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ABSTRACT

Obesity can lead to Type 2 Diabetes, both conditions increase in association with physical
inactivity and high-energy diets, resulting in elevated blood glucose, decreased insulin
sensitivity and increased insulin resistance. Sutherlandia frutescens (S.frutescens), an antidiabetic plant, reverses and prevents insulin resistance in a rat model and human cell culture
model. Gene expression analysis in hepatocyte cultures, identified genes down regulated in
insulin resistance and up regulated by S.frutescens. These included genes encoding vesicle
transporter proteins, hypothesised to be linked to hepatic lipid accumulation and lipid droplet
formation during insulin resistance. The aim of this study was to investigate critical genes
involved in lipid droplet formation, vesicle assembly and transport in high fat diet (HFD)induced insulin resistant rat liver tissue during the development of insulin resistance and the
reversal of these changes by S.frutescens.
Rats were fed a low fat diet (LFD) or HFD supplemented with S.frutescens for 2, 4 and 8
weeks. Rats fed a HFD for 12 weeks developed insulin resistance, confirmed by plasma
glucose and insulin levels (compared to normal controls). Groups of these rats were gavaged
with S. frutescens (50mg/kg BW), Metformin (13mg/kg BW) or water for a further 4 weeks
and starved for 12 hours, anaesthetized and blood removed by heart puncture. Liver was
stored in RNA-Later™ for qRT-PCR and snap-frozen in liquid nitrogen for western blotting
and confocal microscopy analysis. Changes in expression of vesicle transporter genes
VAMP3 and NSF were analysed by qRT-PCR and changes in the protein expression by
western blotting analysis.

Proteins were localised within the liver by confocal

immunohistochemistry using ZEN lite™ software. Statistical analysis was performed using
One-Way ANOVA and unpaired t-test.
mRNA gene expression of vesicle transport components VAMP3, NSF and SNAP25 showed
relatively moderate changes with considerable individual variation within

control or

experimental groups. Uncorrelated changes in mRNA and protein products were found and
may be due to differential regulation by siRNA. Proteins also showed altered staining
patterns in high fat diet rats that reverted towards normal on S. frutescens treatment,
potentially reflecting functional changes associated with transport of lipid-filled vesicles.
ii
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CHAPTER 1
Introduction

1.1 Diabetes a Global Epidemic

Once a disease predominantly affecting the West, Type 2 Diabetes (T2DM) has become a
global concern. The incidence of diabetes is estimated to double in prevalence worldwide
between the year 2000 and 2030, with the most significant increase occurring in developing
countries, particularly in Asia (Herman & Zimmet, 2012). According to the International
Diabetes Federation at least 285 million people are affected worldwide by diabetes, with
incidences expected to increase from 344 million in 2010 to 472 million by 2030 (Hu, 2011).
The major factors contributing to the increase in T2DM include population growth, aging,
urbanization and the increase in prevalence of obesity and physical inactivity. There is no
doubt that diabetes is now a global problem requiring immediate intervention.
Confronting the issue of T2DM requires knowledge gained from epidemiological and
pathophysiological studies on a diversity of ethnic groups (Wild et al., 2004). Gathering such
vital information may shed light on population differences and indigenous methods of
treating or preventing the disease locally.
1.2 Socio-economic Impact of Diabetes

Treatment for diabetes is becoming more sophisticated with many medications and
equipment available to maintain blood glucose levels, although many people of lower
economic status are unable to afford these medications and rely on government funding for
the treatment of this disease. Diabetic medications have been proven to lower blood glucose
levels, although normalization of blood glucose is seldom achieved (Sherwin et al., 2004),
causing individuals to rely on these medications for life. Even in well-controlled type 2
diabetics, complications still occur making this disease more costly and evermore
burdensome on the economy and welfare systems.
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Reduced employment and work productivity of individuals with diabetes have negative
implications on families, employers and policy makers (Julius et al., 1993).

1.3 Impact of Type 2 Diabetes Mellitus and Insulin Resistance on Health

Complications resulting from T2DM pose an increased risk for the development of other
diseases such as hypertension, coronary heart disease, stroke, dyslipidemia and obesity.
It has been found that individuals who suffer from hypertension also suffer from
hyperinsulinemia which is the essential link between diabetes and hypertension, irrespective
of whether the individual is obese or not. The onset of hyperinsulinemia is associated with the
resistance of tissues to insulin action over a period of time, caused by an increase in plasma
glucose levels characteristic of individuals with T2DM. This link between insulin resistance
(IR) and hyperinsulinemia has also been associated with stimulation of atherogenic plasma
lipids, by enhancing the synthesis of very-low density lipoproteins (VLDL). The increase in
the formation of these lipoproteins further stimulates the formation of other atherogenic
lipoproteins, including intermediate-density and low-density lipoproteins (LDL) (DeFronzo
& Ferrannini, 1991).
An increase in the total amount of fat in the body and the distribution thereof can exert
negative effects on insulin sensitivity(Jun et al., 1999). Accumulation of adipose in tissues is
caused by the excessive intake of any sugar, which is preferentially metabolised to lipid in the
liver, thus causing an increase in hepatic lipogenesis, dyslipidemia and chances of IR which
may progress to T2DM (Stanhope & Havel, 2010).
1.4 Lifestyle and Dietary Effects Associated With T2DM

The increase in prevalence of sedentary lifestyles is directly associated to the increase in
obesity amongst the world’s sub-populations (Kriska et al., 1993). Studies have shown that
physical activity plays an important role in insulin sensitivity. This is related to an increase
in muscle glycogen stores after exercise mediated depletion of these stores (Bogardus et al.,
2

1983). The increase in glucose uptake by muscle tissue contributes to improving insulin
sensitivity by improving insulin action (Lohmann et al., 1978).
As participation in physical activity declines, the consumption of high caloric foods
increases. The quality of fats and carbohydrates found in our modern day diet plays an
important role in the development of diabetes, independent of Body Mass Index (BMI) and
associated risk factors (Hu et al., 2001). Constant consumption of high glycemic loaded
foods, such as sugar-sweetened beverages and trans fats, increases the risk of an individual
becoming insulin resistant or at a risk of developing diabetes (Hu, 2011).
A recent study conducted by (Stanhope et al., 2009) investigated the effects of consuming
25% of energy from glucose or fructose sweetened beverages. Their results showed similar
weight gains, although fructose beverages showed a significant increase in visceral adiposity.
The consumption of trans fats has been linked to the increased risk of developing heart
disease and the development of IR (Lopez-Garcia et al., 2005).
The effect of smoking is an independent risk factor in the development of T2DM. It has been
shown that smokers are more likely to develop IR and diabetes, since smokers have been
associated with an increased risk of central adiposity (Grassi et al., 1992). The accumulation
of abdominal fat increases plasma cortisol levels caused by the stimulation of sympathetic
nervous system; therefore the accumulation of abdominal fat promotes IR. Modifications in
diets and lifestyle have shown to prevent the onset of T2DM.
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CHAPTER 2
Literature Review

2.1 Diabetes Mellitus

According to the American Diabetes Association, diabetes mellitus (DM) is a metabolic
disease characterised by high glucose levels (hyperglycaemia) with defects in insulin
secretion, insulin action, or both. There are various mechanisms leading to the onset of
diabetes, from insulin deficiency caused by cell-mediated autoimmune destruction of
pancreatic βeta- cells to a combination of IR and insulin deficiency. The deficiency in insulin
secretion from the pancreatic βeta cells is characteristic of type 1 diabetes mellitus (T1DM),
in contrast the desensitization of tissues to insulin signalling and action is associated with
type 2 diabetes (T2DM).
T2DM is the most common form of diabetes, affecting millions of people worldwide with
prevalence in individuals in developing countries. This form of non-insulin dependent
diabetes mellitus (NIDDM) accounts for 85% of the diabetic population worldwide (Jun et
al., 1999) affecting the young and the old. Clinical symptoms associated with T2DM, such as
IR and abnormalities in carbohydrate metabolism, may be present long before diabetes is
detected. T2DM is a complex genetic disease associated with various inherited metabolic
disorders which combine with environmental factors, to lead the development of the disease
(Nagle et al., 2009).
There are various factors involved in the development of T2DM. Therefore depending on the
individual and the circumstances involved during the time of diagnosis, the cause and
treatment for T2DM may differ ("Diagnosis and Classification of Diabetes Mellitus,"
2004).The control of blood glucose involves intricate management of various glycaemic
factors including lipid parameters, blood pressure and thrombotic factors.
Current treatments available for T2DM include sulphonylureas and biguanides (metformin)
as the most commonly used oral hypoglycaemic agents, proven to be safe and effective drugs
through long term use.

New drug therapies such as thiazolidinediones, glinides, α4

glucosidase inhibitors and glucagon-like peptide-1 agonists have been shown to induce
potentially serious side effects (Mooradian, 2009).
There has been an exponential growth in the field of herbal medicine over the past few years,
in both developing and developed countries, as a result of their natural origin and minimal
side effects (Nagle et al., 2009). In developing countries herbal medicines are the most
popular forms of treatment for diabetes, where most people have limited access to modern
treatment (D'Alessio, 2011). The increased incidence of T2DM has stimulated increased
research into the causes of the diseasee and potential new or refined therapies.
2.2 Metabolic Abnormalities associated with Regulation of Fuel Sources

Carbohydrates and fats provide most of the dietary energy needed to sustain optimal
functioning of the human body. Glucose and fatty acids are the main forms in which energy
is distributed throughout the body. These energy sources are used with similar efficiency to
regenerate ATP (Adenosine Triphosphate), the most common fuel source for metabolic
activities.
However, specialised cells including brain cells are unable to use fatty acids to meet their
energy needs and are therefore supplied with glucose (Berg et al., 2002). To accommodate
increases in carbohydrate and fat in the diet, major changes in glucose and lipid metabolism
are required (Yu et al., 2002). Inability to regulate the balance between energy sources may
lead to the accumulation of plasma glucose and free fatty acid levels with combined
detrimental downstream effects.
2.2.1

Defects in Lipid Metabolism

Dietary fats are emulsified in the intestine by bile and further degraded to fatty acids by
intestinal lipases. These are then absorbed and re-esterified into triacylglycerides (TAG) by
intestinal cells for further transport to adipose tissue or the liver where they are made
available as free fatty acids (FFA) as a metabolic fuel source (Flatt, 1995). The formation of
FFA is entirely dependent on the energy demand. FFA is formed by hydrolysing TAG in
adipose tissue into FFA and glycerol, following glucagon and epinephrine hormone
5

stimulation. Alternatively they are synthesised in the liver from excess carbohydrates and
transported through the body as VLDL (Nagle et al., 2009).
However, the over-consumption of foods high in fat leads to weight gain and obesity. As a
result of the enlarged adipose tissue mass, characteristic of obesity, accumulation of TAG
occurs, causing an elevation in FFA levels and reduction in clearance thereof. The elevation
of plasma FFA inhibits insulin’s anti-lipolytic action therefore further increasing the rate of
FFA released into circulation (Jensen, 2008).
The rise in FFA levels further promotes insulin resistance (IR) by inhibiting insulin
suppression of hepatic glucose production (HGP) (Boden, 1997), therefore causing an
increase in glucose production by hepatocytes through glycogenolysis (Boden et al., 2002).
Further evidence shows that FFA may enhance HGP by FFA-induced stimulation of
gluconeogenesis, contributing to hyperglycaemia in T2DM (Saloranta et al., 1991).
These elevated FFA levels also produce defects in insulin stimulated glucose transport and
phosphorylation, caused by a defect in inulin signalling (Boden & Chen, 1995). Increased
plasma FFA levels result in the accumulation of TAG and several metabolites involved in
FFA re-esterification including acetyl-Coenzyme A (CoA) and diacylglycerol (DAG) (Itani et
al., 2002).
DAG is a potent activator of protein kinase C (PKC) (Boden et al., 2005) in addition to
several other serine or threonine kinases, including inhibitory κB kinase (IKK)-β and c-Jun
NH2-terminal kinase (JNK), also activated by acute rising plasma FFA levels (Hotamisligil,
2005). FFA may also generate reactive oxygen species (ROS), therefore interrupting insulin
signalling by decreasing tyrosine phosphorylation of the insulin receptor substrate 1 or 2 (IRS
1/2) (Yu et al., 2002). FFA may interfere with insulin stimulation of glucose transport by
modulating glucose transporter (GLUT) gene transcription and mRNA stability (Armoni et
al., 2005).
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2.2.2

Defects in Glucose Metabolism

Carbohydrates and fats provide most of the dietary energy, and are distributed in the body in
the form of glucose and fatty acids. Carbohydrates must first be broken down into
monosaccharides before being absorbed. These monosaccharides, such as glucose, are the
simplest form of carbohydrates and serve as an important molecular fuel source. Glucose
enters into circulation and is rapidly transferred into the cells.
Elevated levels of circulating glucose are detected by pancreatic β cells which secrete insulin
to stimulate the uptake and storage of glucose from the blood plasma. The secretion of insulin
from the pancreatic β cells causes a cascade of events leading to the uptake of glucose in
muscle, adipose tissue and liver cells. Insulin binds to insulin receptors on the surface of cells
in target tissues and phosphorylates proximal substrates, including members of the insulin
receptor substrate family (IRS 1/2/3/4) activating various kinase cascades. The activation of
insulin receptors leads to downstream events essential for insulin-stimulated GLUT
translocation resulting in the uptake and breakdown of glucose in the cell (Pessin & Saltiel,
2000).

Figure 1: Schematic representation of the terminal steps
involved in the breakdown of glucose by kinases and the
synthesis of glycogen from glucose-6-phosphate (Diwan,
2010).

As glucose crosses the cell membrane, it is immediately phosphorylated by hexokinase II
(fig.1). Glucose-6-phosphate (G6P) is then used for glycogen synthesis or glycolysis. Insulin
plays a role in the regulation of glycogen synthase as well as other enzymes important in
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glycolysis. Through glycolysis, glucose is converted to pyruvate that is released into the
blood or used for gluconeogenesis in the liver.
Glucose-stimulated insulin secretion, HGP and glucose uptake by muscle needs to be
maintained to regulate normal glucose homeostasis (DeFronzo, 1997). Imbalance in
homeostasis between these mechanisms of glucose uptake causes a prolonged increase in
blood glucose levels. Normalisation of these abnormally high levels is achieved by a
compensatory over-secretion of insulin.
This hyperinsulinemic effect does not indicate normal functioning of the pancreatic β cells,
(DeFronzo, 2004) but instead the increase in insulin response is caused by a decrease in
insulin sensitivity of tissues via insulin receptor defects. Prolonged hyper-secretion of insulin
from the pancreatic β cells can lead to β cell dysfunction and simultaneous apoptosis of β
cells (Bonner-Weir, 2001) with multiple genetic abnormalities leading to impaired insulin
secretion (Vauhkonen et al., 1998).
Defects in insulin signalling may also be caused by the insulin receptor itself. Alterations in
insulin receptor expression, binding of insulin to the receptor, phosphorylation and or kinase
activity are hypothesised to be responsible for many IR phenotypes, that cause defects in nonoxidative glucose metabolism resulting from

a decrease in insulin-stimulated GLUT

translocation (Pessin & Saltiel, 2000). This leads to further high blood glucose levels which,
if left unregulated, will lead to the development of T2DM.
2.3 The Role of Tissues in the Development of T2DM

2.3.1

Liver Tissue

The liver plays an important role in lipid metabolism by regulating the synthesis of FFA via
lipogenolysis. It also regulates blood glucose homeostasis by maintaining a balance between
the uptake and storage of glucose via glycogenesis, and the release of glucose via
glycogenolysis and gluconeogenesis (Nordlie et al., 1999). The production of glucose by the
liver is suppressed by insulin through insulin-stimulated GLUT translocation. An imbalance
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in glucose homeostasis and FFA synthesis can lead to the development of non-alcoholic fatty
liver disease (NAFLD) and T2DM.
In T2DM, fasting hyperglycaemia results from unopposed endogenous glucose production
(EGP) due to IR and from postprandial hyperglycaemia due to the inability to store glucose
as glycogen after a meal. Both fasting and postprandial hyperglycaemia are linked to the
development of a fatty liver, also known as hepatic steatosis or NAFLD, caused by FFAinduced gluconeogenesis in the liver (Loria et al., 2013).
2.3.2

Adipose Tissue

Under normal regulatory conditions, insulin concentrations control the balance between
postprandial FFA storage and TAG by controlling their release into circulation during the
fasting state. Adipose tissue is extremely sensitive to insulin concentrations. The
concentration of insulin needed to inhibit lipolysis is much lower than the concentration
needed to inhibit HGP or to stimulate muscle glucose uptake (Cusi, 2010).
In individuals who are obese and have T2DM, there is a marked resistance of adipocytes to
the anti-lipolytic effects of insulin, and the levels of FFA are characteristically high. Chronic
over-feeding induces metabolic stress causing adipocytes to undergo pathological
enlargement. These cells then fail to undergo adequate proliferation and differentiation
causing the endoplasmic reticulum (ER) to trigger the unfolded protein response (UPR) as a
protective mechanism.
The UPR activates an inflammatory response within these fat cells through various signalling
pathways, such as JNK, IKK, nuclear factor-κB (NF-κB), cyclic AMP-responsive elementbinding protein H (CREBH) pathways and the production of ROS (Hotamisligil & Erbay,
2008). ER stress has been shown to play an important role in the pathogenesis of metabolic
disease. Increased ER stress responses in the liver and adipose tissue caused by obesity and
elevated FFA levels are known to be involved in the development of systemic IR and T2DM
through serine phosphorylation of IRS1 by IRS1-activated JNK1 (Ozcan et al., 2004).
Recent studies in adipocyte biology suggest that irregularities in PPAR-γ and
CCAAT/enhancer-binding protein (C/EBP) signalling could possibly also play a major role
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in the development of T2DM, since they are essential for adipogenesis, metabolic regulation
and maintenance of adipose tissue insulin sensitivity (Lefterova & Lazar, 2009).
2.3.3

Skeletal Muscle

The decrease in physical activity and increase in sedentary lifestyle are major factors
contributing to obesity and T2DM. Characteristic of obesity are abnormally high levels of
circulating FFA resulting from adipose tissue hypertrophy. The concentration of plasma
lipids plays an important role in determining the uptake of FFA into the muscle, specifically
during conditions of hyperinsulinemia often associated with IR (Brechtel et al., 2001) .
Reduction in lipid oxidation is characteristic of obese skeletal muscle and results in excessive
intra-myocellular lipid deposition. The excess muscle FFAs are either stored in lipid droplets
or converted to various signalling molecules or metabolites, including FFA-acetyl-CoA
which is involved in the synthesis of sphyingolipids, eicosanoids and phospholipids. The
accumulation of these molecules plays an important role in lipid-mediated insulin
desensitization. In order for these lipids to be used as fuel by the skeletal muscle, they need to
be taken up and converted to long-chain fatty acetyl-CoAs and be subjected to β-oxidation
(Corcoran et al., 2007).
Studies have shown that obesity reduces the capacity for lipid oxidation through lowering the
activity for key mitochondrial enzymes (Kim et al., 2000; Thyfault et al., 2004), which under
normal mitochondrial function are needed for adequate cellular glucose, FA metabolism and
homeostasis. The reduction in lipid oxidation increases the load of FFA on the mitochondrial
membrane, facilitating the entrance of neural FAs to the mitochondrial matrix, thus exposing
these lipids to oxidative degradation or lipid peroxidation. The free radical products formed
are highly reactive cytotoxic metabolites that damage DNA, and proteins which further
decrease mitochondrial oxidative capacity. Studies have shown that there is increased lipid
peroxidation in skeletal muscle of obese insulin resistant individuals (Russell et al., 2003).

10

2.4 Insulin Resistance Induced Models

2.4.1

High Fat Diet Rat Model

The importance of diet nutrient composition has become more widely investigated as a result
of its contribution to dysmetabolic diseases such as obesity and T2DM. The traditional
weight loss approach recommends a high carbohydrate low fat diet (LFD). However, a very
low carbohydrate high fat diet (HFD) has been suggested to have a greater effect on
metabolic improvement by inducing serum and urinary ketones and weight loss (Yancy et al.,
2004).
Various studies have shown that HFDs can successfully promote weight loss in the shortterm, although these studies have produced variable results, with no consistent detrimental
effects of HFDs on insulin sensitivity over a broad range of dietary fat content. One of the
critical factors often neglected regarding HFD is the composition of fat and the variability of
effects of these diets on insulin sensitivity (Lara-Castro & Garvey, 2004).
A large amount of experimental data generated in laboratory animals strongly supports the
fact that HFDs are associated with impaired insulin action. These studies suggest that
saturated fats are the cause of these detrimental effects (Marshall & Bessesen, 2002). By
investigating saturated versus polyunsaturated dietary fat composition, factors contributing to
insulin sensitivity and cardiovascular disease can be modulated (Hu et al., 2001). Regarding
saturated fat, epidemiological studies have shown that the high intake of total and saturated
fat associated with IR is dependent on increased body adiposity (Mayer-Davis et al., 1997).
This further proves that obesity does play a central pathogenic role in the development of
diabetes.
Multiple cross-section analysis has also found that the intake of both saturated and trans FAs
is associated with the development of hyperinsulinemia and T2DM, independent of general
obesity (Marshall et al., 1997). The intake of poly-unsaturated fats does not display the same
adverse effects as saturated and trans FAs and may potentially increase insulin sensitivity
(Salmerón et al., 2001).
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A study conducted by Mackenzie (2009) investigated the developmental stages of HFDinduced IR in an animal model. In this study male Wistar rats were fed a HFD for a period of
16 weeks, becoming insulin resistant at 12 weeks, confirmed by the homeostatic model
assessment for insulin resistance (HOMA-IR) and quantitative insulin sensitivity check index
(QUICKI) (Kriska et al., 1993). One group of rats were fed a LFD to simulate a healthy, low
caloric diet to prevent the onset of IR. A second group was fed a HFD to simulate a
Westernized, high caloric diet to induce IR.

The HFD consisted of 39% of calories from fat and significant amounts of saturated fats
(41% palmitate). Rats were sacrificed at 1, 2, 4, 6, 8 and 12 weeks, after which fasting
plasma insulin and glucose levels were measured. At 2 weeks rats showed elevated plasma
FFA levels, whilst at 8 weeks the first measureable markers of IR were seen. At 12 weeks full
IR was established, characterised by a decrease in glucose uptake in the liver and adipose
tissue and elevated plasma triglyceride levels in the liver.

The assessment of IR was conducted by determining fasting plasma insulin and glucose
levels, glucose uptake into tissues, and the glucose clearance rate from the blood. A change in
lipid metabolism was determined at the plasma level by analysing FFA, TAG, total
cholesterol, HDL-cholesterol and LDL-cholesterol. Alterations in lipid content, lipid profile
and FA profile in tissues were associated with changes seen in the plasma.

After 12 weeks of feeding a HFD, increased circulating FFA, increased body weight and IR
were seen. Two theories as to the cause of IR were proposed with an inflammatory response
as the causative factor; or increased circulating FFA that stimulate the development of
hepatic steatosis and IR. Data showed no increase in circulating cytokines and adipokines
therefore eliminating the involvement of systemic inflammation in the development of IR in
this model.
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After 16 weeks, significant increases in plasma TAG and FFA levels were seen, compared to
LFD rats, indicating that lipid metabolism was involved in the development of IR in this HFD
model. This HFD model represents a non-obese, non-inflammatory mechanism of IR
development (MacKenzie et al., 2012).
2.4.2

Fructose-Induced Cell Model

2.4.2.1 Fructose Metabolism in Hepatocytes
As previously discussed, the liver is a major site for glucose uptake, storage and insulin
clearance. Increased plasma glucose concentrations stimulate the secretion of insulin thus
promoting the translocation of insulin-dependent GLUT4 proteins to the surface membrane
for glucose uptake by the target tissues, muscle and adipose. Once absorbed, glucose can be
stored as glycogen or undergo glycolysis.
Fructose has the same chemical formula and molecular weight as glucose, they are the same
chemically. However, the only factor separating the two sugars is the substitution of a
hemiketal group for the hemiacetal group of glucose (Samuel, 2011) .This difference in
structure makes a difference in GLUT translocation and regulation of these sugars.

Figure 2: Difference in functional groups of glucose and fructose chemical
structures. Hemiacetal group of glucose and hemiketal group of fructose
indicated in red (Tillery et al., 2001)

Fructose metabolism occurs differently compared to glucose metabolism. The ingestion of
fructose does not stimulate insulin secretion to the same extent as glucose (Henry et al.,
1991). Fructose enters hepatocytes via insulin-independent transporters, GLUT2 or GLUT5
and is phosphorylated by fructokinase to fructose-1-phosphate (F1P), which is then converted
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to glyceraldehyde-3-phosphate (G3P), a constituent of the glycolysis pathway. G3P is further
processed to form pyruvate and lactate (fig.2)(Mayes, 1993).
Fructose can be converted into fatty acids in hepatocytes through the conversion of pyruvate
to acetyl-CoA through pyruvate dehydrogenase enzymatic action, which is further converted
to VLDL through the process of lipogenesis (fig.2). Fructose also has the ability to by-pass
the main regulatory step of glycolysis, through the conversion of glucose-6-phosphate
(Glucose 6-P) to fructose 1, 6-bisphosphate (fructose 1, 6-bis-P), controlled by
phosphofructokinase (PFK). PFK negatively regulates glucose metabolism by allowing
fructose to continuously enter the glycolytic pathway and to produce glucose uncontrollably
(Mayes, 1993).

Figure 3: Flow-diagram illustrating fructose utilization (outlined in red) and fatty acid synthesis
(outline in green) in the liver and the interrelationship with glucose and fatty acid metabolism. Pase,
phosphatase; P, phosphate (Mayes, 1993).
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2.4.2.2 Fructose-Induced Insulin Resistance in Human Chang Liver Cells

A study conducted by Williams (2009) investigated a hepatocyte cell line exposed to certain
factors known to induce IR. The cell culture model of insulin resistant Chang liver cells was
created to determine the central role of lipid and glucose metabolism in IR. A cell culture
model allows investigation of molecular pathways within one tissue through examining
pathogenic changes leading to disease i.e. a method in analysing the action of potential
therapeutic agents.

To induce IR, Chang liver cells were cultured in either serum free MCDB-201 medium, or
serum free MCDB-201 medium supplemented with 0.1µM insulin and 1mM fructose for 48
hours. Multiple assays for IR were performed to verify that the cells were indeed insulin
resistant. These assays included measuring glucose uptake by using 2-Deoxy-glucose assay, a
glucose oxidase assay to determine glucose utilisation or release, and Nile Red and Oil-red-O
assays.

The treatment of human Chang livers cells with 0.1µM insulin and 1mM fructose
significantly reduced glucose uptake, significantly increased glucose accumulation within the
culture medium and significantly increased the accumulation of intra-cellular lipids.
Therefore the high fructose concentration used to stimulate IR favoured the lipogenic
pathway by increasing the formation of glycerol and acetyl-CoA, key metabolites for FA
synthesis.

The lipid accumulation observed in the insulin and fructose treated cells agrees with the
theory that increased FFA and accumulation of lipids within the liver are early indicators of
IR (Samuel et al., 2010). Furthermore, these in vitro findings confirm previous observations
that FFA accumulation is associated with IR in rats fed a HFD (MacKenzie et al., 2009;
MacKenzie et al., 2012; Williams et al., 2013).
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2.5 The Medicinal Plant Sutherlandia frutescens

Figure 4: Sutherlandia frutescens, a popular plant in traditional medicine, indigenous to South Africa,
Lesotho, southern Namibia and south eastern Botswana and known for its anti-diabetic properties.
Imagine retrieved from (http://www.sutherlandia.org).

2.5.1

Taxonomy & Botanical information

The genus Sutherlandia belongs to the family Galegeae and is closely related to the genera
Astragalus L and especially Lessertia DC. The plant is a prostrate to erect, perennial shrub
varying in height from 0.2-2.5m. The leaves are ovate-oblong and the plant bears red flowers.
The fruits are large, bladdery and papery pods with numerous pale brown to dark brown
seeds (van Wyk & Albrecht, 2008).
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2.5.2

Traditional uses

Sutherlandia frutescens (S.frutescens) is a widely used medicinal plant in South Africa. The
traditional form of medication is to use “two or three leafy twigs” infused in boiling water.
This tea, containing approximately 2.5-5g of dry material, is traditionally given as a daily
dosage (van Wyk & Albrecht, 2008). S. frutescens is used to treat a wide variety of ailments,
including cancer, diabetes, inflammation, back pain, stomach pain, eye diseases, skin
diseases, influenza and HIV/AIDS. (Afolayan & Sunmonu, 2010; Sia, 2004; van Wyk &
Albrecht, 2008)
2.5.3

Active Compound and Pharmacological Properties

Various bioactive compounds have been isolated and identified in S.frutescens, although the
mechanism of action of these compounds is still unknown. The leaves of S.frutescens were
analysed by van Wyk and Albrecht (2008) and various active ingredients were found.
Amongst these are the cyclitol pinitol which was also found by (Snyders, 1965), (Viljoen,
1969)and (Brümmerhoff, 1969). Pinitol is a known anti-diabetic agent, which exerts insulinlike effects by lowering blood glucose levels and increasing the amount of glucose available
for cell metabolism.
A non-protein amino acid commonly found in the seeds of S.frutescens has been found to
contain L-canavanine, which has documented anticancer and antiviral activity (Bence et al.,
2002). Studies found that aqueous whole plant extracts induced apoptosis in neoplastic cells,
notably cervical carcinoma and Chinese Hamster Ovary cell lines (Chinkwo, 2005). The
possibility that canavanine is not the only active compound is supported by Kikuchi et
al,(2007) by studying the cancer chemo-preventive activity of 48 natural and semisynthetic
cycloartane-type triterpenoids.
Triterpenoid glycosides in the leaves have agonistic properties for PPAR-α and –γ, resulting
in anti-inflammatory effects and improvements in lipid metabolism (Takahashi et al., 2003).
S.frutescens also contains γ-aminobutyric acid commonly known as GABA an inhibitory
neurotransmitter that acts against the pathophysiology of anxiety and stress (Mombereau et
al., 2004) and also inhibits tumour cell migration (Ortega, 2003). However, the plant extract
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has not been fully functionally characterised and unknown components may have synergistic
effects contributing to the effectiveness of the plant.

2.6 The Role of S.frutescens in the Reversal of Insulin Resistance

Various studies have been conducted in our laboratory at NMMU to determine the
antidiabetic effects of S.frutescens on a HFD induced rat model (see section 2.4.1) and a
fructose-induced cell culture model (see section 2.4.2). A previous study conducted by
Chadwick in 2007, which investigated the effects of S.frutescens in Wistar rats fed a
diabetogenic diet, showed the restoration of insulin sensitivity by promoting glucose uptake
at a cellular level in rats treated with S.frutescens (Chadwick et al., 2007).
In 2009 Mackenzie et al., showed male Wistar rats fed a HFD for 12 weeks from weaning,
developed IR, confirmed by plasma glucose and insulin levels compared to normal LFD
controls (see section 2.4.1). To investigate the effects of S.frutescens in preventing IR, rats
were gavaged with a human equivalent dose of S.frutescens aqueous extract (0.05g/kg body
weight per day) for 1, 2, 4, 6, 8 and 12 weeks. There was no significant difference in weight
at weeks 1 and 2 between the LFD, HFD and HFD treated with S.frutescens rat groups.
However, at week 12 significantly lower mean body weight was seen in the LFD group and
the group treated with S.frutescens compared to the HFD group.
Fasting plasma insulin and glucose levels were analysed at week 2. The insulin levels were
found to be significantly lower in the S.frutescens treated group compared to the HFD
controls. Elevated insulin was detected in the HFD group at 12 weeks although in the
S.frutescens treated group significantly lower insulin levels were found. The HOMA-IR and
QUICKI were significantly altered in the HFD group treated with S.frutescens at week 2 and
12 when compared to the HFD control group. The HFD group was the only group to display
significantly decreased insulin sensitivity at 12 weeks, shown by an elevated HOMA-IR and
a lowered QUICKI index. Similar values for HOMA-IR and QUICKI were found in the LFD
control group and the HFD group treated with S.frutescens.
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Plasma triglyceride levels in the HFD group were found to be significantly increased at week
1, when compared to LFD group levels. No significant difference in plasma triglyceride
levels were found between the HFD group and the HFD group treated with S.frutescens.
To determine the effects of S.frutescens as a treatment for IR, IR rats were gavaged after 12
weeks on HFD with a human equivalent dose of S.frutescens aqueous extract (0.05g/kg body
weight per day) or metformin (13mg/kg body weight per day) for a further 4 weeks whilst
maintaining the HFD. Treatment with S.frutescens for this 28 days period resulted in the
normalization of total plasma cholesterol levels while metformin treatment had no significant
effect. Total lipid content in the liver was also lowered by S.frutescens treatment.
Rats treated with S.frutescens were more insulin sensitive shown by an increase in glucose
uptake when compared to untreated HFD control groups. The results found by Mackenzie
correlated with those found by Chadwick, regarding the ability of S.frutescens to restore
insulin sensitivity in HFD rats by lowering plasma FFA (Hu, 2011; MacKenzie et al., 2009;
MacKenzie et al., 2012).
Williams (2009) developed an in vitro model of fructose-induced IR using human Chang
liver cells (see section 2.4.2) and demonstrated that treating cells with high insulin and
fructose concentrations resulted in a reduction in glucose uptake and a significant increase in
glucose accumulation. By simultaneously treating these cells with 12.5µg/ml S.frutescens or
1µM metformin, the development of IR was prevented. S.frutescens treatment also
significantly stimulated glucose uptake to a greater extent than metformin.
Regarding glucose utilisation, S.frutescens or metformin treatment significantly reversed the
effects of fructose and insulin on lipid accumulation. These in vitro findings further correlate
with previous observations that FFA accumulation is associated with IR in rats fed a HFD
and its prevention and reversal by S.frutescens (MacKenzie et al., 2009; MacKenzie et al.,
2012).
To determine the pathways of S.frutescens signalling and its potential mechanism of action in
human Chang liver cell, changes in expression of diabetes-related genes in IR and
S.frutescens treated cells were analysed using the RT2profiler™PCR Diabetes Array. This
array was used to compare the mRNA content of control cultures with IR cultures and IR
cultures treated with S.frutescens.
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Array results showed that most of the diabetes-related genes in the array were down regulated
in the IR culture compared to the control group, indicating a reduction in the expression of
genes involved in insulin responses. The treatment with S.frutescens reversed and up
regulated expression of the majority of these genes. One gene namely, vesicle-associated
membrane protein 3 (cellubrevin), VAMP3 gene was significantly down regulated in IR cells.
VAMP3 is involved in vesicle transport and is postulated to influence the translocation of
proteins to the cell surface. Alternatively, VAMP3 could contribute to the cytoplasmic
accumulation of lipids within vesicles.
The action of S.frutescens on liver cells reversed the change in VAMP3 mRNA level,
resulting in a 14-fold up regulation of this gene, along with 26 other diabetes-related genes.
These genes fell into six major categories including transporters, receptors, signal
transduction elements, nuclear receptors and transcription factors, metabolic enzymes and
secreted factors. In addition to VAMP3, N-ethylmaleimide-sensitive factor (NSF) gene was
10-fold up regulated and has previously been shown to be involved in lipid droplet formation,
movement and fusion. A 4-fold up regulation of the vesicle transporter VAMP associated
protein A (VAPA) gene was found.VAPA is postulated to be involved in lipid metabolism.
Signal transduction factors up regulated by S.frutescens were also found including dual
specificity phosphatase 4 (DUSP4) (Williams et al., 2013) known to inhibit gluconeogenesis
and alleviate IR by repressing transcription of G6P and phosphoenolpyruvate carboxylase
(Lochhead et al., 2000).
2.7 Transport Vesicles Targeting and Fusion

The formation of a vesicle is essential for shuttling molecules such as lipids and proteins in
and out of the cell. These intracellular membrane transport reactions require protein
complexes containing integral components of the vesicle, such as vesicle soluble NSF
attachment protein receptor (SNAREs) v-SNAREs and components of the target membrane,
such as target membrane SNAREs (t-SNAREs), along with the addition of soluble factors
including NSF and α-soluble NSF attachment proteins (α-SNAP).
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VAMPs are categorised as v-SNAREs and SNAP25/SNAP23 and syntaxins as t-SNAREs.
VAMP3/cellubrevin is a homologue of VAMP2, whereas syntaxin 4 is a homologue of
syntaxin 1 and SNAP23 is a homologue of SNAP25 (McMahon et al., 1993) (Bennett et al.,
1993). The specific binding between and among v-SNAREs and t-SNAREs is thought to
represent a lock-and-key mechanism, which allows only correctly targeted transport vesicles
to dock and fuse with target membranes. SNARE proteins are proposed to function in this
manner to allow compartment-specific fusion between distinct membranes of the secretory
pathway (Hay & Scheller, 1997)

(a)
(b)

Transport
Vesicle

(c)

Cargo
Molecules
t-SNARE
v-SNARE

cytosol

NSF/α-SNAP
Assembly of
Fusion Complex

Membrane
Fusion

Figure 5: Vesicle transport model illustrating assembly of SNARE complex and vesicle-membrane fusion
(Hay & Scheller, 1997).

A model of SNARE-mediated docking and fusion has been established to interpret the
proposed role of SNAREs in transport vesicle targeting and fusion (see Figure 5). v-SNAREs
remain inactive within the cytosol until the transport vesicle has reached its appropriate
fusion site. The binding of v-SNAREs to cell or plasma membrane bound t-SNAREs forms a
SNARE complex (a) composed of the v-SNARE, t-SNARE, and the transport vesicle with
containing cargo molecules. This targeting reaction is highly specific and regulated by the
binding of general membrane trafficking factors NSF and α-SNAP, which aid in the fusion of
the SNARE complex to the cell membrane (b). NSF and α-SNAP may be required to activate
SNAREs for docking interactions, or may be involved in the dissociation of the SNARE
21

complex from the membrane, induced by ATP hydrolysis (Bennett, 1995; Hay & Scheller,
1997; Hong, 2005). The disassembly of the SNARE complex allows recycling of SNAREs
therefore resulting in subsequent rounds of exocytosis.

The assembly and disassembly of the SNARE complex is tightly controlled by the
involvement of other proteins implicated in the regulation of SNARE function.(Salaün et al.,
2004). Intracellular proteins and lipids depend highly on the directional movement of vesicles
through the cell and the subsequent fusion of these vesicles with specific cellular
compartments in the processes of exocytoxis and endocytosis. The regulation of SNARE
membrane fusion and exocytosis is tightly controlled by the regulatory protein munc18 or
nSec1(Rizo & Südhof, 2002).

Excess nutrient lipids are stored and packaged in the form of TAG in the skeletal muscle,
adipose tissue and in severe cases, the liver for use during periods of energy depletion.
Although these organs are highly capable of lipid storage and retrieval, limited amounts of
lipid are also stored in intracellular structures, called lipid droplets which are structurally
similar to circulating lipoproteins consisting of esterfied lipids such as TAG and cholesterol,
depending on the cell type.

These lipid droplets are encased by a phospholipid monolayer and a coat of specific proteins.
Studies from Boström et al., (2007) suggest that SNARE proteins are involved in the fusion
of lipid droplets with one another. They also found that oleate loading led to movement of
SNAP23 from the plasma membrane to intracellular sites, including lipid droplets. The
oleate-induced reduction in plasma membrane SNAP23 was associated with reduced insulinstimulated glucose uptake.

These two cellular trafficking processes of lipid fusion and GLUT4 vesicle fusion in ectopic
lipid accumulation associated with peripheral IR compete with the plasma membrane for
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SNARE proteins and

the cellular trafficking process favoured is lipid droplet fusion

(Bostrom et al., 2007; Ducharme & Bickel, 2008; Hu et al., 2007).

The presence of SNAREs in intracellular compartments provides information regarding
potential trafficking pathways. A study conducted by Söllner (2007) reported the role of a
functional v/t-SNARE complex containing syntaxin5, SNAP23 and VAMP4 on lipid
droplets. Söllner showed that in cells incubated in the presence of oleic acid, the number and
diameter of lipid droplets increased, as predicted. Söller further postulated that the number of
SNARE proteins would be up regulated to keep up with the increased demand of lipid-droplet
fusion. However the SNAP23 content did not change, instead, the cytosolic and lipid-dropletassociated pool of SNAP23 increased and the plasma pool was reduced to 50%, therefore
having a functional effect on glucose uptake. These results further showed that alterations at
the cellular level and location of a distinct SNARE provide an important regulatory
mechanism to change cell physiology (Söllner, 2007).
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2.8 Aims and Objectives

In the previous study a Wistar rat model of IR was developed, induced by a 12 week period
on a HFD (Mackenzie et al, 2009). This was associated with increases in plasma free fatty
acids after 2 weeks, before any significant increase in body weight. The first measurable
markers of IR were detected after 8 weeks, and after 12 weeks there was full development of
IR, shown by decreased glucose uptake in the liver and adipose tissue with elevated plasma
triglycerides, during ectopic fat storage analysis. Studies performed by Chadwick et al, 2007
and Mackenzie, et al 2012, showed that S. frutescens restored insulin sensitivity in rats fed on
a high fat diet. Furthermore, when the extract was given to rats in conjunction with the high
fat diet, IR was prevented through the lowering of plasma free fatty acids (MacKenzie et al,
2009).
The current investigation aims to identify critical genes involved in vesicle assembly and
transport (previously identified by Williams, 2013 in a Chang liver cell model) in IR rat liver
tissue during the development of insulin resistance and the reversal of these changes by S.
frutescens. This will be done by investigating the changes in gene expression at the mRNA
level, as well as at the protein level within the rat liver tissue. Furthermore, the localisation of
the protein products of the genes within the cells will also be investigated using confocal
microscopy. Changes in gene expression induced by S.frutescens will also be investigated
with the aim of determining more about the process of insulin resistance, its reversal, and
potential treatment.
In summary, the current objectives of the study are to investigate the action of S. frutescens
on insulin resistant liver tissue by:


qRT-PCR analysis of

changes in mRNA gene expression of vesicle transport

components VAMP3, NSF and SNAP25, with and without S. frutescens treatment.


Semi-quantitative analysis by western blotting of protein products of these genes in
rat tissue to study the changes in amounts of proteins involved in formation of
vesicles.
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Quantification of changes in expression and localisation of VAMP3, NSF and
SNAP25 proteins involved in the regulation of lipid and glucose metabolism in IR rat
liver tissue using confocal microscopy and ZEN™Lite image analysis.
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CHAPTER 3
Materials and Methods

3.1 Animals and experimental design

Animal tissue samples for this study were obtained from previous work conducted by
MacKenzie (2009). Two long term studies were conducted to determine the effects of
S. frutescens on rats made insulin resistant by feeding a HFD. The aim of the first study was
to determine the development of IR over a time course and the role of S.frutescens in the
prevention of this disorder. The second study was aimed at the treatment of IR by
S.frutescens and the biological effects of this treatment in reversing the disease.

3.1.1

Animal model

3.1.1.1 Prevention Study

Rats were divided into three groups and fed either a low fat diet (LFD), a high fat diet (HFD)
or a high fat diet supplemented with S.frutescens (HFD+SF) for a period of 7 days (1week),
14days (2 weeks), 28 days (4 weeks), fifty six days (8 weeks) and 84 days (12 weeks).
3.1.1.2 Treatment Study

Two groups of rats were fed for 12 weeks with either HFD or LFD. Rats from both groups
were sacrificed at 12 weeks to confirm IR in the HFD group. The insulin resistant rats were
maintained on a HFD and divided into three groups and treated with either S.frutescens
extract or water or metformin or water (control) for 28 days. LFD group rats continued on a
LFD and were given water as a control.
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3.1.2

Diets

3.1.2.1 Prevention study

Male Wistar rats were fed a LFD consisting of 20.7% protein, 69.8% carbohydrates and 9.5%
fat (expressed as % energy per 100g wet matter) (mice cubes, EPOL, South Africa) in the
LFD group. A HFD consisting of 18.8% protein, 41.4% carbohydrates and 39.8% fat
(expressed as % energy per 100g wet matter) was fed to the HFD group.
3.1.2.2 Treatment study

The diet composition for this study varied in comparison to the prevention study. A LFD diet
comprising of 21.3% protein, 72.4% carbohydrates and 6.3% fat (expressed as % 100g wet
matter)( mice cubes from EPOL, South Africa) was used. A self-prepared HFD consisting of
15.8% protein, 45.3% carbohydrates and 38.9% fat (expressed as % energy per 100g wet
matter) was given to the HFD rat group.
3.1.3

Medication

3.1.3.1 Sutherlandia frutescens

A commercially available hot aqueous S.frutescens extract (Pinosudia®, Value Added Life
Health Products (Pty), Ltd, South Africa batch, 671) was used in both studies. For the
prevention study a dose of 50mg S.frutescens extract/kg body weight per day (BW/d) was
added to the drinking water. Body weight was measured weekly and S.frutescens dosage
adjusted accordingly.
For the treatment study rats were treated with S.frutescens by gavage into the stomach once
per day for 4 weeks with extract diluted in water to the same dosage as above, as shown in
fig.6.
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3.1.3.2 Metformin

Metformin (Glucophage®, Merck) is a common pharmaceutical medication given for the
treatment of T2DM. This drug was given, dissolved in water, in a similar dosage
recommended for humans adjusted for rat body weight at 13.3mg metformin/kg BW. Rats
were gavaged once a day for 4 weeks, as shown in fig.6.

Figure 6: Graphical representation of diets fed to
rats in the prevention and treatment studies.

3.1.4

Sacrifice and Sampling

Animals were starved overnight, anaesthetized by intramuscular injection with 3µl
ketamine/g BW (Centaur Labs, 100mg ketamine hydrochloride/ml) and blood removed by
heart puncture. The rats were dissected; tissues removed and stored in RNA Later™ for
RT-qPCR or snap-frozen in liquid nitrogen for western blotting and immunohistochemistry.
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3.2

Quantitative RT-PCR

To obtain accurate, sensitive and fast results quantitative Reverse Transcriptase-Polymerase
Chain Reaction also known as qRT-PCR was used (Derveaux et al., 2010). Reverse
transcription is a process in which single-stranded RNA is transcribed into complementary
cDNA by using a reverse transcriptase enzyme random hexmers and oligo-dT to prime
reverse transcription, dNTP’s and an RNase inhibitor. The resulting cDNA is then used in
PCR (quantitative polymerase chain reaction) reactions. This polymerase chain reaction is an
exponential process which doubles the amplified product during each cycle of PCR using
designed primers for a specific gene and DNA-binding dyes. This method involves the
detection of the binding of a fluorescent dye (SYBR Green) to DNA. During elongation
increasing amounts of dye bind to double stranded DNA, when monitored, this results in an
increase in fluorescence signal observed during the polymerase step and decreases during
denaturation when the dye falls off (Bustin, 2000).
Fluorescence values are then recorded during every cycle and represent the amount of
product amplified to that point in the amplification reaction. The more template initially
present, results in fewer number of cycles needed to reach a point where the fluorescent
signal is first recorded as statistically significant above the background. This intersection is
defined as the Cq value and will always occur at the start of the exponential phase of
amplification (Gibson et al., 1996). The Cq value is inversely proportional to the amount of
mRNA present in the sample. If the fluorescence (and therefore cDNA) is low the threshold
is crossed late in the reaction and the Cq value is high, but the amount of target in the sample
is low. It is also a relative measure of the concentration of target in the PCR reaction and is
related to the initial amount of complementary DNA (cDNA).
Therefore, for accurate results, experimental design including, total RNA extraction, RNA
quantification, cDNA synthesis and primer design was carefully optimised for successful
results as stated by the minimum information for publication of quantitative real-time PCR
experiment guidelines also known as MIQE guidelines (Bustin et al., 2009).
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3.2.1

Total RNA extraction

Tissue pieces previously harvested were immediately submerged in RNAlater™ (Ambion
Inc.USA) to preserve RNA quality and quantity and stored at 4ºC and one day later moved to
-20ºC. RNAlater™ is an aqueous, non-toxic tissue storage reagent that rapidly permeates
tissue to stabilize and protect cellular RNA in situ.
To ensure high yields of pure RNA from samples, the Aurum™ Total RNA Fatty and Fibrous
Kit (Bio-Rad™, USA) was used in combination with PureZOL™ (Bio-Rad™, USA) a
monophasic solution of phenol and guanidine isothiocynate. This RNA isolation reagent
inhibits RNase activity, lyses cells and eliminates other cellular components. The Aurum
RNA binding mini column selectively binds mRNA and larger rRNAs, while small RNA
molecules less than 200 nucleotides, such as 5.8S rRNA, 5SrRNA, and tRNA (which
together comprise 15-20% of total RNA) and DNA are removed. All samples were treated
with DNAse1 to ensure complete removal of genomic DNA.
RNA was extracted from 6 samples at a time to prevent RNA degradation during the process
and to ensure maximum extraction efficiency. Approximately 100mg of tissue was removed
from the RNAlater™ storage solution with sterile forceps and RNA extracted in PureZOL™,
using the Retsch® Mixer Mill MM301 homogenizer and a surgical steel bead to aid break
down of the tissue.
Samples were disrupted for 2 x 30 secs and incubated at room temperature (RT) for 5 min to
allow for complete dissociation of nucleoprotein complexes. Chloroform was then added to
the PureZOL™ lysates and periodically mixed for 20 sec for a total of 5 min followed by
centrifuging the lysate at 4ºC at 13400rpm for15 min in a eppendorf®minispin® centrifuge.
The homogenate separated into an upper colourless aqueous phase, a white interphase, and a
lower, red organic phase. RNA was exclusively in the aqueous phase, while DNA and
proteins remained in the interphase and organic phase. The RNA was recovered from the
aqueous phase and subsequently washed with an equal volume of 70% ethanol.
The RNA lysate was transferred into RNA binding mini columns (supplied by the kit) and
centrifuged at 13400rpm in an eppendorf®minispin® centrifuge at RT for 60 secs and the
filtrate discarded from the wash tube. Low stringency wash solution (provided),
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supplemented with ethanol was added to the RNA binding column and centrifuged at
13400rpm in the eppendorf®minispin® centrifuge for 30 secs and the filtrated discarded. To
remove any contaminating genomic DNA from the RNA sample, DNase I (provided) was
added to the RNA binding column and incubated at RT for 15 min. The RNA binding column
was centrifuged for 30 secs at 13400rpm in the eppendorf®minispin® centrifuge and the
filtrate was discarded.
High stringency wash solution (provided) was added to the RNA binding column and
centrifuged for 30 secs as before and the filtrate discarded followed by an additional 2 min
centrifugation to remove residual wash solution. Elution solution (provided) warmed to 70ºC
was added onto the RNA binding column and incubated for 1min for complete soaking and
saturation of the membrane. To elute total RNA, the binding column was centrifuged for
2 min at 13400rpm in the eppendorf®minispin® centrifuge at RT and the eluate collected
and stored at -85ºC.

3.2.2

RNA quantification

The integrity of purified RNA is crucial to all gene expression analysis techniques. Although
RNA is relatively thermodynamically stable, this molecule can be rapidly digested by the
presence of RNase enzymes. As a result of enzyme activity, shorter fragments of RNA can
occur in a sample which could compromise results of downstream applications (Auer et al.,
2003; Imbeaud et al., 2005).
To determine the degree of RNA degradation within a sample, an electrophoretic method,
using the Agilent 2100 bioanalyzer (Agilent Technologies, USA) with micro-fabricated RNA
6000 Nano LabChip kits, separated RNA samples according to molecular weights
(Schroeder et al., 2006).
This technique uses microfluidics technology, providing an automated and reproducible
method to separate small amounts of the RNA sample in gel-filled micro-fabricated chip
channels. Different components of the sample were detected by laser –induced fluorescence
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(LIF) detection dependant on the size of the RNA and results visualized as an
electropherogram.
Measured fluorescence at a given position in the trace corresponds with the amount of RNA
of a given size. The RNA is assessed by visualizing the 28S and 18S ribosomal peaks, and a
RNA Integrity Number (RIN) value given. The RIN algorithm was developed to rank
features extracted from the electrophoretic traces according to their information content. The
integrity levels include the total RNA ratio, the height of the 18S peak, the fast area ratio and
the height of the lower marker (Imbeaud et al., 2005; Schroeder et al., 2006). The RNA
integrity categories range from 1 (totally degraded) to 10 totally (intact). Only samples with a
RIN value above 5 were used.
3.2.3

cDNA synthesis

The production by RNA-dependent DNA polymerase (Reverse Transcriptase, RT) of singlestranded cDNA copies of the initial RNA is essential for qRT-PCR (Bustin et al., 2009). The
RNA transcripts can exhibit significant secondary structures which affect the efficiency of the
RT reaction and compromises RT-PCR quantification. To minimize these effects, the
dynamic range, sensitivity and specificity of the enzyme should be considered to obtain
successful RT-PCR (Pflaffl, 2004).
The iScript™ cDNA synthesis kit (BioRad™, USA) provides a sensitive and easy-to-use
solution for two step RT-PCR. This iScript RT is RNase H+, which has greater sensitivity
than RNase H- enzymes. iScript™ is a modified Moloney Murine Leukaemia Virus-derived
Reverse Transcriptase (MMLV-RT) used in many quantitative applications.
MMLV-RT is preferred since its cDNA synthesis rate is up to 40-fold greater than other
commonly used RTs, such as the Avian Myeloblastosis Virus Reverse Transcriptase (AMVRT) (Pflaffl, 2004). Although AMV-RT may be more robust than MMLV-RT (Brooks et al.,
1995) MMLV-RT’s are deemed more fit for qPCR since the aim is to amplify full-length
cDNA molecules. The iScript enzyme has been optimized for reliable cDNA synthesis over a
wide dynamic range of input RNA. The enzyme is provided pre-blended with RNase
inhibitor. The blend of oligo (dT) and random hexamer primers in the iScript Reaction Mix
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works well with a wide variety of targets and is optimized for the production of targets < 1kb
in length (iScript™cDNA Synthesis Kit, Bio-Rad™, product information manual).
RNA, previously quantified using the Agilent 2100 Bioanalyzer, was adjusted to give 1µg of
total RNA template using RNase-free water (Ambion Inc, USA). Diluted total RNA template
was added to the cDNA reaction mix, which included iScript reaction mix and iScript reverse
transcriptase. The complete reaction mix was incubated for 5min at 25ºC (equivalent to RT),
then for 30 min at 42ºC and finally for 5 min at 85ºC using the Grant QBT 2 heating block.
Synthesised cDNA was aliquoted to prevent freeze-thawing of cDNA stocks and stored at
-20ºC for qRT-PCR analysis.
3.2.4

Primer Design and Primer Preparation

Designing and choosing primers is one of the most important factors in PCR. Primers should
not only be specific for amplification of the gene of interest but that they should not be
homologous to other targets, which may result in undesired amplification.
Critical Factors such as melting temperatures (Tm), a balanced G/C content, avoiding selfcomplementarity and hair-pin structures may influence the outcome of PCR (Ye et al., 2012).
Making use of a reliable primer designing software enables the amplification of the intended
target, and eliminates amplifying unintended targets.
Primers for selected vesicle transport proteins (VAMP3, SNAP25 and NSF) were designed
using the Primer-BLAST program with rat gene sequences from GenBank database. The
Primer-BLAST program consists of a module which generates candidate primer pairs and
then checks for target specificity of the generated primer pairs.
The program uses Primer3 to generate the candidate primer pairs for a given template
sequence. The module then checks for specificity using Basic Local Alignment Search Tool
(BLAST) along with the Needleman-Wunsch (NW) global alignment algorithm (Needleman
& Wunsch, 1970) to determine the possible presence of primers and targets (Ye et al., 2012).
After performing Primer-BLAST for each vesicle transport protein, primers shown in table.1
were generated. Primers were synthesised by Inqaba Biotech (South Africa).
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Table 1: Primer pairs designed with Primer-BLAST software.
VAMP3 PRIMER PAIR (vesicle-associated membrane protein 3 (Vamp3)
Accession #:
NM_057097.2
Forward primer

Sequence (5'->3')
CGCCGCCAAAATGTCTACAG

Template
Strand
Plus

Reverse primer

TTGTTTCAAACTGCGAGGCG

Minus

Length

Start

Stop

Tm

20

42

61

59.9

20

250

231

59.9
7

GC
%
55

Self
Complementary

50

Self
3'Complementary
4

2

7

2

209

Product length

NSF PRIMER PAIR (N-ethylmaleimide-sensitive factor (NSF)
Accession #:
NM_021748.1
Forward primer

Sequence (5'->3')
GATCGGCGGTCTGGATAAGG

Template
Strand
Plus

Reverse primer

GTCTTACCACAACCAGGGGG

Minus

Length

Start

20

661

Sto
p
680

20

804

785

Tm
60.0
4
59.9
6

GC
%
60

Self
Complementary

60

Self
3'Complementary
5

0

3

1

144

Product length

SNAP25 PRIMER PAIR (synaptosomal-associated protein 25 (Snap25)
Accession
#:NM_030991.0
Forward primer

Sequence (5'->3')

Reverse primer

ACGCATTGAGGAAGGGATG
G
CGGATGAAGCCACCACTGAT

Product length

231

Template
strand
Plus
Minus

Lengt
h
20

Star
t
338

Sto
p
357

20

568

549

Tm
60.1
1
60.1
1

GC
%
55
55

Self
complementarity

Self 3'
complementarity
3

0

3

3
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The lyophilized primers were pulse spun down and reconstituted in Ambion™ nuclease free
water to prepare a 100µM stock solution. Before use, primers were diluted to a concentration
of 10µM forward primer and 10µM reverse primer, prepared using Ambion™ TE buffer.

3.2.5

Detection and quantification of selected gene mRNA by qRT-PCR

qPCR has proven to be the most effective tool in quantitative analysis of nucleic acid
sequences. Specific template sequences can be amplified thousand to million fold using
sequence specific oligonucleotides, heat stable DNA polymerase, and thermal activity. There
are three steps in each cycle in a qPCR reaction. These steps are denaturation, which occurs
at high temperatures (usually 95ºC) to “melt” the double stranded cDNA into single strands;
annealing, where complementary cDNA sequences hybridize to the primer at appropriate
temperatures based on primer Tm; extension at 70-72ºC which is the optimal temperature for
DNA polymerase to extend in the 3’ direction.
These PCR reactions generally run repeatedly for 20-40 cycles. Data from reactions are
collected in the exponential phase and yield information regarding the quantity of the
amplified target. Fluorescent molecules used in qPCR include double-stranded DNA-binding
dyes that fluoresce when bound to PCR products during amplification, most commonly
SYBR green. The amount of DNA is then measured after each cycle by measuring the
increasing fluorescent signal produced by bound SYBR green which is directly proportional
to the amount of PCR product generated. qPCR instruments must have an excitation source,
which excites the fluorescent dyes, a detector to detect the fluorescent emissions, and a
thermal cycler.
The advantages of qPCR include; the ability to monitor reaction progress as it occurs in real
time and to precisely measure the amount of PCR product at each cycle, allowing highly
accurate quantification of the amount of starting material in the samples. This increases the
dynamic range of detection and allows amplification and detection to occur in a single tube,
thus eliminating post-PCR manipulations. In relative qPCR the results represent the relative
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number of copies of cDNA compared with one another. In absolute quantification a standard
curve is generated using a standard with known DNA copy number.
In the prevention and treatment studies, the expression of the genes of interest was
determined by relative quantification of the LFD and HFD control groups compared to HFD
groups treated with S.frutescens. The results are expressed as a fold change (increase or
decrease) in expression of LFD and HFD control groups in relation to HFD group treated
with S.frutescens after normalisation with reference genes.
To determine the change in gene expression synthesised cDNA from experimental and
control samples were diluted (1:4) with Ambion™ nuclease free water. A PCR reaction mix
of 20µl per reaction was prepared containing 10µl of SsoFast™EvaGreen® Supermix
(Bio-Rad™, USA), 1µl forward primer, 1µl reverse primer (to a final concentration of
500nM each primer) was made up to 15µl with Ambion™ nuclease free water. For each
sample 15µl of reaction mix was aliquoted into separate eppendorf’s and 5µl of the diluted
cDNA added.
Each reaction was performed in duplicate in a Bio-Rad iCycler. Three reference genes
namely; TATA-binding protein (TATABP), Calnexin (CANX) and ATP Synthase, H+
transporting, mitochondrial F1 complex, beta-polypeptide (ATP5B), were selected out of
seven reference genes from a Primer Design rat reference gene kit, on the basis of greatest
stability across different groups. For analysis of reference genes the following cycling
conditions were used; 3 min polymerase activation at 95ºC followed by, 40 cycles at 95ºC for
30 sec, then 72ºC for 30 sec. For newly designed primers a temperature gradient was
established to determine the optimal annealing temperature for each primer pair.
Temperatures ranging from 56.7ºC to 64ºC were selected.
For target gene amplification the following amplification conditions were used for each
primer pair; 3 min polymerase activation at 95ºC, then 40 cycles at 95ºC for 30 sec, 61ºC for
30 sec and 72ºC for 30 sec.
After the optimum primer conditions were established and analysed, PCR efficiency was
determined for each gene analysed in the prevention study. A standard curve was generated
using four dilutions in a 10-fold serial dilution of template cDNA, containing a cocktail mix
consisting of 1µl cDNA from control and experimental group samples. Plotting the dilution
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points on a standard curve, determines the efficiency, sensitivity and reproducibility of the
assay. PCR efficiency between 90% - 110% is acceptable (i.e. a slope between 3.1 and 3.58)
(Eurogentec, SA).

3.2.6

Data Analysis

Data generated with qRT-PCR on the iCycler iQ™ software was imported into the qbasePLUS
v2.1 RT-PCR analytical program. Data was normalized by evaluating the stability of the
selected reference genes. Calibrated normalised relative quantities (cNRQ), including
standard error of the mean, were exported from qbasePLUS into GraphPad Prism v6.0. Data are
expressed as mean ± SEM. Results of each experimental group were compared to LFD and
HFD groups using unpaired Student’s t-test and One-Way ANOVA.
3.3 Immunohistochemistry analysis by Confocal Microscopy

To further understand the organisation and function of the vesicle transport proteins in the
prevention and treatment of insulin resistance it was necessary to determine the changes in
protein expression by analysing antigen distribution in situ.
Immunohistochemistry techniques exploit the specific interaction of an antibody with its
antigen to locate or determine the distribution of the antigen in tissues or cells. This technique
is analogous to those of solid phase immunobinding or immunoblotting, except that an
antibody is incubated with a thin section of solid tissue containing the antigen mounted on a
glass slide rather than with antigen immobilised on microtitre plates or nitrocellulose
membranes. These procedures need stringent positive and negative control antibodies for
comparison with the test antibody to ensure that the immunostaining is specific
(Ripley, 2006).
The Laser Scanning Confocal Microscope (LSCM) scans the specimen point by point with a
laser beam focussed in the specimen using a spatial filter, to remove unwanted fluorescence
from above and below the focal plane of interest. The power of this technique lies in the
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ability to image structures at discrete levels within an intact biological specimen. There are
two major advantages of LSCM. Firstly the flare from out of focus structures in the specimen
is reduced and secondly the resolution is increased laterally in the X and Y directions.
Regarding image quality, the LSCM does not dramatically improve the quality of images of
relatively thin specimens although thicker specimens are more likely to produce a higher
image quality since the instrument can produce a series of optical sections at discrete steps
through the specimen (Ripley, 2006).
Snap-frozen liver tissues were embedded in optimal cutting temperature (OCT) compound
and sectioned at 20µm using the Cryostat-LEICA CM1850 at -20ºC. Sections were picked up
on glass slides and allowed to air-dry for 30 min then circled with PAP pen to prevent liquids
from flowing onto neighbouring sections. Sections were alcohol fixed by immersion in
absolute methanol (cooled to -20ºC) for 10 min. Sections were washed in 1M phosphate
buffered saline (PBS) for 3 x 10 min, then incubated in blocking solution containing: 1%
bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS for 1 hour at RT in a humidified
container to reduce non-specific staining.
After blocking, sections were incubated with an appropriate pair of monoclonal primary
antibodies namely; VAMP3, NSF and SNAP25 diluted (1:100) in blocking solution and
sealed in a humidified chamber and incubated overnight at 4ºC. After incubation with
primary antibody, sections were washed in PBS (3 x 10 min) at RT. Sections were then
incubated in a humidified chamber, in the dark, for 90min at RT with goat-anti-mouse
ALEXA 488 secondary antibody diluted (1:500) with blocking solution. Sections were then
washed in PBS (3 x 10 min) at RT and counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) diluted in PBS (0.5µg/ml) for 10 min then washed in PBS once for 10 min at RT and
coverslip mounted with Mowiol containing n-propylgallate as an anti-fading agent. Sections
were stored in the dark at 4ºC until viewing.
Upon viewing, the objective was immersed in water, by applying a drop onto the objective, to
prevent image distortion. Confocal images were obtained using the LSM (Laser Scanning
Microscope) 510 NLO high-end modular confocal system at Prof. Dirk Lang’s laboratory at
the University of Cape Town. This system is equipped with a laser module composed of
multiple laser lines for excitation of most commonly used fluorophores. The equipment
allows advanced 4D-physiological measurements in cells and tissues and ZEN lite™ 2011
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(blue edition) software which ensures that sophisticated morpho-metric analysis can be
performed. The fluorescent intensity was measured using the ZEN Lite™ software and data
analysed using GraphPad Prism v6.0.
3.4 Semi Quantification of Protein Products
3.4.1

Protein Extraction

Approximately 100mg of liver tissue snap-frozen in liquid nitrogen was added to 600µl icecold protein lysis buffer containing: 20mM Tris (Sigma Aldrich®, USA), 150mM NaCl
Sigma Aldrich®, USA, 0.02%w/v NaN3, 1%v/v Triton X-100 (Sigma Aldrich®, USA) and
1% w/v Protease inhibitor Cocktail mix (Sigma Aldrich®,USA).

The tissue was

homogenized for 4 x 30 sec using the Retsch® Mixer Mill MM301 homogenizer then left on
ice for 15min. The protein sample was pelleted by centrifugation at 13400rpm using an
eppendorf®minispin® centrifuge for 10 min at 4ºC and the supernatant collected. The
supernatant was first diluted 1:10 with dH2O and 5µl of each experimental sample was
further diluted with 95µl of dH2O, to a final volume of 100µl.
A BSA standard curve was set up using a known concentration of BSA stock solution of
1mg/ml. The stock solution was diluted and aliquoted into such that the protein concentration
increased linearly, that is, 0.2, 0.4, 0.6, 0.8mg /ml per tube. 10µl of the 1:20 diluted sample
and 10µl of standard was added in triplicate, to a Greiner CELLSTAR® clear bottom 96 well
plate. The protein concentration of each sample was determined using the Bicinchoninic Acid
(BCA) assay.
3.4.2

Measurement of protein using Bicinchoninic Acid

The major methods of protein quantitation are the Lowry method, the Bradford dye binding
technique and the BCA assay. The Lowry method relies on Folin-Ciocalteau reagent to
measure copper-treated protein produced in a biuret reaction. This reagent is unstable and
demands good technique in timing of addition and mixing of reagent with sample. The
instability also can limit the linear working range of the Lowry assay requiring occasional
dilution and re-assay of certain samples. The Commassie dye binding technique introduced
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by Bradford offers mechanical simplicity and freedom from a wide range of interferences, but
suffers in that the variation of response from protein-to-protein can be rather large.
The BCA assay was chosen because it directly and accurately measures the conversion of
Cu2+ to Cu+ following the interaction of Cu2+ with the protein sample. The ion of BCA
monitors the amount of Cu+ formed. BCA is used as a water soluble salt and upon dissolving
the BCA ion combines with Cu2+ and forms an intense purple coloured complex, the
absorbance of which can be read at 562nm (Smith et al., 1985).
An aqueous BCA reagent solution was prepared containing by weight 1w/v % of the BCA
salt (4.4’-Dicarboxy-2.2’-biquinoline, disodium salt, 2%w/v Na2CO3.H2O, 0.16%w/v
Na Tartrate dehydrate, 0.4%w/v NaOH and 0.95%w/v NaHCO3 dissolved in deionized water
and filtered through 1µm filter to remove any insoluble debris. A 4%w/v CuSO4.5H2O
solution was prepared with deionized water and filtered as described above. To prepare a
Working Reagent, one part CuSO4.5H2O solution was mixed with 50 parts of the BCA
reagent and 200µl added to each standard and unknown sample well. The plate was gently
agitated by hand for 30 sec, incubated for 30 min at 37ºC and allowed to cool to RT.
Absorbance was read at 562nm using the PowerWave™ XS microplate reader (BioTek, Inc).
The amount of protein in each sample was determined by comparing the obtained optical
density (OD) values with those on the standard curve. In preparation for protein separation by
western blotting, the volume of experimental sample, lysis buffer and 3x Laemmli sample
buffer containing: 62.5mM Tris-HCl (pH6.8), 4%w/v Sodium dodecyl sulphate (SDS),
10%w/v Glycerol, 0.03%w/v Bromophenol Blue and 5%w/v β-mercaptoethanol was
calculated to give a final volume of 90µl. Samples were then heated using the Grant QBT 2
heating block at 100ºC for 5min and stored at -85ºC for use during gel electrophoresis.
3.4.3

Sample loading and Gel Electrophoresis

When electrophoresis is performed in acrylamide or agarose gels, the gel serves as a sizeselective sieve during separation. As proteins move through a gel in response to an electric
field, the gel’s pore structure allows smaller proteins to travel more rapidly than larger
proteins. For protein separation, virtually all methods use polyacrylamide as an anticonvective, sieving matrix covering a protein size range of 5-200kDa (BioRad™, USA). To
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overcome the limitations of native polyacrylamide gel electrophoresis (PAGE) systems, the
detergent SDS was incorporated into a discontinuous denaturing buffer system thus creating
the most popular form of protein electrophoresis, SDS-PAGE. When proteins are separated in
the presence of SDS and denaturing agents, they become fully denatured and dissociate from
each other.
After separation occurs, proteins are transferred from the gel to a nitrocellulose membrane by
electroblotting. In this method a sandwich of gel and nitrocellulose is compressed in a
cassette and immersed, in buffer, between two parallel electrodes. A current is passed at right
angles to the gel, which causes the separated proteins to electrophorese out of the gel and into
the nitrocellulose sheet (blot). Once transferred onto nitrocellulose, the separated proteins can
be examined further by probing the blot with appropriate primary and secondary antibodies to
detect a specific protein. Experimental samples, referred to (3.4.2), were defrosted by heating
in a Grant QBT 2 heating block at 100ºC for 5 min. The samples were then centrifuged at
13400rpm in an eppendorf®minispin® centrifuge at RT for 5 min and proteins therein
separated by SDS-PAGE using the Bio-Rad Mini-Protean® Tetra Cell system (Bio-Rad™,
CA, USA).
A 4 % stacking gel was used throughout the study. The percentage resolving gel used
remained at 12% for all proteins of interest (see Table.2). Running buffer containing: 250mM
Tris, 192mM Glycine and 1% SDS was poured into the system. 10µl Precision Plus
Protein™Dual Xtra Standards (Bio-Rad™, CA, USA) pre-stained protein ladder was loaded
into a well in the stacking gel and samples added to the other wells. Electrophoresis followed
at 100 volts (V) and 200 milliampere (mA) for 10 min to allow samples to run from the
stacking gel into the resolving gel and thereafter for 50 min at 150V and 200mA to separate
the sample proteins.
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Table 2: Acrylamide gel constituents for SDS-PAGE

Reagent

Stock

12% Resolving Gel

4% Stacking Gel

dH2O

Distilled

3.35ml

3.05ml

Tris-HCl

1.5M (pH6.8)&

2.50ml (1.5M, pH 1.25ml (0.5M, pH

0.5M (pH 8.8)

6.8)

8.8)

SDS

10%

100µl

100µl

Acrylamide/Bis-

40%

3.0ml

0.5ml

50µl

50µl

20µl

10µl

Acrylamide
37.5:1
Ammonium Per- 0.1g/ml
Sulphate
TEMED

3.4.4

99%

Electro-blotting and blocking of non-specific binding

After separation, the proteins were transferred from the gel onto a polyvinylidene fluoride
(PVDF) membrane (Immobilon P™, Millipore, USA) using the BioRad Transblot® Semidry electrophoretic transfer cell (Bio-Rad, USA) at 15V for 1 hour. Thick blotting paper, thin
blotting paper and PVDF membranes were submerged in ice-cold transfer buffer containing:
25mM Tris, 192mM glycine and 20% v/v methanol for 1 hour prior to transfer. After transfer,
the PVDF membrane was soaked in 99% methanol for 30sec and left to air-dry for 15 min.
Membranes were then washed with Tris-buffered saline with tween (TBS-Tween) containing:
20mM Tris-HCl pH 7.6, 137mM NaCl and 0.1%v/v Tween-20. The membrane was washed
for

3 x 5 min at RT on a Problot™Rocker 25 (Labnet International, Inc.). This washing

protocol was followed throughout all of the experiments.
The membranes were incubated in blocking buffer consisting of TBS-Tween and 5% fat free
milk powder, to prevent non-specific antibody binding, for more than 1 hour. After
incubation the membranes were washed and incubated at 4ºC overnight on the
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Problot™Rocker25 (Labnet, International, Inc.) in the primary antibody of interest, diluted
according to manufacturer’s instructions (1:1000 dilution for all antibodies).

Table 3: Antibody specifications for western blotting analysis

Molecular

Quantity

Resolving

Primary

Secondary

Weight

Loaded

Gel

Antibody

Antibody

Dilution

Dilution

(μg)
VAMP3

18kDa

30

12%

1:1000

1:2500

NSF

76kDa

30

12%

1:1000

1:2500

SNAP25

25 kDa

30

12%

1:1000

1:2500

3.4.5

Probing with secondary antibody and detection

The following day, the membranes were washed and incubated in alkaline phosphataselabelled secondary antibody at RT for 1hour. The secondary antibody was diluted according
to manufacturer’s instructions (1:2500). After incubation, membranes were thoroughly
washed in TBS tween.
For protein detection, PVDF membranes were coated with alkaline phosphatase detection
reagents:

5-Bromo-4-chloro-3-indolyl

phosphate

(BCIP)

(50mg/ml)

in

100%

dimethylformamide in combination with (50mg/ml) nitro blue tetrazolium chloride (NBT) in
70% dimethylformamide (Promega™, USA) and the precipitate was allowed to develop in
order to detect the proteins of interest. Densitometry was performed once the proteins were
detected.
Images of the blots were taken using the AlphaImager™ 3400 (Alpha Innotec Corp., San
Leandro, CA) and analysed using Thermo Scientific™ MYImageAnalysis software v1.1.
This software analyses and edits digital images of stained electrophoresis gels and western
blots. The program detects the density of each protein band as a quantitative measure of
optical density, which is an indication of the amount of protein detected in terms of total pixel
values.
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CHAPTER 4
Results

4.1 RNA Integrity of Sample Extracts

RNA has the potential to be rapidly digested in the presence of ubiquitous RNase enzymes.
Approximately 85-95% of eukaryotic total cellular RNA consists of ribosomal RNA (rRNA)
5S, 5.8S, 28S and 18S and 1-3% consisting of messenger (mRNA) and the rest of transfer
(tRNA) (Bustin, 2000). The use of rRNA as a tool to assess RNA integrity is globally
accepted. The bulk of the rRNA is resolved into major 18S and 28S forms and therefore its
integrity can be easily assessed. mRNA in contrast, is of many different lengths and
sequences depending on which genes are transcribed in the sample.
Degradation of RNA molecules caused by ubiquitous RNase enzymes results in shorter
fragments of RNA in a sample, which will result in fragmented cDNA sequences when
reverse transcribed by the enzyme, reverse transcriptase. Primers designed to bind
specifically to intact cDNA sequences will not be able to amplify fragmented cDNA
efficiently, thus resulting in a poorly amplified PCR product and misinterpretation of gene
expression results. It is therefore of utmost importance that extracted RNA is of acceptable
quality before RT-qPCR is performed. To determine the integrity and quality of RNA and the
degree of degradation within each of the samples in these experiments the Agilent 2100
BioAnalyzer (Agilent Technologies, USA) was used.
Following PureZOL™ and Aurum total RNA extraction (Bio-Rad), RNA samples were
electrophoretically separated on a micro-fabricated chip and detected via laser induced
fluorescence detection (Agilent 2100 BioAnalyzer) to assess their integrity and concentration.
A RNA ladder was used as a mass and size standard during electrophoresis. The RNA
integrity was analysed by Agilent computer analysis of the RNA trace, with a focus on the
28S and 18S rRNA bands. A 2.0 ribosomal ratio is regarded as an indication of perfect RNA
(Fleige & Pfaffl, 2006) with intact RNA characterised by high 28S and 18S rRNA peaks
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associated with an intense 28S band. Degraded RNA is seen as smaller fragments migrating
before and between the 18S and 28S bands.
Electropherograms from mRNA extracts of all samples were generated by the Agilent
software, with 2 typical examples shown in fig.7 A and B, integrity is noted by RIN values
(see section 3.2.2). The concentration and RIN values of all samples are shown in table.4 and
5 respectively. RIN values of 5 and above were accepted for qRT-PCR analysis.

A
RIN: 6.8
28S/18S ratio: 0.5

28S
18S

B
RIN: 5.9
28S
28S/18S ratio: 0.3

Figure 7: Elecropherograms A and B showing the RIN and 28S and
18S peak ratios along with band intensities obtained from the
Agilent 2100 BioAnalyzer.

18S
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Table 4: RNA quality and quantity of samples from prevention study using the Agilent 2100 BioAnalyzer.

SAMPLE

DIET

TIME POINT

RIN VALUE

[RNA](ng/µl)

A28LL6

LFD

4 Weeks

6.2

398

A28LL7

LFD

4 Weeks

6

2120

A28LL2

LFD

4 Weeks

4.5

773

A28HL3

HFD

4 Weeks

5

232

A28HL4

HFD

4 Weeks

4.6

721

A28HL1

HFD

4 Weeks

4.1

386

D28L1

HFD+SF

4 Weeks

6.5

1283

D28L2

HFD+SF

4 Weeks

6.5

1078

D28L4

HFD+SF

4 Weeks

6.8

2888

A56LL1

LFD

8 Weeks

6.5

3589

A56LL6

LFD

8 Weeks

3.9

715

A56LL7

LFD

8 Weeks

4

745

A56HL3

HFD

8 Weeks

6.8

1516

A56HL4

HFD

8 Weeks

6.9

2866

A56HL1

HFD

8 Weeks

4.4

610

D56L2

HFD+SF

8 Weeks

6.7

1255

D56L4

HFD+SF

8 Weeks

5.9

1592

D56L3

HFD+SF

8 Weeks

6.2

874
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Table 5: RNA quality and quantity of treatment study samples using the Agilent 2100
BioAnalyzer.
SAMPLE

DIET

RIN VALUE

[RNA](ng/µl)

CCL-L1

LFD

6.4

1441

CCL-L2

LFD

6.6

1028

CCL-L3

LFD

6

1002

CCL-L4

LFD

5.9

645

CCL-L6

LFD

6.5

472

CCH-L1

HFD

6.4

261

CCH-L2

HFD

4

234

CCH-L3

HFD

4.4

392

CCH-L4

HFD

4.1

211

CCH-L5

HFD

6.7

368

C1-L1

HFD+SF

6.4

451

C1-L2

HFD+SF

6.3

660

C1-L3

HFD+SF

6.5

817

C1-L4

HFD+SF

6.6

758

C1-L5

HFD+SF

6.4

486

C5-L1

HFD+MET

6.6

659

C5-L2

HFD+MET

6.2

702

C5-L3

HFD+MET

6.1

304

C5-L4

HFD+MET

6.3

1030

C5-L5

HFD+MET

5.8

699
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4.2 Normalization with TATABP, ATP5B and CANX

There are certain drawbacks associated with qPCR. These include the selection of appropriate
reference genes, variations in RNA extraction and reverse transcription yield, and the
efficiency of amplification which may influence the mRNA concentration within a given
sample (Bustin et al., 2009). To control this variation, normalization of cellular mRNA data
is needed. To establish this normalization, a normalisation factor is calculated based on
multiple reference gene expression. This method of normalization is an accurate and reliable
method for normalizing data especially in samples with inherent variability (Vandesompele et
al., 2002). In this study the normalization factor for each experimental sample was calculated
based on the geometric mean of the fold expression of 3 selected reference genes TATABP,
ATP5B and CANX.
Six reference genes were analysed in the treatment study and the same genes then used for
the prevention study to determine the most stable genes using the geNorm™ software
incorporated into the qBasePLUS programme. This software indicated the reference genes with
the least variation in all samples. The use of 3 reference genes has been globally accepted as
the method for normalizing cellular mRNA data (Bustin et al., 2009).
The graph shown in fig.8 generated by the geNorm™ software indicates the average
expression stability value (M) of reference genes during stepwise exclusion of the least stably
expressed reference gene. The candidate reference genes are ranked according to increasing
expression stability starting from the least stable gene combination at the left and ending with
the most stable gene combination on the right.

48

Figure 8: Average expression stability of reference genes generated during stepwise exclusion of the least stably
expressed reference gene.

TATABP, ATP5B and CANX were shown to be the most stable of the reference genes (see
fig.8). All experimental samples were therefore analysed with these three reference genes to
determine the normalization factor for each experimental sample. Two statistical parameters
were calculated by qBasePLUS to determine selected reference genes, these were the
geNorm™ M value, which represents the gene expression stability, and the coefficient of
variation (CV) value which represents the variation of the normalized relative quantities of a
reference gene across all samples. The lower the M and CV values, the more stable the
expression of the reference gene and therefore the higher the stability of these genes (Bustin,
2002).
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Table 6: geNorm™ generated M and CV values representing gene expression stability, in various diet and
treatment groups with different experimental time points.

Time Point

M

CV

4 Weeks

1.352

0.585

8 Weeks

1.2

0.51

12

Weeks 4.44

2.11

(Diet)+treat/Cont.

M values lower than 1.5 were generated for the 4 and 8 weeks experimental time points
excluding the 12 week HFD rats treated with S.frutescens or metformin (see table. 6). The
rather high M and CV values are speculated to be as a result of some variation in the
expression of these genes which, although theoretically constantly expressed, in practice will
show some variation since all genes are regulated to some extent (Bustin, 2002).
If the expression of selected reference genes is constant under various experimental
conditions, a normalisation factor of one would be produced. However, the selection of genes
for data normalisation remains a daunting task with no ideal solution, especially when
comparing gene expression patterns in vivo between different individual biological samples.
Varying mRNA levels of all reference genes further complicates the prediction of reference
genes in in vivo samples thus leading to inaccurate or misleading normalisation analysis.
The current methods used for quantifying RNA assume that RNA targets are reverse
transcribed and amplified with the same efficiency without taking into consideration the
involvement of RT or PCR inhibitors which reduce the efficiency of RT-qPCR reactions.
Suggested improvements to eliminate the variations, involve the development of universal
reference genes which can be added to RNA preparations to monitor the efficiency of RT
reactions.
The use of universal reference genes is unsuitable for quantifying RNA prepared from
extremely small samples since these samples require an internal RNA template to normalise
copy number. It is clear that reference genes appropriate for selection depends highly on the
tissue and experimental conditions. Although necessary candidate reference genes for each
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tissue and experiment must be analysed in the attempt to obtain reliable results (Bustin, 2002)

8

TATABP
ATP5B
6

CANX

4

2

0
HFD

HFD+SF

8 W EEKS
8

TATABP
ATP5B
6

CANX

4

2

0
LFD

HFD

HFD+SF

1 2 W E E K (H F D ) + 4 W E E K T R E A T M E N T

2 .0

TATABP
ATP5B
1 .5

CANX

1 .0

HFD+SF

0 .0

HFD+M ET

0 .5

HFD

LFD CO NTRO LS

R E L A T IV E F O L D E X P R E S S IO N C O M P A R E D T O

C

LFD

LFD

B

LFD CO NTRO LS

4 W EEKS

R E L A T IV E F O L D E X P R E S S IO N C O M P A R E D T O

A

LFD CO NTRO LS

R E L A T IV E F O L D E X P R E S S IO N C O M P A R E D T O

which may be time consuming and expensive.

Figure 9: Fold expression of three reference genes TATABP, ATP5B, CANX in rats fed a LFD
or HFD or HFD+SF for 4, 8 weeks (A & B). After 12weeks, HFD rats were treated with
S.frutescens or Metformin for a further 4 weeks (C).

The use of the geometric mean of three of the most stably expressed reference genes for the 4
and 8 week experiments (fig. 10, A & B) significantly improved the normalization factor for
these time points. This compensates for some variation in the individual reference genes
(fig.9). Reference genes selected in the treatment study were also used as reference genes for
the prevention study.
At 4 weeks the fold expression of ATP5B was up regulated 6.5 fold in the HFD group while
ATP5B fold expression for 4 weeks HFD+SF group normalised to LFD control group (see
fig 9, A). In the 8 week HFD group, ATP5B expression was 7.15 fold up regulated, whereas
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TATABP expression was 0.8 fold down regulated and CANX 0.6 fold when compared to
normal LFD group at a fold expression of 1.00 (see fig 9, B). However, the combination of
ATP5B expression with the other 2 reference genes gave a normalisation factor of 0.44 at
week 4 and 1.6 at week 8, when expression of these three reference genes were compared as
a group (see table, 7).
Table 7: Normalization factors calculated for samples in various diet and treatment groups after different
experimental time points.

Time Point

LFD

HFD

HFD+SF HFD+MET

4 Weeks

1.3

0.445

3.01

N/A

8 Weeks

0.966

1.6

0.97

N/A

12 Weeks (Diet)+ treat/Cont.

0.43

1.75

1.84

6.93

A
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Figure 10: Normalization factor calculated (A, B, C) based on TATABP, ATP5B and
CANX of all experimental samples for 4, 8 and 12 weeks of feeding a LFD, HFD or HFD
with S.frutescens or metformin for a further 4 weeks ().
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4.2.1

Amplification and Melt Curve Analysis

B

A

Single
Peak =
Single
Product

Cq

NTC

NTC

Figure 11: : A typical amplification plot (A) and melt curve graph (B) showing no amplification of NTC
sample in the amplification plot and a single peak at the correct Tm for the primer pair in the melt curve
graph ().

DNA-binding dyes in fluorescence based RT-qPCR measure florescence during the
elongation step of every PCR cycle to monitor the increasing amount of amplified DNA (fig
11, A). As the temperature is raised above the Tm of the primer pair a curve of fluorescence
as a function of temperature (dRFU/dT) is generated. The correct product can therefore be
identified by the fluorescent signal since the Tm depends on the nucleotide composition of the
primers and the product (fig 11, B). Fluorescence values recorded during each cycle represent
the amount of product in the amplification reaction.
More template present at the beginning of the reaction results in fewer cycles to reach the
point where the first fluorescent signal is recorded (Bustin, 2000). The point during the
amplification phase where the fluorescence rises exponentially above the plateau of
background fluorescence is known as the Cq value or threshold cycle as shown in fig 11, A.
Amplification with specific primer pairs for each reference gene and target gene generated a
single amplification product using the various thermocycling programs (see section 3.2.4). A
single melt peak for each reaction containing template was formed with no melt peak and no
amplification plot generated for NTC reactions (see fig, 11 A & B).
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4.2.2

Standard Curve Analysis

Figure 12: Standard curve generated for NSF using a tenfold serial dilution of cDNA. PCR efficiency was 121.5%

mRNA transcription can be quantified on either a relative or absolute level. Relative
quantification determines the changes in steady-state transcription of a gene and absolute
quantification determines the exact copy number per cell and the total RNA concentration
(Bustin, 2000). By plotting a relative standard curve (fig, 12) the linearity, the efficiency; the
sensitivity and the reproducibility of the PCR assay is determined. The specific design of
standard curves differs for every gene depending on the variability of their expression
(Larionov et al., 2005). Preparing a standard curve for each gene gave an indication of PCR
efficiency. A standard curve was derived from serial dilutions of a cDNA cocktail mix (see
section 3.2.4). Threshold cycle (Cq) values generated, were plotted against logarithms (base
10) of relative cDNA starting quantity. A PCR efficiency of 90% to 110% is recommended.
4.2.3

Effects of S.frutescens on vesicle transport proteins in prevention and treatment
studies

Vesicle-mediated transport is required for the delivery of membrane-impermeable molecules
including membrane proteins, secretory factors and lipids, from one organelle to another and
in and out of cells. Given that transport vesicles comprise largely of lipids the transportation
of lipids must therefore be done largely via vesicle transport. However, vesicle transport also
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plays a major part in protein transport along the exocytic and endocytic pathways which
requires metabolic energy and an intact cytoskeleton to function (Lev, 2010).
Two important genes VAMP3 and NSF, associated with vesicle transport, were shown to be
significantly down regulated in human Chang liver cells made insulin resistant by the
induction of high concentrations of fructose and insulin (see section 2.4.2.2). However,
treatment with S.frutescens reversed and up regulated the expression of these genes along
with a majority of diabetes-related genes (Williams et al., 2013). The regulation of these two
genes was further investigated in insulin resistant rat liver tissues to determine the effects of
S.frutescens in preventing insulin resistance or in the treatment thereof
4.2.3.1 VAMP3 Regulation

Data was calculated as the mean of the relative gene expression quantities for all rats in each
group scaled to the average expression quantity. A series of unpaired t-tests and One-Way
ANOVA with Bonferroni correction post-hoc tests were performed between samples in
control and treated 4 and 8 weeks groups in the prevention study and between 16 weeks
control and 4 weeks treated groups in the treatment study (fig. 13 & 14).
A significant up regulation of VAMP3 gene expression was found using the unpaired t-tests
in rats fed a HFD+SF at 4 weeks when compared to 4 week LFD and HFD fed control
groups. The analysis of variance revealed a significant difference in mean values between all
the 4 week VAMP3 expression groups. Post hoc comparisons using the Bonferroni correction
test showed that 4 weeks of HFD feeding with S.frutescens supplementation significantly
increases the gene expression of VAMP3 compared to feeding a LFD or HFD for 4 weeks.
Furthermore, VAMP3 expression was found to be significantly down regulated in rats fed
HFD+SF for 8 weeks compared to rats fed a HFD+SF for the initial 4 weeks of the
prevention experiment.
8 weeks of HFD feeding significantly increased VAMP3 gene expression compared to LFD
feeding for the same time period. Down regulated VAMP3 expression was found in 8 week
LFD rats compared to 4 weeks LFD controls although not significantly. In the treatment
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experiment, 16 weeks of feeding a LFD and HFD showed similar VAMP3 expression
compared to 4 week LFD and HFD controls.









 = p<0.05 (LFD 4Wks vs. HFD+SF 4Wks)
 = p<0.05 (LFD 8Wks vs. HFD 8Wks)
 = p<0.05 (LFD 8Wks vs. HFD+SF 16Wks)
 = p<0.05 (LFD 8 Wks vs. HFD+MET16Wks)
 = p<0.05 (LFD 8 Wks vs. HFD 16Wks)
 = p<0.05 (HFD 4 Wks vs. HFD+SF 4Wks)
θ = p<0.05 (HFD+SF 4Wks vs. HFD+SF 8Wks)

Figure 13: Changes in VAMP3 gene expression in rats fed a LFD, HFD or HFD supplemented with
S.frutescens for 4, 8 weeks and in rats fed a LFD, HFD or HFD treated with S.frutescens or metformin.

VAMP3 expression in LFD and HFD+SF groups appeared lowest at 8 weeks while
expression in HFD group was highest at the same time point. Dramatic changes at the 8 week
time point may correlate with changes in fasting glucose and insulin levels. In the previous
analysis of this rat study conducted by Mackenzie in 2009, rats in the prevention study
displayed HFD-induced IR at week 8 of the feeding regime which persisted until the end of
the experiment. A significantly elevated HOMA-IR (24.34 vs. 10.72 p<0.001, week 8) and
significantly lowered QUICK-index (0.25vs. 0.27p<0.05, week 8) was found in the HFD
group compared to the LFD control rats (Mackenzie, 2009).
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4.2.4

NSF Regulation

NSF, a hexameric adenosine triphospatase (ATPase) needed to dissociate SNARE complexes
after membrane fusion (May et al., 2001) was significantly up regulated in 4week HFD
control and HFD+SF groups compared to 4week LFD controls.






 = p<0.05 (LFD 4Wks vs. HFD 4Wks)
 = p<0.05 (LFD 4Wks vs. HFD+SF 4Wks)
 = p<0.05 (LFD 4Wks vs. HFD+SF 8Wks)
 = p<0.05 (LFD 4Wks vs. HFD+MET 16Wks)
 = p< 0.05(HFD 4Wks vs. HFD+SF 8Wks)
 = p<0.05 (HFD+SF 4Wks vs. HFD+SF 8Wks)
 = p<0.05 (HFD+SF 4Wks vs. HFD+SF 16Wks)

Figure 14: Changes in NSF gene expression in rats fed a LFD, HFD or HFD supplemented with
S.frutescens for 4, 8 weeks and in rats fed a LFD, HFD or HFD treated with S.frutescens or metformin.

NSF gene expression in the 8 week HFD control group was down regulated compared to 4
week HFD group; the reduction in expression levels was nearly significant with a p-value of
0.09. A significant down regulation of NSF was seen in 8 week HFD+SF when compared to
4 week HFD+SF. With 12 weeks HFD feeding and further 4 weeks of S.frutescens treatment,
NSF was found to be significantly down regulated when compared to 4 weeks HFD+SF. NSF
gene expression in 12 week HFD rats treated with SF was returned to normal LFD expression
levels although not significantly. After a combined 16 weeks of HFD feeding, NSF
expression levels were up regulated compared to week 8 HFD controls.
As the time period for each experiment progressed, a distinct pattern in NSF expression was
observed within each control and experimental group. In LFD control groups NSF was
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moderately constantly expressed compared to HFD+SF groups in which the expression levels
of NSF were down regulated from weeks 4 to 8 and further down regulated after 12 weeks of
a HFD and 4 weeks of S.frutescens when compared to HFD controls for each time period.

4.3 The effects of S.frutescens on vesicle transport protein expression in prevention and
treatment studies.

According to the central dogma of molecular biology, “DNA makes RNA makes protein”.
Based on this statement it is further assumed that differences in mRNA levels are manifested
in different phenotypes caused by differences in protein levels (Gry et al., 2009). Various
studies have shown that correlations between mRNA expression and the corresponding
proteins synthesised have clear biological relevance (Asplund et al., 2008; Mousses et al.,
2002). Although the major findings of these studies indicated a significant correlation
between RNA levels and corresponding protein a considerable amount of variation in these
correlations was also identified and reported. To determine whether mRNA and protein
levels correlate in this study the protein expression of the target genes was analysed.
4.3.1

VAMP3

To determine any significant difference in the protein expression between each control and
experimental group a unpaired t-tests were performed between rats fed a LFD, HFD or HFD
with S.frutescens (HFD+SF) for 2, 4 and 8 weeks, and rats fed a LFD, HFD, HFD+SF or
HFD+MET for period of 16 weeks with HFD fed rats given S.frutescens or metformin at 12
weeks for a further 4 weeks. Protein expression levels were determined by MyImage
Analysis™ Software and expressed as intensity per unit Area (pixels) (fig, 15).
Expression in the LFD groups was compared with that of HFD groups from the same time
points. Then variation over time was analysed for the LFD groups separately from the HFD.
Finally the effects of S.frutescens were analysed.
There were no significant differences between LFD and the matching HFD groups at each of
the time points. Samples from the different time points were not run on the same blots and,
although protein loading was constant for all the gels, it should be noted that it is possible that
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there were differences in transfer to the membrane. However 3 separate gels were run for
each time point, the results compared and shown to be consistent in staining, indicating
reproducibility of transfer. VAMP3 protein expression levels in the LFD group appeared to
increase over time. Likewise, feeding a HFD for 4 weeks increased the protein expression of
VAMP3 compared to the level in HFD rats at week 2. VAMP3 protein levels were lowest in
the 8 week HFD group compared to 2, 4 and 16 weeks.
The protein levels of VAMP3 in both the 2 and 4 weeks HFD+SF group were lower when
compared to the LFD and HFD control groups of the same time point but not significantly.
2 Wks

4 Wks

8 Wks



12 Wks (Diet) + Cont/Treat



 
 = p<0.05 (LFD 2Wks vs. LFD 4Wks)
 = p<0.05 (LFD 8Wks vs. LFD 16Wks)
 = p<0.05 (HFD 2Wks vs. HFD 4Wks)
 = p<0.05 (HFD 8Wks vs. HFD 16Wks)

Figure 15: Changes in VAMP3 protein levels in rats fed a LFD, HFD or HFD supplemented with
S.frutescens for 2, 4, 8 weeks and in rats fed a LFD, HFD for 12 weeks and treated with
S.frutescens or metformin for a further 4 weeks.

VAMP3 protein expression in 2 week HFD+SF group was lower than the normal LFD group,
but not significantly. The level of VAMP3 protein expression in the HFD+SF group at 4
weeks was lower than the 4 week LFD and HFD control groups, but higher than the 2 week
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LFD control groups There appears to be an increase in VAMP3 protein expression in LFD
control groups over time with a matching trend in S.frutescens treatment. In general, an
increase in VAMP3 protein levels was observed irrespective of diet with S.frutescens
supplementation or treatment.
4.3.2

NSF

The unpaired t-tests showed no significant difference in NSF protein levels between
prevention and treatment LFD control groups (fig, 16). F-test for equal variances showed a
significant difference in sample variation between the 2 and 4 week LFD control groups, but
again it is possible that variation in protein transfer to the membrane could have occurred.
Overall expression of NSF protein amounts remained fairly constant between LFD control
groups for each time point in the prevention and treatment studies.
A significant increase in NSF protein expression was found in the 8 week HFD group
compared to the 4 week HFD control group although 8 week HFD protein levels were similar
to those of 2 weeks HFD. NSF levels in 16 week HFD control group showed a large amount
of variation and appeared down regulated compared to the LFD control.
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2 Wks

4 Wks

8 Wks



 

12 Wks (Diet) + Cont/Treat


= p<0.05 (LFD 8Wks vs. LFD 16Wks)
 = p<0.05 (LFD 16Wks vs. HFD 16Wks)
 = p<0.05 (HFD 4Wks vs. HFD 8Wks)
 = p<0.05 (HFD+SF 2Wks vs. HFD+SF 4Wks)

Figure 16: Changes in NSF protein levels in rats fed a LFD, HFD or HFD supplemented with S.frutescens for 2, 4, 8
weeks and in rats fed a LFD, HFD for 12 weeks and treated with S.frutescens or metformin for a further 4 weeks.

The protein levels of NSF decreased in the 4 week HFD+SF group compared to the 2 week
HFD+SF. NSF protein expression levels in 16 week HFD+SF reverted to the same level as
the 16 week LFD control group. No further changes were found in protein expression levels
of NSF in 8 and 16 week diet and treatment groups excluding HFD feeding with metformin
treatment which shows elevated NSF protein expression when compared to 16 week diet
controls and S.frutescens treatment.

4.3.3

SNAP25

Changes in SNAP25 gene expression could not be detected possibly because SNAP25
mRNA is present only in small amounts in the cell (Boström et al., 2007). However, SNAP25
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protein levels in 2 and 8 week LFD groups were significantly lower compared to 4 and 16
week LFD conrol groups (fig, 17).
Furthermore, SNAP25 protein levels were found to be significantly higher in 4 week HFD
compared to 2 week HFD and lower in 8 week HFD groups when compared to 4 week HFD
and higher in 16 week HFD groups when compared to 8 week HFD control groups. Feeding
of HFD for 16 weeks increased the protein expression of SNAP25 when compared to normal
16 week LFD control groups.
SNAP25 protein levels were significantly up regulated in 4 week HFD+SF group compared
to 2 week HFD+SF groups. Treatment of S.frutescens for a further 4 weeks significantly
decreased the protein expression of SNAP25 to below normal LFD protein levels. The
treatment of metformin also significantly reduced the expression of SNAP25 in 16 weeks
HFD fed rats.
2 Wks

4 Wks

8 Wks

 




 

12 Wks (Diet) + Cont/Treat


 

 = p<0.05 (LFD 2Wks vs. LFD 4Wks)
 = p<0.05 (LFD 4Wks vs. LFD 8Wks)
 = p<0.05 (LFD 8Wks vs. LFD 16Wks)
 = p<0.05 (HFD 2Wks vs. HFD 4Wks)
= p<0.05 (HFD 4Wks vs. HFD 8Wks)
 = p<0.05 (HFD 8Wks vs. HFD 16Wks)
 = p<0.05 (HFD+SF 2Wks vs. HFD+SF 4Wks)
 = p<0.05 (LFD 16Wks vs. HFD 16Wks)
= p<0.05 (HFD 16Wks vs. HFD+SF 16Wks)

Figure 17: Changes in SNAP25 protein levels in rats fed a LFD, HFD or HFD supplemented with S.frutescens
for 2, 4, 8 weeks and in rats fed a LFD, HFD for 12 weeks and treated with S.frutescens or metformin for a
further 4 weeks.
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4.3.4

Localisation of vesicle transporter proteins in liver tissues

4.3.4.1 Structural and functional aspects of the liver

Hepatic lobules situated in the two main lobes of the liver consist of many hepatic cells.
These cells are grouped longitudinally and radiate out from the central vein that drains blood
into the hepatic vein (Mader, 2005). Vessels branching among the hepatocytes, form
sinusoids into which blood flows (fig.18 & 20.b). Approximately 70% of each hepatocyte
surface area faces the sinusoids therefore maximizing exchange between blood and the cells
(Silverthorn, 2007).

Figure 18: Cross section of a hepatic lobule, illustrating the microscopic
structure (Mader, 2005).

Hepatocytes are large polyhedral cells with round nuclei, peripherally dispersed chromatin
and prominent nucleoli. The nuclei vary greatly in size and reflect unusual cellular features
with more than half the hepatocytes being diploid, tetraploid or polyploid. Binucleate cells
(BC) are commonly found in normal liver (fig. 19) (Young, 2007).
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Figure 19: Hepatocytes (a) H & E &#215; 600 (b) PAS/haematoxylin
&#215; 400 (Young, 2007).

The cytoplasm varies in appearance depending on the nutritional state of the individual. Wellnourished hepatocytes store significant quantities of glycogen and process large amounts of
lipid. Flat endothelial cells line the sinusoids (S) and are characterised by flattened condensed
nuclei and poorly stained cytoplasm (fig. 20, a).

(b)
(a)

Figure 20: (a) Reticulin method (215; 600 binucleate hepatocyte (H). (S) sinusoidal lining cell (Young,
2007). b): Graphical representation of sinusoids showing directional blood flow through liver
sinusoids lined with flat endothelial cells and hepatocytes (Ebaid, 2013).
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4.3.4.2 Effect of a High fat diet on liver tissue morphology

Studies have shown that dietary habits and dietetic lipid types have different effects on
hepatic lipid accumulation and morphological alterations. Different types of high fats
ingested are metabolised in different ways depending on the types of fat. Long-term intake of
vegetable oils such as canola and animal fats such as lard and egg yolk have been shown to
facilitate hepatic fat accumulation characterised by decreased hepatic sinusoids (Aguila et al.,
2003).
Further studies have shown that trans fats increased plasma TG levels compared with the
intake of other fats. Trans fat fed liver histopathology showed moderate lipid accumulation in
many hepatocytes (fig 21, a, black arrows) with an abundance of cytoplasm vacuolization and
ballooned hepatocytes (fig 21, a, black triangles). Severe lipid accumulation in hepatocytes
(fig 21, b, black arrows) is characterised by a high number of ballooned hepatocytes with
severe cytoplasm vacuolization and hepatocyte hypertrophy (Fig 21, b, black triangle) (Dhibi
et al., 2011).

(a)

(b)

Figure 21: Effect of high fat diet with different trans fatty acid levels on rat's liver histology. Moderate lipid
accumulation in hepatocytes (a,black arrows). Abundance of cytoplasm vacuolization and ballooned
hepatocytes (a, black triangles). Severe lipid accumulation in hepatocytes (b, black arrows). Ballooned
hepatocytes with severe cytoplasm vacuolization and hepatocyte hypertrophy (b, black triangles) (Dhibi et al.,
2011).
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In the present study, using a laser scanning confocal microscope (LSCM), bright-field
transmission images were obtained from randomised sections through snap-frozen liver tissue
of rats fed a LFD or a HFD for 16weeks (fig. 22 (a) & (b)).
Vessel-like structures branching among nucleated hepatocytes (indicated by blue Hoescht
stain) are characteristic of liver sinusoids (fig. 22 (a) & (b) black triangles). Increased lipid
accumulation was seen in HFD fed rats compared to LFD fed rats characterised by vacuolelike structures accumulating within the cytosol of hepatocytes (fig.22 (a) & (b) black arrows).

(a)

(b)

Figure 22: Bright-field transmission images of snap-frozen LFD (a) and HFD (b) liver tissue sections superimposed with
fluorescent Hoescht stained nuclei. Scale bar, 50μm. Nucleated hepatocytes (blue Hoescht stain). Liver sinusoids (black
triangles). Lipid vesicles (black arrows).

The accumulation of fat within the cytosol causes the hepatocytes to increase in size (i.e.
ballooning). The increase in hepatocyte size reduces the size of the sinusoid and restricts the
blood flow thereby rendering downstream hepatocytes hypoxic (Mantena et al., 2009).
Moderate ballooning was seen in HFD tissues with narrower sinusoids when compared to
normal LFD controls (fig, 22).
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4.3.4.3 Effects of S.frutescens on High fat diet liver morphology

Snap-frozen sections were prepared for immunohistochemistry as previously described
(section 3.3). Immunofluorescence images were captured on a LSM 510 NLO high-end
modular confocal system and sections compared. Figure 23 shows the various changes in
liver morphology of rats fed a LFD or HFD from week 12 to week 16 and given water as
controls or fed a HFD for 16 weeks and gavaged with S.frutescens from week 12 to week 16.
LFD tissues probed with VAMP3 primary antibody showed localisation with sinusoids
indicated by bright red fluorescence in this region (fig 23, a) thus indicating interaction with
sinusoidal lined endothelial cells. In HFD fed rats without S.frutescens treatment, the overall
sinusoidal staining pattern was found to fluoresce more intensely (fig 23,b) while S.frutescens
treated HFD fed rats showed less sinusoidal and more cytosolic VAMP3 staining patterns (fig
23, c, white square).
The ATPase, NSF, which dissociates SNARE complexes after membrane fusion by binding
to them (May et al., 2001), showed similar sinusoidal staining in LFD tissues (fig 23, d) as
compared withVAMP3 stained LFD tissues (fig 23, a). In contrast, the HFD tissues showed
various fluorescent punctate structures (fig 23, e, white triangles) similar to the vacuole
structures found accumulating within hepatocytes (fig.21 (a) & (b) black arrows).
HFD tissues further showed narrower sinusoidal NSF fluorescent patterns where punctate
staining was accumulating (fig 23, e, white arrow and square). In S.frutescens treated rats
prominent cytosolic NSF fluorescence was seen characterised by a hazy red appearance.
Sinusoidal staining patterns were absent in HFD+SF liver sections. Punctate lipid-like
structures were found within the hazy stained cytosol (fig 23, f, white square) of HFD+SF
sections.
SNAREs in general not only reside in the organelle for which they mediate fusion, but reside
in the membranes of the organelles that are part of their recycling pathway. Certain SNAREs
involved in trafficking between ER and the Golgi are found in both of these compartments
and in the intermediate trafficking vesicles.
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SNAP25 structures were identified as vesicles of different sizes scattered not only within the
cytosol but also along sinusoids. In LFD tissue sections, SNAP25 accumulated
predominantly within the endothelial cells lining the sinusoids or the sinusoids themselves
(fig 23, g, white arrow). Small and larger vesicle-like punctates were found specifically
located within various hepatic cytosolic regions (fig 23, g, white triangle).
As in HFD tissues stained with VAMP3 and NSF antibodies, sinusoidal fluorescence within
SNAP25 probed tissues showed narrower faint staining patterns (fig 23, h, white arrows) with
an increase in cytosolic staining (fig, 23, h, white triangles) compared to staining in LFD
tissue sections (fig 23, g, white triangles). S.frutescens treatment showed an increase in the
size of the vesicle-like punctate stain within the cytosol (fig 23, i, white triangles) when
compared to HFD controls with less overall cytosolic staining, reverting to the pattern of
LFD controls. Vesicle accumulation within the sinusoids was found to be absent in these
particular HFD+SF tissue sections (fig 23, i).
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 23: Changes in liver morphology of rats fed a high fat diet for 16 weeks and treated with
S.frutescens from week 12 to week 16. Sinusoidal staining (a, white arrow). Cytosolic staining (b, white
triangle). Lipid like vesicle punctates (e, g, h, i, white triangles). Punctates in cytosol (f, white square).
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Immunofluorescence was analysed using the ZEN Lite™ software. Changes in fluorescent
intensities of control and treatment groups from selected v- and t-SNAREs were determined.
Compared to the LFD group, an increase in VAMP3 protein was detected in the HFD group
as shown in fig, 24. A significant decrease in VAMP3 fluorescence in the HFD+SF group
was found when compared to the HFD control group. HFD rats treated with S.frutescens
significantly reverted to the normal LFD VAMP3 fluorescence control value.
NSF staining intensity in HFD rats showed an increase when compared to LFD controls. The
NSF fluorescence intensity of S.frutescens and metformin treated rats slightly reverted to the
level of LFD controls but not significantly. SNAP25 showed no significant changes in
fluorescent intensity amongst all groups.
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Figure 24: Fluorescent intensities of VAMP3 (A), NSF (B) and SNAP25 (C), expressed at the
arithmetic mean of fluorescent signal intensity generated by ZEN Lite software. * = p<0.05 (HFD vs.
HFD+SF.
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CHAPTER 5

Discussion

S.frutescens has not only been used for the treatment of diabetes but for various other
conditions including, cancer, stress, anxiety and inflammation. S.frutescens has proven to be
a multi-functional, all-purpose herbal remedy although the mechanisms regarding the action
of this plant are still not clearly understood. Key metabolite components in the complex
chemistry of this plant are a cocktail of flavonoids, triterpenes, saponins and other plant
steroids which may influence the broad bioactivity of the plant extract (van Wyk & Albrecht,
2008).

Using integrative liquid chromatography-mass spectrometry principle component analysis
(LC-MS-PCA), (Albrecht et al., 2012) showed that populations of S.frutescens differ
chemically according to their environment lineages. This is postulated to affect the plant’s
capacity to treat certain ailments and may explain differences in activity reported by different
research groups. Despite the metabolomic variation between S.frutescens samples the plant is
still well known and commonly used in traditional South African healing.

The link between high caloric food intake, obesity and the development of IR has been
confirmed (Mlinar et al., 2007). Aqueous extracts of S.frutescens have previously been
shown to normalize symptoms of IR (Chadwick et al., 2007). In addition, feeding male
Wistar rats a commercial HFD for 12 weeks from weaning to establish IR has previously
been shown to lead to an increase in circulating FFA, increase body weight and IR
(MacKenzie et al., 2012).

An in vitro model of IR using human Chang liver cells (Williams, 2009) demonstrated that
S.frutescens prevents IR. Using an RT2Profiler™ PCR Diabetes Array, changes in gene
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expression associated with IR were shown to be reversed by S.frutescens treatment (Williams
et al., 2013). Diabetes-related genes in IR Chang cell cultures were down regulated when
compared to controls, while treatment with S.frutescens up regulated the majority of these
genes (Williams, 2009). Amongst the genes up regulated were VAMP3, NSF and SNAP25
(Williams et al., 2013) shown to be involved in vesicle transport (Hu C et al., 2007) and lipid
droplet formation respectively (Bostrom et al., 2007).

This study further investigated the regulation of these genes, the levels of proteins
synthesised and the localisation thereof during the development of IR in male Wistar rats fed
a HFD, compared to healthy rats fed a LFD. The potential effect of S.frutescens in preventing
HFD-induced IR was analysed during these development stages. Metformin was used as a
reference treatment, to establish if S.frutescens had a similar mode of action to the well
known anti-diabetic drug.

5.1 Body Weight

LFD and HFD rats in the treatment study showed similar BW at week 12, and only after
week 13, was a significant increase in weight seen in the HFD group. In the treatment study
the BW of LFD fed rats plateaued while HFD rats continued to increase in BW, therefore
resulting in a 16% higher BW after 16 weeks when compared to LFD controls (Mackenzie,
2009).
In the previous analysis of HFD-induced IR in these rats (conducted by Mackenzie, 2009),
rats supplemented with S. frutescens displayed higher weight gain for the first 4 weeks of the
experiment, which then declined and resulted in a 7% lower Body Weight (BW) in the
HFD+SF group compared to untreated HFD rats at the end of the experiment at 12 weeks.
When compared to 12 week insulin resistant HFD rats treated with S.frutescens in the parallel
treatment study, a rapid decline in the growth rate was seen when compared to the untreated
HFD rats which resulted in a 8% lower BW at 16 weeks of HFD feeding, after 4weeks of
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S.frutescens treatment. Changes in BW indicate that S.frutescens has a direct effect on
metabolic mechanisms.

5.2 Insulin Resistance and plasma Free Fatty Acid levels

IR was further confirmed in rats in the treatment study after 12 weeks on the HFD. Using the
HOMA-IR and QUICK-index, rats after 12 weeks showed significantly lower insulin
sensitivity (QUICKI) and higher HOMA-IR than rats in the lean group. Results for glucose
uptake and glucose clearance for the treatment study also confirmed the development of IR
after 12 weeks of HFD (Mackenzie, 2009).
Treatment study rats fed a HFD and supplemented with S.frutescens showed significantly
lowered blood insulin levels which were apparent from 2 weeks of treatment onwards in HFD
rats supplemented with S.frutescens in the prevention study (Mackenzie, 2009). From the
first week of the prevention study, plasma FFA levels were elevated by 44% in rats fed the
HFD and continued to rise signifcantly till the week 12. In the treatment study, after 16 weeks
of HFD feeding plasma FFA levels were elevated by 23%.
An increase in plasma FFA levels was seen before an increase in BW.

HFD rats

supplemented with S.frutescens in the prevention study after 1 week signifiantly decreased
FFA levels by 35% compared to untreated HFD groups. S.frutescens treated rats had
significantly lower levels of FFA than the lean control rats at week 8 and 12 (48% and 27%,
respectively) (Mackenzie, 2009).
After 12 weeks of feeding a HFD, rats became fully IR. This IR state was characterised by a
decrease in glucose uptake in the liver and adipose tissue with an increase in plasma
triglycerides and ectopic fat storage in the liver (MacKenzie et al., 2009). Further studies by
Mackenzie, 2009 showed that treatment with S.frutescens for 4 weeks from week 12 to week
16 of rats fed a HFD decreases plasma triglyceride levels and increases glucose uptake
therefore reversing IR.
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5.3 Plasma Free Fatty Acids and Mitochondrial Dysfunction

Fatty acids impair insulin-stimuated glucose oxidation by increasing intracellular
concentrations of glucose-6-phosphate (G6P) and glucose (fig. 25). As increased levels of
FFA are taken up into the cell, FA oxidation is further stimulated thus causing an increase in
the ratios of acetyl-CoA to coenzyme A and NADH to NADH+ in the mitochondria which
results in the inactivation of pyruvate dehydrogenase (Samuel et al., 2010).
The accumulation of citrate (fig. 25) produced by the increased levels of Acetyl-CoA inhibits
phosphofructokinase (PFK) and therefore increases intracellular concentrations of G6P,
therefore favouring glycogen synthesis and inhibiting hexokinase (HK) production. The
resulting intracellular accumulation of glucose prevents further glucose uptake therefore
leading to hyperglycaemia (Samuel et al., 2010).

Figure 25: Glucose-fatty-acid cycles proposed
by Randle and colleagues. Red circle with
minus sign represents inhibition. Black line
with arrowhead represents increase or
accumulation of substrate. Blue dotted line
with arrowhead indicates an inhibited
pathway (Samuel et al., 2010).

Furthermore, increased delivery of FA (fig, 26) from the plasma, or from increased de novo
lipid synthesis, or reduction of β-oxidation activates protein kinase C-ε (PKC), leading to
reduced IR kinase activity and reduced IRS-2 tyrosine phosphorylation. This results in
reduced insulin stimulation of glycogen synthase activation and decreased phosphorylation of
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forkhead box protein O (FOXO), leading to increased hepatic gluconeogenesis (Morino et al.,
2006).

Figure 26: The molecular mechanisms of fat-induced insulin
resistance in the liver (Morino et al., 2006).

In correlation with the analysis of the rat study by Mackenzie, 2009, evidence shows that
increased FFA in the liver of rats fed a HFD for 7 weeks increases oxidative stress in liver
mitochondria (Raffaella et al., 2008). In addition, a recent study showed that feeding a HFD
for 16 weeks, such as in the present study induces impaired mitochondrial functioning. The
study further suggested that chronic exposure to HFD can induce a “hyper-metabolic state”
within the liver due to continued delivery of FFA to damaged mitochondria (Mantena et al.,
2009).
The increase in FFA load therefore impairs mitochondrial electron transport and thus reduces
ATP synthase (Vendemiale et al., 2001) by ATP5B. The ATP5B gene encodes a subunit of
mitochondrial adenosine triphosphate (ATP) synthase which further catalyses ATP synthesis
and uses an electrochemical gradient of protons across the inner membrane during oxidative
phosphorylation (NCBI RefSeq: NM_001686.3).
Hyperglycaemia associated with T2DM over-activates the uncoupling protein-2 (UCP2)
(Lowell & Shulman, 2005) and therefore causes an over-production of ATP by an increased
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activation of ATP synthase transcribed by an over-expressed ATP5B gene. T2DM
individuals have been shown to have lower hepatic concentrations of inorganic phosphate (Pi)
and adenosine triphosphate (ATP) than non-diabetic controls (Szendroedi et al., 2009).
In the present study, the significant increase in relative fold expression of the reference gene
ATP5B seen in 4 and 8 week HFD rats (fig, 9 A & C) is postulated to be caused by an
increase in mitochondrial oxidative phosphorylation.
Studies show the up regulation of ATP5B along with other genes including; NADH
dehydrogenase (ubiquinone) 1 alpha subcomplex, 6, 14kDa (NDUFA6), succinate
dehydrogenase complex, subunit C, integral membrane protein, 15kDa (SDHC) I (complex
II), cytochrome c oxidase subunit IV isoform 1 (COX4i1) and ubiquinol-cytochrome c
reductase binding protein (UQCRB) involved in oxidative phosphorylation and glucose
metabolism in insulin resistant and T2DM patients (Misu et al., 2007). This may explain the
increased ATP5B expression. In future an alternative reference gene may be more
appropriate.
The down regulation of the ATP5B gene in S.frutescens supplemented and treated rats (fig 9
A, B & C) when compared to normal LFD controls is postulated to be as a result of a
negative feedback from increased ATP synthesis. These findings could be investigated
further. Never the less the combined use of ATP5B and the other 2 reference genes generated
a valid normalisation factor.

5.4 Lipid Accumulation and lipid droplet formation

Excess levels of FFA not immediately used, are stored in intracellular structures most
commonly referred to as lipid droplets. These lipid droplets are structurally similar to
circulating lipoproteins since their cores consist of esterified lipids (TAG, cholesterol ester,
retinol ester, or ether lipids, depending on the cell type) encased by a phospholipid monolayer
and a coat of specific proteins.
The stored lipid can also be used as substrate for synthesis of other important cellular
molecules, such as membrane phospholipids and eicosanoids. The products of TAG
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hydrolysis, DAG and FFA, may influence signalling either directly or via subsequent
metabolism.
The packaging of lipid into discrete storage droplets may help transport the lipid cargo to
specific cellular destinations or direct the neutral lipids and their metabolites to specific
metabolic or signalling pathways (Ducharme & Bickel, 2008).
Recent studies have shown that lipid droplets are not simple storage compartments; instead
they fragment and fuse like other organelles. They seem to form at the endoplasmic reticulum
(ER) by the incorporation and synthesis of neutral lipids between the two membrane leaflets
of the ER. Subsequently, a budding process is thought to fully separate the droplet from the
ER (Söllner, 2007).
Small, compartment-specific GTP-binding proteins, Rabs, organise membrane domains and
mediate membrane trafficking. These Rabs are also involved in the specific tethering of
transport vesicles to target membranes (Zerial & McBride, 2001). Rabs have been shown to
target lipolytically active lipid droplets to distinct intracellular organelles (Liu et al., 2007;
Martin et al., 2005).
The machinery involved in lipid droplet fusion consists of compartment-specific v- and tSNAREs which form cognate pairs between opposing membranes and drive lipid-bilayer
fusion (Hong, 2005). These v- and t-SNAREs are also involved in vesicle/container
formation from donor compartments, the translocation of transport intermediates to a target
compartment, the tethering of transport intermediates with the target compartment and the
final docking and fusion of these vesicles / containers which all form part of the basic steps of
vesicle-mediated transport (Hong, 2005).
The formation, targeting and fusion of these vesicles have been previously discussed in
section 2.7. The fusion process between transport vesicles and target membranes require
SNAREs, the ATPase NSF and its adaptor α-SNAP, which binds NSF to the SNAREs (Jahn
& Scheller, 2006). The accumulation of cytosolic lipid droplets in muscle and liver cells have
previously been linked to the development of IR and T2DM (Taskinen, 2003).
It is hypothesised that S.frutescens stimulates the dissociation of these lipid-droplet SNARE
complexes by increasing ATP synthesis through fatty acid β-oxidation. The increased levels
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of ATP substrate for ATP hydrolysis by the ATPase-NSF, allows for more SNARE
complexes to be disassembled in order for SNAREs to be reused for lipid uptake (May et al.,
2001).
It is postulated that the gradual down regulation of NSF gene expression to normal LFD
values from week 4 to week 8 and week 16 in HFD +SF rats is caused by an increase in ATP
synthesis via β-oxidation resulting in increase in FA oxidation and therefore lipid uptake. It
is further speculated that feeding a HFD for 4, 8 and 16 weeks gradually decreases the
concentration of ATP and thus interferes with NSF-ATP hydrolysis and SNARE
disassembly. Failure to disassemble SNARE complexes for reuse will decrease the rate at
which lipids are taken up and released from the cell therefore causing an intra-cytoplasmic
and ectopic accumulation of triglycerides in the form of lipid droplets which may lead to
hepatic steatosis also known as fatty liver.

5.5 The regulation of v-SNARE and t-SNARE mRNA expression

Genetic information is transcribed to mRNA by RNA polymerases, and mRNA is translated
to protein by ribosomes (Li & Xie, 2011). In this study changes in gene expression levels of
SNAREs previously shown to be up regulated in fructose-induced insulin resistant human
Chang liver cells and down regulated when treated with S.frutescens was investigated in
HFD-induced IR rat liver tissues treated with S.frutescens.
mRNA gene expression of vesicle transport components VAMP3, NSF and SNAP25 showed
relatively moderate changes and variation between individuals in control and treatment
groups. Corresponding protein products of these genes showed some correlation with mRNA
levels but not significantly when selected time points were analysed. Quantification of
changes in the expression and localisation of these proteins showed variation in cellular
localisation.
Systems biology associated with proteomics, genomics and metabolomics is driving the
understanding of integration RNA, protein and metabolite component networks (Franklin &
Vondriska, 2011). A common acceptance is that genetic information is primarily controlled at
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the level of transcription of RNA from DNA. This control is known to be affected by the
actions of transcription factor proteins, which either inhibit or promote access of the RNA
polymerase to distinct promoter sites from which transcription is initiated (Sharp, 2009) .
Sequences at some distance from a gene are known to influence the structure of the
complexes associated with processing and controlling the transcription and the half-life of
RNA in cells. Disruptions in RNA gene regulation by RNA interference (RNAi) and
miroRNAs have shown that small RNAs silence gene expression by recognising mRNAs,
and either direct their destruction or inhibit their use in translation (Sharp, 2009). RNAi is a
natural process in cells, where double-stranded microRNA transcripts and small interfering
RNA (siRNA) participate in gene regulation (Nambudiri & Widlund, 2013).
The uncorrelated mRNA and protein products of SNAREs in this study are postulated to be
as a result of differential regulation, possibly involving small interfering RNA (siRNA)
known to impact gene expression. Despite the influence of regulatory processes influencing
the VAMP3, NSF and SNAP25 genes, normalisation of protein levels was still seen in rats
treated with S.frutescens. This effect, mediated by S.frutescens, is hypothesised to over-ride
the regulatory effects. It is uncertain whether siRNA are the only factors involved in
regulation of RNA expression.

5.6 SNARE complex regulation

Newly synthesised SNAREs are first delivered to hosting compartments via secretory and
endocytic pathways. The general mode of action of SNAREs in vesicle-mediated transport
involves packaging of v-SNARES together with other cargo proteins into the budding
vesicle, for the resulting transport intermediate to competently fuse with the target
compartment.
SNAREs play an active role in vesicle formation through direct interaction with coat protein
complexes (COP) at the ER. The fusion of v-SNAREs to t-SNAREs is mediated by various
fusion factors (Gillingham & Munro, 2003) which position vesicles at the precise region
where t-SNAREs are located. When v-SNAREs and t-SNAREs are situated on opposing
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membranes, short-range docking of the vesicle with the target compartment by the formation
of a trans-SNARE complex is mediated (Sudhof, 2004).

Figure 27: The assignment of SNAREs of intracellular membrane trafficking pathways
(Jahn & Scheller, 2006).

An important characteristic of SNARE complexes is their ability to be constantly reused. For
subsequent rounds of transport to occur SNARE complexes are disassembled by the
combined catalysed action of α-SNAP and ATPase-NSF (Furst et al., 2003).
The v-SNARE VAMP3, or cellubrevin, is 75% identical to VAMP2 and has broad tissue
distribution (Hong, 2005). VAMP3 is present in recycling endosomes, endosome-derived
vesicles and colocalises with endocytosed transferrin receptors, GLUT4 in adipocytes, and is
also present in α-granules in platelets (Feng et al., 2002). Little effects on various
physiological processes and no obvious phenotype have been shown in VAMP3 knock-out
mice (Borisovska et al., 2005).

Studies have shown that VAMP3 is not necessary for either regulated GLUT4 translocation
or general constitutive membrane recycling, therefore suggesting that one or more proteins
are providing functional redundancy. VAMP8, found in early and late endosomes, has been
indicated as a functional overlap with VAMP3; however this possibility requires further
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investigation (Mallard et al., 2002). VAMP3 also interacts with plasma membrane t-SNAREs
syntaxin 4 and SNAP23 to mediate endocytic recycling of α5β1 intergrin, which is essential
for macrophage migration stimulated by an inflammatory response (Veale et al., 2010).

As previously discussed in section 2.3.1, the liver plays an important role in regulating the
synthesis of FFA via lipogenolysis. An imbalance in FFA synthesis can lead to the
development of non-alcoholic fatty liver disease (NAFLD) and T2DM. As hepatocyte lipid
accumulation increases, inflammatory gene expression increases (Cai et al., 2005). This
suggests that the accumulation of fat in liver cells may induce a sub-acute inflammatory
response in the liver similar to the adipose tissue inflammation caused by adipocyte lipid
accumulation.

Figure 28: Potential mechanisms for inflammation in the liver (Shoelson et al.,
2006)

In fatty liver, NF-κF is activated in hepatocytes along with the over-production of cytokines
IL-6, TNF-α, and IL-1β (fig 22). Pro-inflammatory cytokines participate in the development
of IR and activate Kupffer cells, the resident hepatic macrophages. The number of Kupffer
cells does not increase with adiposity, but their activation state does (Cai et al., 2005).
Various immune cells, including T and B lymphocytes, natural killer (NK) cells are found in
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the liver and may play roles in inflammation-induced insulin resistance. (Racanelli &
Rehermann, 2006).
Feeding a HFD for 16 weeks fully induced IR in rats (MacKenzie et al., 2009). Confocal
microscopy analysis of these liver tissue sections probed with VAMP3 antibody showed
increased VAMP3 fluorescence at sinusoidal regions in 16 week HFD fed rats when
compared to normal LFD controls (fig, 23, b). It is therefore possible that increased FFA
levels induced by the HFD over a period of 16 weeks stimulated an inflammatory response in
the liver resulting in an increase in endocytic recycling of α5β1 intergrin by VAMP3.
Furthermore, the known anti-inflammatory activity of S.frutescens in these tissues is further
supported by a decrease in VAMP3 sinusoidal fluorescence with prominent cytoplasmic
staining when compared to HFD controls (fig 23, c).
Currently little is known about the mechanism in which S.frutescens regulates diabetes
related genes or modifies pathways of fat metabolism. The current investigation does
however support previous findings regarding potential mechanisms of action.
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CHAPTER 6
Conclusion

The aim of the study was to investigate critical genes involved in vesicle assembly and
transport (previously identified by Williams, 2013, in a Chang liver cell model) in HFDinduced IR rat liver tissue during the development of insulin resistance and the reversal of
these changes by S.frutescens.
The animal model used in the present study was developed by Mackenzie (2009) in which
male Wistar rats fed a HFD developed insulin resistance over a 12 week period. The animal
model was studied for basic physiology. Changes, but no detailed molecular investigation
was conducted. This is the basis of the current investigation. In the animal model, increased
plasma free fatty acid levels were observed after 2 weeks, before any signficant increase in
body weight.
The first measurable markers of IR was detected after 8 weeks. After 12 weeks there was full
development of IR, characterised by a decrease in glucose uptake in the liver and adipose
tissue with elevated plasma triglyceride levels and ectopic fat storage. S.frutescens restored
insulin sensitivity in HFD fed rats and prevented insulin resistance by lowering plasma free
fatty acid levels.
The mRNA expression of vesicle transport components VAMP3, NSF and SNAP25 showed
relatively moderate changes, but there was considerable individual variation within the
control and the experimental groups. The uncorrelated changes in mRNA expression and
protein products of SNAREs in this study may be due to differential regulation by siRNA,
known to impact on gene expression. The effect mediated by S.frutescens is hypothesised to
over-ride the potential siRNA or other regulatory effects. The effect of S.frutescens on siRNA
is still unclear and requires further investigation.
A significant increase in relative fold expression of the reference gene ATP5B was seen in 4
and 8 week HFD rats and is postulated to be caused by an increase in mitochondrial oxidative
phosphorylation by the chronic exposure to HFD and continued delivery of FFA to damaged
mitochondria.
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The over-expression of ATP5B gene by HFD results in increased production of ATP
synthase and over-production of ATP. However, the ATP5B gene was down regulated in
S.frutescens supplemented and treated rats. This is postulated to be as a result of a negative
feedback from increased ATP levels.
From the current findings it has been hypothesised that S.frutescens stimulates the
disassembly of lipid-droplet SNARE complexes via ATPase-NSF, thus allowing rapid
SNARE reuse and lipid uptake and release.
Confocal microscopy analysis of 16 week insulin resistant HFD tissues showed increased
fluorescence at sinusoidal regions, while S.frutescens treatment showed a decrease in
fluorescence in these regions when compared to LFD controls.
Sinusoidal regions in the liver contain various immune cells which play an important role in
inflammation-induced insulin resistance. Studies have shown that VAMP3 is not necessary
for GLUT4 regulation, but instead mediates endocytic recycling of α5β1 intergrin which is
essential for macrophage migration stimulated by an inflammatory response. It is postulated
that 16 weeks HFD feeding stimulates an inflammatory response in the liver and S.frutescens
mediates an anti-inflammatory action in these tissues.
Over all few significant changes in the amount of mRNA and protein for the vesicle transport
genes were seen. However, changes in localisation patterns showed the accumulation of
lipids in cytosolic regions and altered sinusoidal staining patterns. It is hypothesised that
other genes and other downstream molecular pathways are influencing the changes and
variations found in this study.
The significance in vesicle transport protein gene expression found in the human cell line
study was not reflected so clearly in the animal model. This was due to the cell study being a
short term response and the animal model a longer term study.
Improvements for this study include adding more time points to the study design in order to
analyse any short-term changes in gene and protein expression that may go undetected in
long-term time points.
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To decrease the amount of genetic variation between individuals in control and experimental
groups, more animals should be introduced to the sample group. Genetically modified mouse
models should be considered such as mice with a mutation in the ob gene for obesity.

S.frutescens has proven to be a multi-functional, all-purpose herbal remedy, although the
mechanisms regarding its action are still not clearly understood. Key metabolite components
in the complex chemistry of this plant may influence the broad bioactivity. Current findings
show that S.frutescens may still be used as a treatment not only for insulin resistance before
diabetes progression but for the prevention of inflammation-induced insulin resistance.
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