid content in oleic acid induced C3A liver cells.  
C3A cells were cultured in EMEM with 8 mM glucose, induced with 1 mM of oleic acid for 24 hours. Oleic 
acid treated cells were then also treated with different concentrations of GRT extract (1, 10 and 100 µg/ml) 
and pioglitazone (25 µM) for 24 hours. The GRT extract treatments were either performed on controls not 
exposed to oleic acid (A), during oleic acid induction (simultaneous treatment group) (B) or after oleic acid 
induction (post treatment group) (C). Lipid content was assessed by ORO staining read at 490nm. Data 
presented as mean ± SD of three independent experiments, normalized to crystal violet and expressed to 
the relative control set at 100%. *p< 0.05, **p< 0.01, ***p< 0.001. 
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Figure 4.7: The effect of GRT extract in control C3A liver cells. 
C3A cells were cultured in EMEM with 8 mM glucose, and (a) control (untreated), (b) 1 µg/ml of GRT, (c) 
10 µg/ml, (d) 100 µg/ml of GRT and (e) 25 µM pioglitazone, respectively. Lipid accumulation was visualized 
by oil red O staining. Images were taken at 400x magnification. 
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STEATOTIC C3A LIVER CELLS TREATED WITH GRT EXTRACT 

Simultaneous treatments (GRT extract treatment during oleic acid induction) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: The effect of GRT extract on C3A liver cells treated with oleic acid.  
C3A cells were cultured in EMEM with 8 mM glucose. GRT extract treatment was initiated during the 
induction of steatosis with oleic acid (simultaneous treatment group) for 24 hours. Photomicrographs of 
steatotic C3A cells treated with (a) control (untreated), (b) 1 µg/ml of GRT, (c) 10 µg/ml of GRT, (d) 100 
µg/ml of GRT and (e) 25 µM pioglitazone, respectively. Lipid accumulation was visualized by oil red O 
staining. Images were taken at 400x magnification. 
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Post treatments (GRT extract treatment following oleic acid induction) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: The effect of GRT extract on C3A liver cells after induction with oleic acid.  
C3A cells were cultured in EMEM with 8 mM glucose and treated with oleic acid for 24 hours. GRT extract 
treatment was initiated after oleic acid induction for a further 24 hours (post-treatments group). 
Photomicrographs of steatotic C3A cells treated with (a) control (untreated), (b) 1 µg/ml of GRT, (c) 10 
µg/ml of GRT, (d) 100 µg/ml of GRT and (e) 25 µM Pioglitazone, respectively. Lipid accumulation was 
visualized by oil red O staining. Images were taken at 400x magnification. 
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4.1.4 The effect of GRT extract on mRNA of oleic acid induced steatotic C3A liver 

cells 

The effect of GRT extract on genes related to NAFLD was assessed in oleic acid induced 

steatotic C3A liver cells using qRT-PCR. Treating steatotic C3A liver cells with GRT 

extract decreased the relative mRNA expression levels of two key genes regulating 

glucose metabolism, namely carbohydrate responsive element binding protein (ChREBP) 

and glucokinase (GCK) (Figure 4.10). 

 

GRT extract and pioglitazone appeared to have no effect on ChREBP expression in 

control cells (Figure 4.10A). In the simultaneous treatments group, 1 µg/ml and 10 µg/ml 

GRT significantly lowered mRNA levels of ChREBP (p< 0.05, p< 0.01) and at the higher 

concentration GRT (100 µg/ml) induced a slight but non-significant decrease compared 

to the vehicle control (18%) (Figure 4.10B). In the post treatment group, 10 and 100 µg/ml 

GRT extract decreased ChREBP expression (p< 0.01, p< 0.05) compared to the vehicle 

control (untreated) while pioglitazone (positive control) showed p< 0.05 decrease 

compared to vehicle control (Figure 4.10C). 

  

GCK, an enzyme playing a key role in glycogen synthesis, was also decreased by GRT 

extract for both simultaneous and post treatments compared to the control group 

(untreated). Although GRT treatment had no effect on GCK expression in the control cells 

(Figure 4.10D), for cells in the simultaneous treatment group, treated with 1 µg/ml and 10 

µg/ml GRT extract, the mRNA expression levels of GCK were decreased (p< 0.01, p< 

0.01) (Figure 4.10E). In the post-treatment group, a decrease was observed for 10 and 

100 µg/ml GRT (p< 0.05, p< 0.01), respectively (Figure 4.10F).  
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Figure 4.10: The effect of GRT extract on ChREBP and GCK mRNA expression in oleic acid 
induced C3A liver cells.  
RT-qPCR analysis of carbohydrate responsive element binding protein (ChREBP) and glucokinase (GCK). 
The data is presented as the relative mRNA expression of the specific genes to the housekeeping genes 
β-actin and GAPDH. Data is presented as mean ± SD of three independent experiments. *p value < 0.05, 
**p< 0.01 compared to vehicle control #p< 0.05, ##p < 0.01 compared to pioglitazone. 
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4.1.5 The effect of GRT extract on mRNA expression of genes involved in lipid 

metabolism in oleic acid induced steatotic C3A cells 

Synthesis of fats is essential for the body because of the role that fats play in the body 

homeostasis for energy storage and utilization. Hence, we investigated the effect of GRT 

on the expression of hepatic genes involved in lipid metabolism. An increase (p< 0.05), 

relative to the control in mRNA levels of SREBP 1c in the control group, was observed 

for 1 µg/ml GRT treated cells (p< 0.01) compared to the controls and relative to 

pioglitazone (Figure 4.11A). SREBP 1c expression was decreased by 1, 10 and 100 µg/ml 

GRT extract treatment of the simultaneous treatment group (p< 0.05, p< 0.01, p< 0.05) 

(Figure 4.11B) whilehile GRT extract had no effect on SREBP 1c expression following 

oleic acid treatment (post treatment group) (Figure 4.11C). 

 

For PPAR-α, GRT extract treatment had no effect on control cells (Figure 4.11D). 

However, in the simultaneous treatment group, GRT extract treatment lowered PPAR-α 

mRNA expression at 10 and 100 µg/ml (p< 0.05 and p< 0.01) (Figure 4.11E). In the post-

treatment group, GRT extract lowered PPAR-α expression at 1, 10 and 100 µg/ml (p< 

0.05, p< 0.05, p< 0.01) in comparison to the vehicle control (Figure 4.11F). 

  

GRT extract had no effect on FASN expression in the control group (Figure 4.12A). 

However, in the simultaneous and post-treatment groups, GRT extract reduced the 

relative expression of FASN in a concentration-dependent manner. In the simultaneous 

treatment group, GRT extract reduced the relative expression by 30%, 47% and 60%, 

respectively, with 100 µg/ml showing a significant difference to the control (p< 0.05) 

(Figure 4.12B).  

 

In the post treatment group, GRT extract had a similar concentration dependent effect on 

mRNA expression for 1 (p< 0.05), 10 (p< 0.01) and 100 µg/ml (p< 0.001) of GRT extract 

treatments, respectively. Pioglitazone treatment also showed a decrease (p< 0.05) 
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compared to the vehicle control when post treated. In the post-treatment group, 

pioglitazone decreased FASN expression by 21% compared to the control (Figure 4.12C). 

 

In the control cells, GRT extract treatment decreased CPT-1 expression at all 

concentrations (Figure 4.12D) whilst GRT extract had no effect on CPT-1 expression in 

the simultaneous and post treated cells. Pioglitazone increased CPT-1 expression 

relative to the control in both the simultaneous and post treatment groups (Figure 4.12E 

and F).  
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Figure 4.11: The effect of GRT extract on SREBP 1c and PPAR-α mRNA expression in oleic acid 
induced C3A liver cells.  
RT-qPCR analysis of Sterol regulatory element binding protein (SREBP 1c) and peroxisome proliferator-
activated receptor alpha (PPAR alpha) mRNA expression. The data is presented as mean ± SD of three 
independent experiments. Expressed relative to mRNA levels of β-actin and GAPDH *p value < 0.05, ** < 
0.01 compared to vehicle control #p< 0.05, ##p < 0.01, ###p < 0.001 compared to pioglitazone. 
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Figure 4.12: The effect of GRT extract on FASN and CPT-1 mRNA expression in oleic acid induced 
C3A liver cells.  
RT-qPCR analysis of fatty acid synthase (FASN) and carnitine palmitoyltransferase I (CPT 1) mRNA 
expression. The data is presented as mean ± SD of three independent experiments. Expressed relative to 
mRNA levels of β-actin and GAPDH *p value <0.05, **p <0.01, ***p <0.001 compared to vehicle control 
#p<0.05, ###p <0.001 compared to pioglitazone. 
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4.1.6 The effect of GRT extract on inflammation 

As liver injury occurs in response to inflammation, we used mRNA expression of the 

proinflammatory cytokine TNF-α as an inflammatory marker. In the controls, GRT extract 

at 1 µg/ml appeared to increase TNF-α mRNA expression (Figure 4.13A). In the 

simultaneous treatment group, GRT extract decreased TNF-α mRNA expression at 10 

and 100 µg/ml (p< 0.01, p< 0.01) (Figure 4.13B) and in the post-treatment group, GRT 

extract concentration-dependently decreased TNF-α mRNA expression at 10 and 100 

µg/ml (p< 0.05, p< 0.01). Treating with pioglitazone resulted in (p< 0.01) decrease in the 

post treatment group (Figure 4.13C).  
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Figure 4.13: The effect of GRT extract on TNF-α mRNA expression in oleic acid induced C3A liver 
cells.  
RT-qPCR analysis of tumor necrosis factor-alpha (TNF-α) expression was performed. The data is 
presented as mean ± SD of three independent experiments expressed relative to the housekeeping genes, 
β-actin and GAPDH. *p value < 0.05, **p< 0.01 compared to vehicle control.  
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4.2 Section B- In vivo study 

In vivo studies are commonly utilized to validate in vitro results in appropriate living animal 

models, enabling the observation of in vitro pathophysiological mechanisms. One of the 

objectives of this study was to investigate the effect of GRT extract on hepatic steatosis 

in obese leptin resistant db/db mice and their lean db/+ littermates.  Different dosages of 

GRT extract and pioglitazone (used as a positive control) were administered to the mice 

to further investigate the effect of treatments in vivo. 

 

4.2.1 Effects of GRT extract on food intake, body and liver weights of db/db mice  

GRT administration for 10 weeks had no significant effect on food intake or body weights 

of the lean db/+ and obese db/db mice (Figures 4.14 and 4.15). In terms of liver-to-body 

weight ratio, in the lean mice the ratio decreased slightly in mice that received 740 mg/kg 

BW for 10 weeks (Figure 4.16A). However, no effect on liver-to-body weight was 

observed in the obese db/db mice treated with GRT extract (Figure 4.16B).  
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Figure 4.14: The effect of GRT extract on food intake in db/db and db/+ mice.   
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract at 74 or 740 mg/kg body 
weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated orally at a dose of 
10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight mice per group.
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Figure 4.15: The effect of GRT extract on body weight gain of db/db and db/+ mice.  
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract at 74 or 740 mg/kg body 
weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated orally at a dose of 
10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight mice per group.
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Figure 4.16: The effects of GRT extract on the liver-to-body weight ratio of db/db and db/+ mice.  
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract at 74 or 740 mg/kg body 
weight (BW) for 10 weeks. Control receiving only water, and pioglitazone administrated orally at a dose of 
10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight mice per group.  
*p < 0.05.  
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4.2.2 The effects of GRT extract on blood glucose parameters. 

The effects of GRT extract on blood glucose levels in lean db/+ and obese db/db mice 

were assessed. GRT had no effect on the fasting glucose levels of the lean mice (Figure 

4.17A). In the obese db/db mice, GRT extract treatment at a dose of 740 mg/kg and 

pioglitazone, the positive control, reduced fasting glucose levels, however these effects 

were not significant (Figure 4.17B). Glucose tolerance was assessed using an oral 

glucose tolerance test (OGTT).  No effect was observed in lean control mice however, 

pioglitazone appeared to improve glucose clearance (p< 0.05) (Figure 18A &19A). In the 

obese db/db mice, GRT extract lowered the OGTT AUC values however the effect was 

also not significant (Figure 18B & 19B). This data indicated that GRT extract has the 

potential role to ameliorate disorders of glucose in obese mice. 
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Figure 4.17: The effects of GRT extract on fasting blood glucose levels in db/db and db/+ mice.  

Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract at 74 or 740 mg/kg body 
weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated orally at a dose of 
10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight mice per group.   
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Figure 4.18: The effects of GRT extract on oral glucose tolerance for db/db and db/+ mice. 
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract at 74 or 740 mg/kg body 
weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated orally at a dose of 
10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight mice per group.   
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Figure 4.19: The effects of GRT extract on glucose tolerance (area under the curve) for db/db and 
db/+ mice.  
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract at 74 or 740 mg/kg body 
weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated orally at a dose of 
10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight mice per group. 
*p< 0.05. 
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4.2.3 The effects of GRT extract on mRNA expression of obese db/db and lean 

db/+ mice liver samples 

The effect of GRT extract (74 and 740 mg/kg) was assessed on the mRNA expression of 

genes involved in cholesterol synthesis (APOA1, APOA4, HMGCR and HMGCS), lipid 

synthesis (SREBP 1c, PPAR α, ACACA and FASN) and glucose metabolism (ChREBP) 

in obese db/db and lean db/+ mice following a 10-week treatment period.  

 

4.2.4 The effect of GRT extract on carbohydrate responsive element binding 

protein (ChREBP) of obese db/db and lean db/+ mice liver samples 

GRT extract had no effect on ChREBP mRNA expression in the lean db/+ and obese 

treated mice (Figure 4.20A and B). However, when compared to the db/+ lean untreated 

group (control) in the obese db/db untreated mice, the relative expression of ChREBP 

appeared to be increased but the difference was not significant (Figure 4.20B).  

 

 

 

 

 

 

 

 

 

 

Figure 4.20: The relative mRNA expression of ChREBP in the liver of lean db/+ and obese db/db 
mice treated with GRT extract.   
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract at 74 or 740 mg/kg body 
weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated orally at a dose of 
10 mg/kg BW was included as a positive. Data expressed as mean ± SD of eight mice per group. *p< 0.05 
compared to control. 
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4.2.5 The effects of GRT extract on lipid metabolism genes of obese db/db and 

lean db/+ mice liver samples 

The relative mRNA expression of ACACA in the obese db/db controls was increased 

relative to the lean db/+ control mice (p< 0.05).  GRT extract decreased ACACA mRNA 

expression in the db/db mice with 74 mg/kg the most effective (p< 0.05), compared to 

untreated db/db, in normalizing the increased expression in the obese db/db mice 

compared to the lean db/+ control mice (Figure 4.21A and B). FASN mRNA expression 

was also increased in the obese db/db mice relative to the db/+ controls and similar to 

ACACA, GRT extract reduced the increased FASN expression with the lower dose of 74 

mg/kg the most effective (p=0.01) (Figure 4.21C and D). 

   

GRT extract had no effect on the mRNA expression of the transcription factor SREBP 1c 

of lean db/+ mice. In comparison to the lean mice, SREBP 1c expression was significantly 

increased in the obese db/db mice (p< 0.01). GRT and pioglitazone treatment appeared 

to modulate the increased expression, but the effect was not statistically significant 

(Figure 4.22B). The expression of PPARα was not affected by GRT treatment in either 

the lean db/+ or the obese db/db mice (Figure 4.22C & D).  
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 Figure 4.21: Relative mRNA expression of ACACA and FASN in the livers of lean db/+ and obese 
db/db mice treated with GRT extract.  
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract at 74 or 740 mg/kg body 
weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated orally at a dose of 
10 mg/kg BW was included as a positive. Data expressed as mean ± SD of eight mice per group. mRNA is 
expressed relative to that of β-actin. *p< 0.05, p< 0.01 compared to control and # p< 0.05, p< 0.01 compared 
to db/db untreated 
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Figure 4.22: Relative mRNA expression of SREBP 1C and PPARα in the livers of lean db/+ and 
obese db/db mice treated with GRT extract.  
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract administered daily at 74 
or 740 mg/kg body weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated 
orally at a dose of 10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight 
mice per group. mRNA is expressed relative to that of β-actin. *p< 0.05, **p< 0.01 compared to control.  
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4.2.6 The effects of GRT extract on cholesterol synthesis genes of obese db/db 

and lean db/+ mice liver samples 

GRT extract did not significantly affect HMGCR mRNA expression in both the lean db/+ 

and obese db/db mice (Figure 4.23A and B). The expression of HMGCS was increased 

significantly in obese db/db mice (p< 0.01). GRT extract modulated this increase in mRNA 

expression of HMGCS with a dose of 74 mg/kg being the most effective (p< 0.01) (Figure 

4.23D). 

   

GRT extract did not significantly affect APOA1 mRNA expression of lean db/+ mice. 

APOA1 mRNA expression was significantly increased in the obese db/db mice (p< 0.01). 

GRT treatment reduced APOA1 expression non-significantly, whilst pioglitazone 

significantly reduced APOA1 mRNA expression (p< 0.01).   
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Figure 4.23: Relative mRNA expression of HMGCR and HMGCS in the livers of lean db/+ and 
obese db/db mice treated with GRT extract.  
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract administered daily at 74 
or 740 mg/kg body weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated 
orally at a dose of 10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight 
mice per group. mRNA is expressed relative to that of β-actin. *p< 0.05 compared to control. #p< 0.05 
compared to untreated. 
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Figure 4.24: Relative mRNA expression of APOA 1 in the livers of lean db/+ and obese db/db mice 
treated with GRT extract.  
Lean db/+ (A) and obese db/db (B) mice received daily oral doses of GRT extract administered daily at 74 
or 740 mg/kg body weight (BW) for 10 weeks. Controls receiving only water, and pioglitazone administrated 
orally at a dose of 10 mg/kg BW was included as a positive control. Data expressed as mean ± SD of eight 
mice per group. mRNA is expressed relative to that of β-actin. *p< 0.05 compared to control and #p < 0.05 
compared to db/db untreated. 
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4.3 The effects of GRT extract on Western blot protein expression of obese db/db 

and lean db/+ mice liver samples 

Western blot analysis of the proteins involved in the fat metabolism were performed on 

obese db/db and lean db/+ mice liver samples. The proteins analyzed were PPAR-α, 

SREBP 1c, FASN, ACC and CPT 1. 

 

Western blot analysis for the transcription factor SREBP 1c showed a varied response to 

GRT treatment with the 74 mg/kg dose increasing SREBP 1c expression (p< 0.001) while 

the higher dose of 740 mg/kg had no effect on SREBP 1c (Figure 4.25A). GRT treatment 

of obese db/db mice dose dependently increased PPAR-α protein expression (p< 0.05 

and p< 0.01, respectively) (Figure 4.25B).  

 

Further Western blot analysis showed that ACC protein expression was increased in 

obese db/db mice compared to their lean db/+ litter mates. GRT extract did not 

significantly affect the protein expression in the obese db/db mice (Figure 4.26A). 

Similarly, ACC, FASN and CPT 1 protein expression were also increased in obese db/db 

mice, and GRT treatment failed to modulate this effect (Figure 4.26B). However, 

pioglitazone reduced the protein expression of CPT1 (Figure 4.26C).  
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Figure 4.25: Western blot protein expression of SREBP 1C (A) and PPAR alpha (B) in the livers of 
obese db/db mice treated with GRT extract.  
Obese db/db mice received daily oral doses of GRT extract at 74 or 740 mg/kg body weight (BW) for 10 

weeks. Lean litter mate controls and obese controls, receiving only water were included as controls.  

Pioglitazone at an oral dose of 10 mg/kg BW was included as a positive control. Data expressed as mean 

± SD of eight mice per group. P values *p<0.05 vs control; **p<0.01 vs control; ***p<0.001 vs control; 

#p<0.05 vs untreated and ###p<0.001 vs untreated. 
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Figure 4.26: Western blot protein expression of ACC, FASN and CPT1 in the livers of obese db/db 
mice treated with GRT extract.  
Obese db/db mice received daily oral doses of GRT extract with the diet at 74 or 740 mg/kg body weight 
(BW) for 10 weeks. Lean litter mate controls and obese controls, receiving only the diet, were included as 
controls.  Pioglitazone at an oral dose of 10 mg/kg BW was included as a positive control. Data expressed 
as mean ± SD of eight mice per group. P values **p< 0.05 vs control; ##p< 0.01 vs untreated.  
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4.4 The effects of GRT extract on NAFLD model 

The effect of GRT extract on the animal model was confirmed by histology. Mice liver 

sections stained with H&E showed more lipid accumulation for the untreated group and 

a partial reduction in the GRT treated group when compared to the control group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27: Histopathology of the livers of lean db/+ mice treated with GRT extract. 
 Lean db/+ mice were treated with daily oral doses of GRT extract of 74 or 740 mg/kg body weight (BW) for 
10 weeks. Mice receiving only water were included as controls and pioglitazone at a dose of 10 mg/kg BW 
was included as a positive control. Liver sections, stained with haematoxylin and eosin (H&E) include 
untreated control (A), GRT extract dose 74 mg/kg (B), GRT extract dose 740 mg/kg (C) and pioglitazone 
(D), respectively. Bars are 50 µm.  
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Figure 4.28: Histopathology of the livers of obese db/db mice treated with GRT extract.  
Obese db/db mice were treated with daily oral doses of GRT extract of 74 or 740 mg/kg body weight (BW) 
for 10 weeks. Mice receiving only water were included as controls and pioglitazone at a dose of 10 mg/kg 
BW was included as a positive control. Liver sections, stained with haematoxylin and eosin (H&E) include 
untreated control (A), GRT extract dose 74 mg/kg (B), GRT extract dose 740 mg/kg (C) and pioglitazone 
(D), respectively. Bars are 50 µm.  
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4.4.1 Histopathological analysis 

Steatosis severity was assessed histologically using the histological scoring system 

adapted from Trak-Smayra et al. (2011). Scoring was classified according to the 

abundance of intracellular microvesicular, mediovesicular and macrovacuolar lipid 

accumulation as shown in Table 4.1 below.  

 

Table 4.1: Histopathological scoring of liver steatotic severity in both lean and obese mice after 10 weeks 

of treatment with GRT extract. 

Steatosis severity 

Lean 

  

Obese 

Control Pio GRT 1 GRT 2 Control Pio GRT 1 GRT 2 

Micro ++ ++ ++ ++  +++ +++ +++ +++ 

Medio + + + +  ++ +++ ++ +++ 

Macro + + - -  + + 

 

+ + 

 

Steatosis severity after 10 weeks treatment with GRT. 
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5.1 DISCUSSION 

5.1.1 Establishment of the NAFLD models 

The present study aimed to investigate the effect of GRT extract using in vitro (C3A liver 

cells) and in vivo (db/db mouse) models of experimentally induced NAFLD. Oleic acid 

was used to induce steatosis in C3A liver cells and obese db/db mice, that spontaneously 

develop hyperglycemia, hyperinsulinemia, insulin resistance and fatty livers 

(Santhekadur, Kumar, and Sanyal, 2018) were included as the animal model. 

 

5.1.2 In vitro liver model of induced steatosis  

Hepatic steatosis results from an increased flux of fatty acids into the hepatocytes (Geisler 

and Renquist, 2017). The first approach of this study was to create an in vitro model for 

NAFLD to study the efficacy of GRT extract in modulating oleic acid induced steatosis. 

Previous studies charaterise NAFLD as a chronic condition ranging from modest steatosis 

to more chronic liver injury (McPherson et al., 2015; Stål P, 2015). Despite this, the 

optimal treatment for NAFLD has not been established. Several conventional drugs have 

been tested to treat NAFLD. However, most of these drugs have presented with severe 

side effects. For example, vitamin E 800 IU/day used to treat NAFLD increases risk of 

prostate cancer, while pioglitazone 30 mg/day has been associated with osteoporosis 

and weight gain (Torres et al., 2012; Lisboa, Costa and Couto, 2016).  

 

In this study intracellular lipid content was quantified using oil red O (ORO) staining, 

normalized for cell number by crystal violet staining. Results demonstrated a significant 

increasing fat content in C3A cells in response to oleic acid treatment for both 24 and 48 

hrs, in a concentration dependent manner. This confirmed our in vitro models’ usefulness 

as an inducer of hepatic steatosis that is associated with the development of NAFLD. Our 

findings are in agreement with numerous other studies (Alkhatatbeh et al., 2016; Cao et 

al., 2016; Cui, Chen and Hu, 2010; Liu et al., 2011; Moravcová et al., 2015).  In our study 

lipid accumulation continued with oleic acid treatment for 48 hours, however the cells 

started detaching from the surface of the plate at the highest concentration. This suggests 
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that after 24 hrs the increasing accumulation of intracellular lipid content increases cellular 

buoyancy and that overcomes the cells ability to adhere to the growth surface. As cells 

containing most lipid were detaching first and floating into the media, this could be 

erroneously interpreted as a reduction in lipid accumulation. Therefore, as oleic acid had 

induced significant lipid accumulation after 24 hrs, all further experiments were performed 

over 24 hrs at a concentration of 1 mM oleic acid. Cytotoxicity experiments using MTT 

confirmed that 1 mM was non-toxic to C3A cells during steatogenesis.  

 

A study by Ricchi et al. (2009) demonstrated that oleic acid induces steatosis but not 

apoptosis, as is the case of palmitic acid in HepG2, HuH7, and WRL68 cells. In a study 

performed on isolated rat hepatocytes, palmitic acid concentrations as low as 0.025 mM 

induced significant LDH leakage which was not observed for the oleic acid up to 1 mM 

concentration (Moravcová et al., 2015). A study by Garcia, Amankwa-Sakyi and Flynn, 

2011 also confirmed the enhanced lipid accumulation in HepG2/C3A cells treated with 1 

mM oleic acid compared to the combination of oleic acid with palmitate. Based on these 

studies, and our own concentration studies using HepG2/C3A liver cells, 1 mM oleic acid 

was confirmed to be be a suitable inducer of steatosis over a 24-hour period. 

  

5.1.3 Obese db/db mouse model for NAFLD  

The use of the db/db mouse model for NAFLD has been well reported with various studies 

reporting the spontaneity in the development of obesity and diabetes in mice fed a normal 

chow diet ad libitum which dates back to as far as the study by Mayer et al. (1951). where 

they described the development of NAFLD in obese db/db mice. However, to induced 

more advanced stages of liver disease e.g. NASH further dietary insults like the use of 

methionine and choline-deficient diet (MCD), high-fat, high glucose, high sucrose, high 

fructose, choline-deficient L-amino-defined (CDAA) diet, high cholesterol diet (HCD), 

cholesterol and cholate arerequired (Santhekadur, Kumar, and Sanyal, 2018). 
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In our study the db/db and db/+ mice were fed a standard rodent chow ad libitum for ten 

weeks. As expected the db/db mice gained weight more quickly than their lean db/+ 

littermates. By six weeks of age the db/db mice were approximately 40% heavier than the 

lean db/+ littermates and by the end of the study at 10 weeks they had almost doubled 

their body weight. The db/db mice also developed mild hyperglycaemia (10.5 ±1.4 mmol/L 

versus 6.4 ±1.4 mmol/L) and glucose intolerance.  

 

5.1.4 Anti-steatotic effect of GRT extract in experimentally induced hepatic 

steatosis. 

Most pharmacological therapies available for NAFLD are directed towards insulin 

sensitivity (Soccio, Chen, and Lazar, 2015) and body weight reduction (Takahashi et al., 

2015). Herbal medicine has gained growing attention as potential therapeutic agents, 

demonstrating low-risk side effects in most studies (Yao et al., 2016). Rooibos recently 

showed beneficial effects in improving dyslipidemia, insulin sensitivity and reducing 

cardiovascular risk factors (Kawano et al., 2009; Sasaki, Nishida and Shimada, 2018, 

reviewed by Johnson et al., 2018). Hence, this study aimed at investigating the beneficial 

effects of GRT extract containing ca. 12% aspalathin in modulating hepatic steatosis. 

 

The therapeutic probability that rooibos can modulate or prevent NAFLD was based on 

previous studies confirming the hypoglycemic activity of an aspalathin-enriched green 

rooibos extract in vitro and in vivo (Mazibuko et al., 2015; Kamakura et al., 2014; Muller 

et al., 2012; Son et al., 2012). Rooibos has also been shown to protect the liver against 

liver toxins such as CCl4 (Ulicná et al., 2003) and tert-butyl hydroperoxide (Olawale et al., 

2013) which further supports the likely potential hepatoprotective effects of rooibos. To 

the best of our knowledge, it is unknown whether rooibos affecting NAFLD has been 

previously assessed. Therefore, this present study was to establish if an aspalathin rich 

green rooibos extract GRT is able to modulate or prevent the excessive fat accumulation 

in experimental models of NAFLD.  
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Treatment of non-steatotic C3A cells, not exposed to oleic acid (control group), with GRT 

extract reduced lipid content by ~30%. A study by Mazibuko et al. (2019) investigated the 

effect of an aspalathin enriched green rooibos extract (GRE) on insulin resistance, 

induced by palmitate (0.75 mM) in C3A liver cells, and demonstrated that GRE attenuated 

the palmitate-induced impairment of glucose and lipid metabolism by activating the 

AMPK-mediated pathway. Although the effect of GRT on AMPK protein expression was 

not assessed in this study, the reduction of lipid content by GRT extract in the present 

study likely involves AMPK which regulates beta oxidation by controlling ACC (Mazibuko 

et al., 2019). 

  

In the presence of oleic acid, GRT extract at a concentration of 100 µg/ml markedly 

increased lipid accumulation in C3A cells. The effect was similar to that of pioglitazone 

which increased lipid content. Pioglitazone, a thiazolidinedione class oral T2D drug, is a 

nuclear receptor peroxisome proliferator-activated receptor gamma (PPARγ) agonist and 

insulin sensitizer (Berger et al., 2002). Pioglitazone’s primary effect is on white adipose 

tissue and macrophages, where it decreases the release of free fatty acids through 

storage of triglycerides and inhibits the production of proinflammatory cytokines. The 

secondary effect is on the liver and skeletal muscle where it reduces lipid accumulation 

and improves insulin sensitivity. However, rooibos has been shown to be PPAR-γ 

antagonistic, and able to modulate PPAR-γ activity (Mueller and Jungbauer, 2009), 

suggesting that the observed increase in lipid accumulation induced by GRT was not 

mediated via PPAR-γ. Alternatively, ppioglitazone has been shown to increase the livers 

proliferation capacity (Czaja et al., 2009). 

  

The MTT results show that GRT concentration dependently increased cellular 

mitochondrial activity in the simultaneous and post treatment groups. The increase in 

MTT activity could be interpreted in three ways. Firstly, it has been reported that 

polyphenolic compounds could interfere with the MTT assay (Wang et al., 2015). In this 

study, because MTT activity in the control cells was not affected by GRT, it validates that 

the observed increase in MTT activity in the oleic acid treated cells was not due to GRT 
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interference with MTT. The other possibility is that GRT and pioglitazone enhanced 

proliferation and that the increase in lipid accumulation observed in the presence of oleic 

acid was due to increased cell numbers. However, as oil red O staining was normalised 

for cell number by crystal violet staining, it is unlikely that GRT increased proliferation. 

The most likely scenario is that GRT and pioglitazone increases mitochondrial bioactivity 

in oleic acid treated cells. This could be facilitated by activation of energy producing 

pathways such as AMPK. Activation of AMPK increases peroxisome proliferator-activated 

receptor gamma coactivator-1α (PGC-1α), a transcriptional regulator for genes involved 

in fatty acid oxidation andgluconeogenesis, and is considered the master regulator 

for mitochondrial biogenesis (Uguccioni et al., 2010). In a study Valenti et al. (2013) 

showed that an anthocyanin-rich extract derived from Mulberry increased pAMPK and 

pACC, PPAR𝛼, CPT1 and FFAs oxidation in HepG2 cells.  

 

5.1.5 Effect of GRT extract on obese db/db mice. 

Leptin-resistant (db/db) mice in all treatment group showed a weekly increase in body 

weight gain, increasing the risk factor for NAFLD. Our findings were in line with a study 

conducted by Milagro, Campión and Martínez., (2006) which shows that obese db/db 

mice had gained more body weight compared to the lean db/+ mice. Treatment with GRT 

extract did not affect body weight. In terms of the liver to body ratio, an increase in liver 

weight was observed in the obese group compared to lean (control). GRT at the highest 

dose induced a small but significant decrease in the liver to body weight ratio of lean db/+ 

mice but did not affect the obese db/db mice liver to body weight ratios. A similar effect 

was seen in a study conducted by Beltrán-Debón et al. (2011) which showed that rooibos 

extract used in that study decreased liver weights in mice fed high fat diet. Increased fat 

content in the liver is highly associated with insulin resistance (Fabbrini et al., 2010).  

 

Food intake (supplemented with GRT extract) for the obese group did not significantly 

differ from the lean group, suggesting that the improvement in glucose tolerance was not 

due to the reduced food intake, but due to the action of GRT extract. These results are 

comparable to the study conducted by Kamakura et al. (2014) that demonstrated 

https://en.wikipedia.org/wiki/PPARGC1A
https://en.wikipedia.org/wiki/Fatty_acid_oxidation
https://en.wikipedia.org/wiki/Gluconeogenesis
https://en.wikipedia.org/wiki/Mitochondrial_biogenesis


 

121 
 

hypoglycemic effects of GRE extract and aspalathin in type 2 diabetic KK-Ay mice treated 

for 5 weeks. GRT extract has been proven to regulate glucose homeostasis, one of the 

steps required for reversing the progression of NAFLD. Reduced glucose metabolism 

increased fasting blood glucose and compromised glucose tolerance correlates with 

obesity, a major causative factor for NAFLD. 

  

5.1.6 The effects of GRT extract on mRNA expression and protein expression 

Enhanced hepatic lipid accumulation provokes activation of major pathways like 

glycolysis and lipogenesis. Glycolysis favours an increased rate of fatty acid synthesis as 

its produces acetyl CoA as an end product, which is a precursor for fatty acid synthesis. 

Hence, the liver’s ability to synthesis fats, through de novo lipogenesis relies on the 

activation of several transcriptional factors such as sterol regulatory element-binding 

protein (SREBP), peroxisome proliferator-activated receptors alpha (PPAR-α) and 

carbohydrate-response element-binding protein (ChREBP), which are activated by 

hyperinsulinemia and increased glucose concentrations respectively (Ferré and Foufelle, 

2010; Wang et al., 2015). Activation of these transcription factors stimulate the activation 

of lipogenic genes which drive fat accumulation in hepatocytes (Jump et al., 2013). 

 

SREBP is expressed abundantly in the liver and promotes the expression of several 

genes controlling the synthesis of fatty acids, cholesterol and phospholipids (Hampton, 

2002; Horton et al., 2002). In the present study, GRT extract downregulated the mRNA 

levels of SREBP. The downregulation of SREBP in vitro is in accordance with previously 

conducted studies (Ziamajidi et al., 2013) where they evaluated the effect of chicory seed 

extract on oleic acid induced steatosis in HepG2 cells. The results obtained showed that 

the extract downregulated the mRNA expression of SREBP and PPARα. The possible 

mechanism by which GRT ameliorated lipid content is by supressing the transcription 

gene expression of SREBP and ChREBP thereby downregulating downstream lipogenic 

genes including fatty acid synthase (FASN) (Sanderson et al., 2014) and glucogenic gene 

glucokinase (GCK) (Valentová et al., 2007). The mRNA expression of lipogenic genes 

were highly expressed in untreated group and improved by treating with GRT extract.  
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In contrast, the third transcription factor PPAR-α which controls lipid beta-oxidation was 

upregulated by GRT extract. The regulation of PPAR-α transcription in combination with 

carnitine palmitoyltransferase I (Carnitine palmitoyltransferase-CPT1) controls 

mitochondrial lipid beta-oxidation (Souza-Mello, 2015). GRT treatment increase both 

PPAR-α and CPT 1 protein expression suggesting that GRT increases beta-oxidation.   

This corresponds with a study conducted by Leea and Jia. (2015) where the bioactive 

compounds found in tea exerted a hypolipidemic effect by regulating PPARs. The 

suppression of PPARs by green tea was also seen in a study conducted by Chen et al. 

(2009). 

  

To confirm in vitro results, we further investigated the effects of aspalathin enriched green 

rooibos extract using a leptin-resistant (db/db) mouse model. By feeding db/db mice ad 

libitum, the mice develop obesity with changes in liver architecture towards steatosis over 

the duration of feeding.  Six-week-old obese db/db and lean control db/+ mice were 

treated with either GRT extract or pioglitazone, both treatments known to improve insulin 

resistance, one of the risk factors to NAFLD development. The possible mechanism by 

which GRT extract exerted its effects on glucose metabolism is through down regulation 

of transcription factors to regulate lipid synthesis. ChREBP and SREBP were highly 

upregulated in the obese untreated group implying that hepatic fat occurs as a result of 

up-regulation of transcriptional factors. This was reversed by GRT extract reversed this 

to almost the same level as the pioglitazone treated mice. Our results were in accordance 

with a study conducted by Mazibuko et al. (2015) which demonstrate that aspalathin 

improve glucose uptake and lipid metabolism in vivo.  

 

Lipid synthesis is stimulated by transcription factors SREBP and ChREBP which are 

induced by hyperinsulinemia through the rate limiting enzyme glucokinase and elevated 

rates of glucose metabolism (Han et al., 2016). In the obese db/db mice, the transcription 

factors that regulate downstream lipid synthesizing acetyl-CoA carboxylase (ACACA) and 

fatty acid synthase (FASN) were significantly increased compared to the lean db/+ mice. 

The study showed that both ACACA and FASN were significantly reduced by GRT extract 
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suggesting that GRT could modulate hepatic lipid synthesis. These results were in 

accordance with a study conducted by Chen et al. (2009).  

  

The increased expression of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

synthase (HMGCS 1) mRNA observed in the obese diabetic db/db mice is consistent with 

previous findings that relate the increased expression of HMGCS 1 with 

hypercholesterolaemia in mice fed a high fat diet (Suzuki et al., 2013; Yamashita et al., 

2016). The modulation of HMGCS 1 support supports the cholesterol lowering effect of 

GRT seen in diabetic vervet monkeys fed a high fat diet (Orlando et al., 2017). In addition, 

high density lipoprotein (HDL) promotes the removal of cholesterol from tissues to the 

liver for excretion and is encoded by apoliproteins (A). Hence, upregulation of these 

genes promotes cholesterol removal through bile secretion. Data obtained in this study 

displayed that apolipoprotein 1 (APO A1) was elevated in obese db/db mice compared to 

the lean group. GRT extract modulated this increase (P = NS to lean control) suggesting 

that GRT suppresses hepatic cholesterol synthesis and promotes cholesterol removal,  

thereby could reduce cholesterol levels.  

 

5.1.7 Histology 

The extent of fatty liver disease in South Africa is unknown. In Western countries, such 

as the USA and Europe, it is estimated that up to 30% of adults have liver steatosis (Yeh 

and Blunt, 2007). In db/db mice lipoprotein lipase (LPL) activity is reduced by ca. 72% 

compared to the db/+ littermates (Kobayashi et al., 2000). The reduced LPL activity and 

hyperfagia contributes to their dyslipidaemia. In addition, the db/db mice develop insulin 

resistance from 4 weeks of age with resultant hyperinsulinaemia. The resultant 

hyperinsulinaemia drives lipid synthesis in the liver (Petta et al., 2016). The effect of GRT 

extract on obese diabetic db/db mice was assessed histologically by an experienced 

histologist using a steatotic severity scoring system adapted from Trak-Smayra et al. 

(2011).  
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To avoid observational bias, the histologist was blinded to the different groups and the 

slides from the different groups were randomly assessed.  Histological diagnostic criteria 

for NAFLD defines that  greater than ≥ 5% of the hepatocytes per liver acinus are steatotic 

(Yeh and Blunt, 2007). In this study, the db/db obese diabetic mice demonstrated a clear 

increase in microvesicular, mediovesicular and microvacular steatosis that was limited to 

zone 3, the central vein area, of the liver acinus. Zone 1, the peri portal tract area was 

clear of steatotic hepatocytes. This is the most common zonal pattern for steatosis in 

adults and is associated with the metabolic syndrome (Chalasani et al., 2008). 

 

 Apart from hepatic steatosis in the mice, no histopathological evidence or features of 

NASH, i.e. signs of inflammation or fibrosis, was observed. This is consistent with other 

findings that db/db mice do not progress from NAFLD to steatohepatitis or liver fibrosis 

unless dietary or other insults are employed (Takahashi et al., 2012). In comparison to 

the lean db/+ littermates, the db/db mice had an increased presence of micro- and 

mediovesicular steatosis. These results were supported by the increase in SREBP 1c 

mRNA expression that has been directly implicated in the development of liver steatosis 

(Takahashi et al., 2012; Brown et al., 2015).  GRT treatment did not significantly improve 

the steatosis severity score in the db/db mice. However, GRT did increase protein 

expression of PPAR-α and CPT 1 suggesting that GRT enhances beta-oxidation of lipids 

but the effect was not substantial enough to reverse NAFLD in this obese and diabetic 

db/db mouse model. 
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Figure 5.1: Brief Summary of anti-steatotic effect of an aspalathin rich green rooibos (GRT) 
extract.  

An obesogenic environment results in enhanced lipid accumulation, insulin resistance as well as 
disturbances in metabolic syndrome. Hepatic de novo lipogenesis is regulated by hyperglycemia and 
hyperinsulinaemia. Which further activates lipogenic genes resulting in enhanced free fatty acids that are 
not oxidized. GRT effectively ameliorated these metabolic complications by reducing lipid accumulation and 
inflammation. In the liver, GRT suppressed lipid synthesis by decreasing SREBP 1c, a transcriptional factor 
involved in fat synthesis, and by increasing peroxisome proliferator-activated receptors alpha (PPAR-α) 
and CPT 1 promote beta-oxidation of lipids. 
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CHAPTER SIX 

CONCLUSION AND LIMITATIONS 
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6.0 CONCLUSION 

In conclusion, our findings showed that GRT effectively modulated oleic acid induced 

steatosis in C3A liver cells. At a mechanistic level, GRT extract modulated several genes 

relevant to hepatic steatosis including genes involved in cellular glucose metabolism 

(ChREBP and GCK), lipids synthesis (SEBP 1c and FASN) and inflammation (TNF-α). 

Of interest was that GRT extract also reduced PPAR-α a transcription factor involved in 

beta-oxidation. This together with the lack of effect on CPT-1 expression suggests that 

the activity observed in vitro was due to a reduction in the synthesis of lipids rather than 

increased lipolysis.  In the obese diabetic db/db mouse, the GRT extract improved 

glucose tolerance but did not significantly affect liver weight or ameliorate liver steatosis. 

At a gene level, GRT extract reduced gene expression of SREBP, FASN and HMGCS 1; 

genes that control lipid and cholesterol synthesis. At a protein expression level, GRT 

treatment enhanced PPAR-α levels. PPAR-α plays several hepatoprotective effects such 

as increasing beta-oxidation, reducing inflammation and limiting fibrosis.  

 

Taken together, this study confirmed the potential modulatory benefits of GRT extract 

treatment on the development of steatosis. However, more studies are required to fully 

elucidate the mechanism using other models. 
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6.1 Shortcoming of this study 

• In terms of the in vitro study, the effects of GRT extract on protein expression and 

activation of relevant effector proteins, such as AMPK, PI3K and AKT, would have 

provided further information on the mechanisms of action of GRT. Additionally, a 

glycerol release assay would have provided further information of lipolysis but this 

was not performed due to time and financial constraints.  

• As only ca. 10% of the litter homozygously express the obese db/db phenotype, 

the in vivo part of the project was completed in two studies with n=4/group.  This 

contributed to the higher variation of the response to treatment and resultant lack 

of significance in terms of glycaemia as well as variation in the histopathology 

which could be ascribed to the fact that the results of two studies differed slightly. 

• The db/db study was a shared study, and due to small volumes of serum, and 

other agreed uses of the serum, we were unable to do lipograms. 

 

6.2 Future studies will include 

• It would have also been useful if the treatment had commenced before the mice 

were overtly obese and diabetic. It would have been of interest if the study could 

have started at 4 weeks when the db/db mice are becoming obese, rather than at 

6 weeks when the mice were already overtly obese and diabetic. It could have 

provided an insight into the ability of GRT to protect against steatosis rather than 

treat established NAFLD. 

• To maximize the chances of identifying the benefits of treatment on NAFLD, 

proteomics and gene arrays will be used to further elucidate relevant pathways 

and effector genes. 
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8.0 APPENDIX  

8.1.1 Ethical approval (SAMRC-ECRA REF.05/17) 
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8.1.2 Ethical clearance (UZREC 171110-030) 
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8.1.3 Proofreading and report 
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8.2 Reagents and buffers solutions 

 

Product name Supplier Product number 

Oleic acid Sigma-Aldrich, St Louis, MO, 

USA  

SLBQ9717V 

Pioglitazone Sigma-Aldrich, St Louis, MO, 

USA  

LRAA5299 

MTT Reagent Sigma-Aldrich, St Louis, MO, 

USA  

MKBW0847V 

Crystal Violet   

Oil Red O Sigma, St Louise, MO, USA 1320-06-5 

Isopropanol Sigma-Aldrich, St Louis, MO, 

USA 

I9516 

Neutral Buffered formalin Sigma-Aldrich, St Louis, MO, 

USA 

HT501128 

Ethanol Sigma-Aldrich, St Louis, MO, 

USA 

0030123.328 

Water (TC grade) Sigma-Aldrich, St Louis, MO, 

USA 

BE 17-724Q 

PBS Lonza, Walkersville, MD, USA BE17-513F 

Dulbecco`s phosphate buffered saline (DPBS)  Lonza, Walkersville, MD, USA 17-513F  

Eagle’s minimum essential medium (EMEM)  Lonza, Walkersville, MD, USA BE12-662F 

Trypsin Millipore, Bellerica, MA, USA 2500-056 

Trypan blue  Invitrogen, Carlsbad, CA, USA 15050-065 

Albumin, Bovine Fraction V (fatty acid-free) Melford Laboratories, Ipswich 

Suffolk, U.K. 

A1302 
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Fetal Bovine Serum (FBS) Sigma-Aldrich, St Louis, MO, 

USA 

F2442 

L-Glutamine Lonza, Walkersville, MD, USA BE17-605E 

Dimethyl sulfoxide (DMSO)  Sigma-Aldrich, St Louis, MO, 

USA 

276855 

Phenylmethanesulfonyl fluoride (PMSF) Roche, Basel, Switzerland 11206893001 

Cell extraction lysis Buffer Life Technologies Corporation, 

Carlsbad, CA, USA 

FNN0011 

PMSF  Fluka 78830 

Ammonium persulfate (APS) Bio-Rad, Hercules, CA, USA 1610700 

Acrylamide Bio-Rad, Hercules, CA, USA 1610156 

Non-fat milk powder (Elite Clover SA) Pick n Pay N/A 

Whatman paper  Merck 3031-915 

Hybond-P PVDF membrane Amersham RPN1416F 

Methanol Fluka 65543 

Tris  Fluka 93352 

Stainless steel beads Qiagen 69989 

High capacity cDNA reverse transcription kit Applied Biosystems, Foster City, 

CA, USA  

4368814 

TaqMan® Gene Expression Cells-to-CT™ Kit Ambion by life technologies 1205047 

RNase inhibitor  Applied Biosystems, Foster City, 

CA, USA  

N8080119 

High capacity reverse transcription kit Applied Biosystems, Foster City, 

CA, USA  

00325750 

Precision plus protein ™ western c ™standards   Bio-Rad, Hercules, CA, USA 161-0376 

Precision protein™ strep tactin-HPRTN conjugate  Bio-Rad, Hercules, CA, USA 1610381 
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Entellan  Merck  1.07961.0500 

Nuclease-free water Ambion  1701323 

Restore™ Plus western blot stripping buffer  Thermo Scientific  SL258473 

Clarity™ western ECL substrate  Bio-Rad  170-5061 

Pierce™ BCA protein assay kit  Thermo Scientific MA152117 

Tween 20 Sigma-Aldrich, St Louis, MO, 

USA 

MKCD6838 

Trans-blot Turbo™ 5x transfer buffer  Bio-Rad, Hercules, CA, USA 100266958 

Chloroform Sigma-Aldrich, St Louis, MO, 

USA 

136112-00-0 

Isopropanol  Sigma-Aldrich, St Louis, MO, 

USA 

I9516 

Lysis buffer  Cell Signalling Technology, 

Danvers, MA, USA 

9803 

β-mercaptoethanol  Sigma-Aldrich, St Louis, MO, USA 60-24-2 

Coomasie blue stain Bio-Rad, Hercules, CA, USA 161-0437 
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8.3: List of consumables 

Product name Supplier Product number 

PCR plates  Applied Biosystems, Foster City, 

CA, USA 

N8010560 

0. 2 PCR tubes, flat cap Axgyen, Corning, NY  AX/PCR-02-C/S 

0.5 mL Eppendorf safe-lock tubes Eppendorf, Hamburg, German 

 

 

0030 123.301 

1.5 mL Eppendorf safe- lock tubes Eppendorf, Hamburg, Germany 0030 123.328 

2 mL Eppendorf safe- lock tubes Eppendorf, Hamburg, Germany 0030 123. 344 

15 mL centrifuge tubes NEST Biotechnology, Jiangsu 

China Wuxi 

602072 

50 mL centrifuge tubes NEST Biotechnology, Jiangsu 

China Wuxi 

601001 

CELLBIND- 6 well plates Corning, MA, USA 3335 

CELLBIND -96well clear plates  Corning, MA, USA 3300 

Filter Pads Sigma-Aldrich, St Louis, MO, 

USA 

23385 

T75 Flasks Greiner bio-one, Frickenhausen, 

Germany 

658975 

Cell counting chamber slides C10228 Life Technologies 

Corporation, Carlsbad, 

CA, USA 

Stainless steel beads 5mm Qiagen, Hilden, Germany 69989 

Whatman3MMChr sheets Sigma-Aldrich, St Louis, MO, USA 3030-931 

Cryotubes Corning, MA, USA 430659 
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Polyvinylidene Fluoridine Membrane (PVDF) 88585 Pierce, Rockford, IL, USA 

 

8.4: Equipment’s 

 

Product name Supplier Product number 

FLX800 Fluorescence microplate reader  Bio-Tek, Winooski, VT, USA Gen5v.1.05  

Quantity One Software  Bio-Rad, Hercules, CA, USA 170-9600 

Tissue lyser  Qiagen, Hilden, Germany 85600 

Countess automated cell counter  Invitrogen, Carlsbad, CA, USA C10311 

Bio-Rad chemiDoc Bio-Rad, Hercules, CA, USA170 -8265 

Microscope NIS elements software with a Nikon 

Eclipse Ti inverted microscope  

(Nikon, Kanagawa, Japan)  

Graphpad Prism ®  Graphpad Software Inc, CA, USA Version 5.02 
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8.5 Buffers and media used in this study 

Eagle's Minimum Essential Medium (EMEM)  

90% complete growth media (containing 100 mM Sodium Pyruvate, 1% non-essential 

amino acids (NEAAs) was supplemented with 10% foetal bovine serum (FBS), 2 ml 

glutamine and 2 ml penicillin-streptomycin. 

Oil red O solution 

1% (w/v) ORO stock solution was prepared by dissolving 1 g of ORO powder in 100 ml 

isopropanol and left to mix on a magnetic stirrer overnight. An ORO working solution 70% 

(v/v) was made from the stock by diluting 70 ml stock solution with 30 ml distilled water. 

The solution was filtered to remove any precipitate. 

Crystal violet solution 

2% (w/v) CV stock solution was prepared by dissolving 2 g of crystal violet powder in 100 

ml of TC grade water, stirred using a magnetic stirrer. A working solution was prepared 

by diluting 250 µl of stock solution (2%) with 50ml of distilled water. The working solution 

was prepared fresh every time before use. 

MTT reagent 

1 mg/ml solution was prepared by dissolving 43 mg of MTT reagent in 43 ml of DPBS. 

This reagent was filter sterilized then covered with foil as it is light sensitive. 
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Sorenson’s Glycine buffer 

0.751 g glycine (0.1 M) and 0.584 g sodium chloride (NaCl) (0.1 M) were weighed and 

dissolved in 100 ml TC water. The pH was adjusted to 10.5 using sodium hydroxide 

(NaOH). 

5x transfer buffer 

5 x transfer buffer was prepared by dissolving 3.03 g 25 mM Tris (MW=121.1) and 14.41 

g 192 mM glycine (MW= 75.07) in 800 ml double distilled water. 

1x transfer buffer 

1 x transfer buffer was prepared by mixing 200 ml 5 x transfer buffer with 600 ml double 

distilled water and 200 ml ethanol (molecular grade 95~99% purity). 

10x Tris-buffered saline (10x TBS pH= 7.6) 

10 x TBS was prepared by dissolving 24.22 g 200 mM Tris and 80.06 g 1.37 mM NaCl 

(MW=58.44) made up to 1 L with double distilled water.  

1x Tris-buffered saline and Tween 20 (1x TBST) 

1 x TBST was prepared by diluting 100 ml 10x TBS with 900 ml double distilled water and 

adding 1 ml Tween-20. 

10% Ammonium persulphate solution 

  

10% APS was prepared by dissolving in 10 g APS in 10 ml of double distilled water. 
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8.6 Preparations of stock treatments 
 

B1: showing how stock solutions per treatment were prepared 

Description EMEM GRT BSA Oleic 
acid 

PIOGLITAZONE 

GRT stock 
solution 

2 ml 2 mg - - - 

BSA stock 
solution 

45 ml - 0.9 g - - 

Oleic acid 
10mM Stock 
solution 

3488,3 μl 
with BSA 

- - 11.7 μl - 

1mM 
Pioglitazone 

0.5 ml - - - 0.196 g 

10M 
Pioglitazone  

990 μl    10 μl of 1M 
stock solution 
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8.7 In vivo data 
 

OGTT 10 WEEKS RAW DATA (Obese) 

 

Obese Control                                                         Mice no 

Time                1                 2               3              4               5             6              7               8                 

 

0. 18.8 22.8 10.5 15.0 19.2 25.1 27.7 22.6 

15. 29.6 33.3 31.4 32.6 26.1 31.1 33.3 33.3 

30. 26.9 33.3 27.2 33.3 27.1 30.2 27.8 33.3 

60. 18.1 27.3 16.2 25.3 26.6 28.9 31.1 30.6 

120. 9.8 14.6 10.9 18.8 11.7 12.5 10.4 11.2 

 

 

 

 

 

Obese Pioglitazone                                                           Mice no 

Time                1                 2               3              4               5             6              7               8                 

0 8.8 7.2 8.1 9.0 20.1 21.5 20.6 25.3 

15 28.2 24.4 32.7 32.6 32.4 28.9 27.2 29.7 

30 18.2 19.3 32.8 22.5 33.3 27.1 31.2 33.1 

60 7.6 8.4 14.2 16.7 31.2 33.3 26.7 25.1 

120 6.2 5.6 9.8 12.5 11.8 10.6 7.0 12.0 

 

 

 

 

 

Obese GRT 1 (74 mg/kg)                                                        Mice no 

Time                   1                 2            3              4               5             6              7               8                 

0 6.3 7.4 31.9 10.2 24.2 14.6 21.3 15.0 

15 28.6 19.6 33.3 31.8 31.0 28.3 33.3 33.3 

30 17.6 16.2 33.3 24.8 30.2 29.6 27.6 25.2 

60 16.0 6.1 29.4 12.1 19.8 24.6 22.3 18.1 

120 5.1 4.9 25.4 6.5 14.6 12.6 10.7 7.9 
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Obese GRT 1 (740 mg/kg)                                                        Mice no 

Time                   1                 2            3              4               5             6              7               8                 

0 16.1 20.2 6.7 30.1 22.2  15.7 21.8 

15 28.3 22.2 19.2 33.3 23.9  29.2 33.3 

30 29.0 23.8 25.2 33.3 23.3  24.3 33.3 

60 7.2 17.8 9.8 29.3 14.9  16.4 28.4 

120 8.1 8.8 4.4 18.8 7.8  6.6 6.5 

 
 

 

 

 

 

OGTT 10 WEEKS RAW DATA (Lean) 

 

Lean Control                                                       Mice no 

Time                1                 2               3              4               5             6              7               8                 

 

0 9.6 8.4 7.4 9.9 7.9 9.1 9.4 9.4  

15 12.7 13.5 15.1 14.3 10.2 12.0 14.4 14.6  

30 9.1 9.2 9.6 12.2 13.1 9.5 14.6 10.5  

60  9.2 7.1 8.6 8.4 12.3 11.0 10.3  

120 6.9 7.1 7.1 9.0 6.1 5.8 7.3 8.8  

 

 

 

 

 

 

Lean Pioglitazone                                                Mice no 

Time                1                 2               3              4               5             6              7               8                 

 

0 9.7 7.8 7.1 6.2 5.2 6.4 9.1  
15 7.9 12.2 15.0 12.2 9.8 10.3 10.5  
30 8.2 9.4 12.2 10.3 7.8 11.1 9.7  
60 8.6 7.2 7.9 7.3 6.2 9.3 9.4  

120 5.8 6.0 6.4 5.6 5.7 5.7 8.4  
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Lean GRT 1 (74 mg/kg)                                                    Mice no 

Time                1                 2               3              4               5             6              7               8                 

0 7.8 6.0 4.9 4.8 10.8 9.8 3.3 11.8 

15 12.3 8.8 12.4 11.1 13.6 11.5 10.3 15.9 

30 9.4 6.9 8.5 8.8 12.6 12.1 5.7 14.4 

60 10.5 9.2 5.8 5.4 11.4 8.8 4.2 12.2 

120 7.9 6.6 5.5 4.0 8.9 5.9 3.7 10.2 

 

 

 

 

 

 

Lean GRT 1 (740 mg/kg)                                                    Mice no 

Time                1                 2               3              4               5             6              7               8                 

0 9.0 9.8 7.3 7.3 9.9 11.6 9.3 8.3 

15 11.6 11.1 11.3 11.6 17.6 13.2 10.3 11.3 

30 9.4 10.7 10.4 10.9 12.9 12.6 10.1 7.7 

60 6.7 9.1 7.6 7.6 9.7 10.6 13.0 7.2 

120 5.8 5.4 7.3 7.4 7.8 8.4 7.6 6.3 

 
 

 

 

 

FASTING BLOOD GLUCOSE 10 WEEKS RAW DATA (Obese) 

 

 

Obese Control                                                         Mice no 

               1                  2                  3                  4                  5                   6                   7                  

8                 

 

9.1 9.7 9.9 8.3 3.8 4.0 5.0 4.2 

8.2 8.4 33.3 17.6 16.8 15.9 18.4 25.8 

4.9 5.2 9.9 9.3 10.7 6.7 6.5 6.9 

5.3 6.6 10.7 10.9 9.7 9.3 11.8 12.4 

7.3 10.4 9.7 11.9 10.8 11.2 8.8 12.6 

6.9 13.9 7.0 11.6 14.2 13.1 7.1 7.1 

5.9 13.2 5.8 13.3 9.1 10.6 7.7 14.0 

8.4 13.0 7.4 8.6 11.8 11.4 8.4 9.2 

8.5 14.4 6.1 14.1 15.1 19.2 10.5 11.7 
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Obese Pioglitazone                                                        Mice no 

               1                  2                  3                  4                  5                   6                   7                  

8                 

 

6.3 14.0 9.0 7.6 5.6 4.2 5.7 3.2 

9.6 7.9 7.4 8.6 17.0 17.1 25.2 20.1 

6.3 6.3 4.8 4.4 9.2 6.2 8.9 11.6 

9.4 6.7 2.6 5.1 9.2 6.2 8.9 12.6 

6.2 7.0 5.7 6.1 13.7 8.1 8.6 12.0 

5.4 7.9 5.6 7.4 9.0 6.8 9.7 8.9 

5.8 5.8 5.4 7.8 6.9 7.3 11.7 13.4 

4.6 4.7 4.0 4.8 11.3 11.4 6.7 9.2 

8.1 9.0 8.8 6.3 12.2 9.1 8.3 12.2 

 

 

 

 

 

 

 

Obese GRT 1 (74 mg/kg)                                                  Mice no 

               1                  2                  3                  4                  5                   6                   7                  

8                 

 

7.9 6.9 8.8 8.4 3.9 3.8 5.2 5.1 

14.8 10.3 14.8 13.3 15.1 13.7 16.9 21.9 

13.8 8.1 8.9 4.9 6.1 10.1 9.8 9.9 

4.6 4.9 14.2 6.1 9.1 12.1 10.8 8.9 

7.7 5.8 16.8 4.8 8.1 7.1 11.4 9.6 

6.4 7.9 32.9 6.0 8.9 10.2 12.6 8.3 

10.1 7.4 22.9 17.8 8.4 9.6 11.3 8.7 

5.6 6.2 33.3 8.8 12.5 8.6 10.4 8.1 

7.3 6.9 32.7 9.8 16.4 7.4 15.9 9.8 
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Obese GRT 1 (740 mg/kg)                                                  Mice no 

               1                  2                  3                  4                  5                   6                   7                  

8                 

 

8.2 5.3 9.7 16.1 7.2 7.7 5.2 3.4 

10.2 8.4 11.4 16.9 23.6 25.7 17.1 12.9 

13.9 4.1 4.1 8.2 11.1 13.2 7.2 8.5 

6.8 5.3 6.9 11.7 10.6 11.2 9.2 10.5 

4.9 4.9 5.8 15.6 11.1 8.9 9.3 12.4 

7.3 7.7 5.6 13.3 9.8 8.3 7.6 7.3 

6.4 7.9 7.3 14.6 7.1 8.3 8.4 13.7 

6.6 6.3 5.5 19.5 8.3 10.2 9.7 8.0 

13.6 10.2 7.9 14.9 12.4 13.6 9.9 11.3 

 
 

 

 

FASTING BLOOD GLUCOSE 10 WEEKS RAW DATA (LEAN) 

 

Lean Control                                                  Mice no 

               1                  2                  3                  4                  5                   6                   7                  

8                 

5.3 4.9 7.1 9.7 2.3 2.3 1.6 1.8 

8.8 10.3 6.2 6.2 7.3 8.4 8.6 6.6 

5.8 7.6 5.8 5.8 5.6 6.9 5.7 6.8 

3.0 3.3 3.5 4.0 7.3 8.4 8.6 6.6 

6.8 6.7 7.8 9.5 5.6 7.6 6.2 6.7 

5.9 6.3 7.4 10.6 6.2 6.8 6.9 7.5 

4.0 3.9 5.2 4.8 6.2 6.6 9.1 6.5 

5.9 6.8 6.7 8.2 7.5 8.8 9.4 8.1 

6.1 6.5 8.9 11.1 6.3 9.1 8.3 7.5 
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Lean Pioglitazone                                                  Mice no 

               1                  2                  3                  4                  5                   6                   7                  

8                 

 

6.6 6.7 7.5 7.6 2.4 2.3 5.2 3.8 

8.6 8.3 7.0 7.3 7.2 5.4 6.6 6.1 

6.6 7.6 7.2 6.9 6.2 6.1 5.4  
3.5 2.9 4.1 4.6 7.2 5.4 6.6  
7.4 8.2 7.8 5.9 5.9 6.4 6.3  
7.7 8.2 6.3 7.2 4.8 5.8 5.3  
4.7 2.9 4.0 3.1 4.9 5.8 7.0  
9.8 7.2 7.8 6.3 5.1 6.4 6.1  
7.4 7.2 8.2 5.3 6.2 4.7 8.6  

 

 

 

 

 

 

 

Lean GRT 1 (74 mg/kg)                                                  Mice no 

               1                  2                  3                  4                  5                   6                   7                  

8                 

 

4.3 2.8 2.2 3.7 2.1 1.9 2.8 1.8 

7.8 9.0 7.3 7.0 9.3 5.9 6.3 7.3 

5.3 5.4 6.2 5.8 7.6 5.4 5.6 5.3 

3.5 3.9 6.8 4.1 9.3 5.9 6.3 7.3 

8.1 7.2 5.7 11.9 6.7 5.7 5.4 5.9 

7.2 6.6 8.2 9.4 6.5 5.3 5.9 6.6 

3.8 2.7 3.4 3.4 8.8 4.7 5.5 5.7 

7.2 5.8 7.2 6.2 8.8 5.8 8.8 8.7 

6.4 4.9 7.9 9.5 7.8 7.4 7.1 7.5 
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Lean GRT 1 (740 mg/kg)                                                  Mice no 

               1                  2                  3                  4                  5                   6                   7                  

8                 

3.0 2.3 3.6 3.0 3.2 3.2 3.4 3.0 

7.1 9.1 6.8 8.2 13.6 13.2 13.0 7.9 

6.6 8.4 6.6 5.4 6.1 7.0 6.2 5.7 

4.4 5.8 3.2 3.9 9.6 8.2 8.9 7.9 

7.4 7.1 9.2 8.1 5.2 6.1 6.4 6.3 

7.3 6.9 7.4 8.7 5.4 7.1 6.8 6.3 

3.4 3.7 3.3 3.5 7.7 5.3 7.4 6.3 

6.6 6.8 7.4 7.1 8.3 11.2 8.7 7.5 

7.5 7.2 5.8 8.8 8.9 8.6 8.8 7.6 

 

 

 

 
 
 
BODY WEIGHT 10 WEEKS RAW DATA (LEAN) 
 

 

 

 

Lean Control                                    Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 22 26 28 27 24 23 26 24 
2 28 28 28 26 23 21 24 22 
4 28 28 28 27 27 24 28 25 
5 27 28 28 27 28 25 31 26 
6 28 28 29 29 30 26 30 26 
7 29 30 29 28 30 26 31 26 
8 29 30 29 28 32 27 31 27 
9 29 30 29 28 31 28 31 28 
10 30 29 29 30 31 28 31 28 
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Lean Pioglitazone                                    Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 29 26 24 27 24 24 25 21 
2 29 26 25 29 22 21 25 19 
4 28 26 26 30 27 24 25 15 
5 29 27 27 31 28 26 25  
6 27 27 32 30 28 26 24  
7 30 30 29 33 27 27 25  
8 30 30 29 33 30 28 25  
9 30 29 29 37 26 27 26  
10 30 29 29 34 30 29 26  

 

 

 

 

 

 

 

 

Lean GRT 1 (74 mg/kg)                                  Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 28 25 26 27 26 24 23 21 
2 27 25 26 27 24 22 22 21 
4 29 26 26 27 26 24 24 23 
5 30 27 25 27 27 25 24 24 
6 30 27 26 29 26 24 25 25 
7 30 28 28 29 30 28 24 27 
8 30 28 28 29 32 31 22 27 
9 30 28 29 31 32 31 17 28 
10 31 28 29 32 31 30 27  
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Lean GRT 2 (740 mg/kg)                              Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 29 26 26 25 24 22 23 23 
2 29 26 26 25 22 21 20 23 
4 31 28 27 26 24 25 23 24 
5 31 28 26 27 26 26 24 25 
6 31 28 27 27 26 27 26 27 
7 31 28 27 28 27 28 26 26 
8 31 28 27 28 27 27 26 25 
9 31 27 28 28 27 27 26 24 
10 32 28 28 29 27 26 26 26 
 

 

 

 

 

 

 

 

BODY WEIGHT 10 WEEKS RAW DATA (Obese) 
 
 
 

Obese Control                              Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 43 42 43 40 30 32 30 29 
2 46 45 37 45 29 31 30 28 
4 52 52 47 50 35 37 37 34 
5 54 53 50 53 36 38 38 36 
6 55 55 55 54 38 40 39 36 
7 57 56 55 56 40 42 41 39 
8 57 56 56 58 43 45 46 43 
9 59 60 59 59 45 47 48 52 
10 60 60 60 59 47 48 47 46 
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Obese Control Pioglitazone                              Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 45 48 39 46 29 30 30 30 
2 47 49 42 49 28 30 29 30 
4 56 56 47 53 34 38 36 37 
5 58 57 47 53 35 40 38 39 
6 58 60 49 56 38 41 39 41 
7 59 59 49 58 40 45 42 43 
8 61 59 49 58 44 48 47 48 
9 64 63 50 60 49 48 50 48 
10 66 65 51 62 50 53 48 49 
 

 

 

 

 

 

 

 

 

Obese GRT 1 (74 mg/kg)                              Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 46 45 43 42 33 32 36 35 
2 39 49 45 48 31 27 34 34 
4 41 54 48 53 38 35 39 38 
5 45 55 49 55 40 37 40 39 
6 49 56 50 56 42 39 41 40 
7 53 58 50 57 44 42 43 42 
8 54 59 50 58 46 45 49 47 
9 59 64 51 59 47 48 48 50 
10 61 64 52 61 52 46 51 49 

 

 

 

 

 

 

 

 

 

 

 

 



 

185 
 

Obese GRT 2 (740 mg/kg)                              Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 46 38 39 38 35 33 33 33 
2 44 52 41 44 34 35 33 32 
4 48 57 42 48 38 39 38 36 
5 50 59 48 49 38 40 41 37 
6 51 61 51 51 40 42 43 39 
7 53 62 53 53 42 44 47 42 
8 53 63 55 53 46 48 51 45 
9 54 65 56 54 50 48 52 46 
10 64 52 61 64 49 50 53 47 

 

 

 

 

 

 
 
 
FOOD INTAKE 10 WEEKS RAW DATA (Obese) 
 
 
 

Obese Control                             Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 17 17 19 19 19 19 19 19 
2 18 18 19 19 17 17 19 19 
4 20 20 16 16 18 18 19 19 
5 20 20 20 20 20 20 20 20 
6 21 21 21 21 22 22 20 20 
7 26 26 25 25 24 24 25 25 
8 26 26 25 25 26 26 27 27 
9 30 30 30 30 31 31 31 31 
10 30 30 30 30 31 31 31 31 
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Obese Pioglitazone                             Mice no 

Time     1         2           3          4         5           6         7            8                 

 
1 18 18 19 19 18 18 18 18 
2 19 19 19 19 19 19 19 19 
4 18 18 19 19 22 22 19 19 
5 21 21 20 20 21 21 20 20 
6 22 22 22 22 20 20 22 22 
7 24 24 24 24 24 24 23 23 
8 27 27 27 27 27 27 26 26 
9 31 31 30 30 31 31 31 31 
10 31 31 30 30 31 31 31 31 

 

 

 

 

 

Obese GRT 1 (74 mg/kg)                         Mice no 

Time     1         2           3          4         5           6         7            8                 

 

1 19 19 17 17 19 19 18 18 
2 16 16 19 19 19 19 18 18 
4 21 20 20 16 16 18 18 19 
5 20 18 18 18 18 20 20 18 
6 21 18 18 16 16 18 18 18 
7 25 25 25 25 25 23 23 25 
8 26 20 20 20 20 20 20 20 
9 32 32 32 32 31 31 31 31 
10 32 32 32 32 31 31 31 31 
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Obese GRT 2 (740 mg/kg)                         Mice no 

Time     1         2           3          4         5           6         7            8                 

 

1 18 18 19 19 20 20 18 18 
2 21 21 20 20 19 19 18 18 
4 19 18 18 19 19 22 22 19 
5 18 18 18 18 18 18 18 18 
6 18 20 20 18 18 20 20 18 
7 25 25 25 25 25 25 25 25 
8 20 21 21 20 20 21 21 20 
9 30 30 32 32 30 30 30 30 
10 30 30 32 32 30 30 30 30 
 

 
 
 
 
FOOD INTAKE 10 WEEKS RAW DATA (Lean) 
 

 

Lean Control                                    Mice no 

Time   1       2         3          4         5         6         7            8                 

 

1 17 17 19 19 19 19 19 19 
2 18 18 19 19 17 17 19 19 
4 20 20 19 19 19 19 16 16 
5 22 22 24 24 24 24 23 23 
6 24 24 24 24 24 24 26 26 
7 27 27 27 27 26 26 26 26 
8 30 30 30 30 30 30 29 29 
9 24 24 23 23 23 23 24 24 
10 25 25 24 24 24 24 24 24 
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Lean Pioglitazone                                 Mice no 

Time   1       2         3          4         5         6         7            8                 

 
1 18 18 19 19 18 18 18 18 
2 19 19 19 19 19 19 19 19 
4 20 20 19 19 21 21 18 18 
5 21 21 24 24 22 22 22 22 
6 23 23 26 26 26 26 25 25 
7 25 25 26 26 24 24 27 27 
8 29 29 30 30 27 27 30 30 
9 24 24 24 24 23 23 25 25 
10 24 24 25 25 23 23 24 24 
 

 

 

 

 

 

 

Lean GRT 1 (74 mg/kg)                            Mice no 

Time   1       2         3          4         5         6         7            8                 

 

1 19 19 17 17 19 19 18 18 
2 16 16 19 19 19 19 18 18 
4 19 19 20 20 20 20 19 19 
5 24 24 21 21 21 21 24 24 
6 26 26 26 26 25 25 26 26 
7 28 28 28 28 27 27 25 25 
8 28 28 28 28 27 27 25 25 
9 26 26 26 26 27 27 25 25 
10 24 24 26 26 26 26 25 25 
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Lean GRT 2 (740 mg/kg)                            Mice no 

Time   1       2         3          4         5         6         7            8                 

 

1 18 18 19 19 20 20 18 18 
2 21 21 20 20 19 19 18 18 
4 19 19 20 20 20 20 20 20 
5 20 20 21 21 23 23 23 23 
6 25 25 23 23 26 26 26 26 
7 28 28 26 26 24 24 27 27 
8 28 28 26 26 24 24 27 27 
9 26 26 26 26 22 22 25 25 
10 26 26 26 26 23 23 26 26 

 

 
 

Gene Slope  R^2 no of points in std 

Act B (lean) -3.322 0.999 6 

Act B (obese) -3.207 0.988 6 

HPRT (lean) -3.08 0.997 5 

HPRT (obese) -3.27 0.998 6 

FASN (lean) -3.406 0.996 5 

FASN (lean) -3.226 0.984 6 

ACACA (lean) -3.08 0.982 5 

ACACA (obese) -3.31 0.998 6 

APO A1 (lean) -3.199 0.993 6 

APO A1 (obese) -3.133 0.995 5 

APO A4 (lean) -3.4 0.996 6 

APO A4 (obese) ND 

HSMGCR (lean) -3.096 0.996 6 

HSMGCR (obese) -3.057 0.999 6 

HSMGCS 1(lean) -3.598 0.999 6 

HSMGCS 1 (obese) -3.068 0.987 5 

ChREBP (lean) -3.382 0.994 5 

ChREBP (obese) -3.111 0.988 5 

PPAR a(lean) -3.55 0.994 5 

PPAR a(obese) -3.362 0.998 6 

SREBP 1c (lean) -3.068 0.987 5 

SREBP 1c (obese) -3.403 0.98 6 
 

Table 4: Gene expression results in lean and obese mice treated with GRT.  

 


